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Summary 

Clathrin mediated endocytosis (CME) allows selective uptake of extracellular 
molecules into cells using cell surface receptors. CME is associated with 
different diseases (e.g., Parkinson’s disease) where mutations and differing 

expression levels of CME adaptor proteins are observed. The current 
understanding of clathrin-adaptor interactions is limited to low-resolution  
cryo-EM structures and crystal structures of the clathrin terminal domain with 

bound peptides derived from adaptor proteins, despite the wealth of data on the 
role of adaptor proteins within endocytosis. There are also still many questions 
with regards to how multiple adaptor proteins interact and bind to clathrin 

cages to enable controlled clathrin coat assembly and disassembly. This project 
aimed to gain a greater understanding of how adaptor proteins interact with 
clathrin, and the impact these interactions have on clathrin cage disassembly.  

Initially cryo-EM was conducted to determine the structure of a clathrin cage 
hub with no adaptor proteins bound and terminal domains resolved, providing 
new insights into clathrin-clathrin interactions in the absence of adaptor 

proteins. This was followed by cryo-EM of clathrin cages with the disassembly 
adaptor protein auxilin bound, to acquire higher resolution details on auxilin 
binding to clathrin cages. Finally, effects of clathrin-adaptor interactions on 

clathrin disassembly were further analysed using fluorescence anisotropy (FA) 
to assess adaptor protein competition for clathrin binding sites. Overall, 
structures of the clathrin cage complex and the clathrin auxilin complex were 

successfully produced providing information on how auxilin interacts with 
clathrin during clathrin disassembly. The FA technique has been developed for 
measuring clathrin-adaptor interactions and clathrin disassembly rates, 

enabling competition between adaptor proteins auxilin, AP180, epsin, ARH and 

β2-adaptin to be identified. Further use of FA will be beneficial for assessing 

clathrin adaptor interactions and adaptor competition to understand how 
adaptor protein mutations and expression levels may cause or contribute to 
disease states. 
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Chapter 1:   

Introduction 

 

 

 
 

 

 

 

 

 

Chapter Overview 

This chapter shall provide the background for this PhD thesis, including 

information on the clathrin-mediated endocytosis (CME) process and relevant 
proteins. Information on the aims and objectives of this work can be found in 
section 1.6. The material in sections 1.1, 1.2 and 1.4 of this introduction draws 

heavily on the author’s previously published literature review (1), which has 
been attached to the end of this thesis in the appendix. 
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1.1 Endocytosis 

Endocytosis is a cellular process where cells produce internal membranes from 
the plasma membrane, causing the internalisation of plasma membrane lipids, 
integral proteins and extracellular fluid (2,3). Endocytosis thus allows the cell 

to carry out or contribute to multiple processes including regulation of cell 
surface receptors to control cell sensitivity to certain ligands, uptake of ligands 
within extracellular media, remodelling the plasma membrane, cell migration, 

mitosis, antigen presentation, and positive regulation of signalling cascades 
(2,4). Endocytosis can also be exploited by bacteria and viruses to allow their 
internalisation into cells (5,6). Understanding the general mechanisms of 

endocytosis is therefore important for understanding how endocytosis is used 
and exploited, and how defects in endocytosis can lead to disease. Our 
understanding of endocytosis and how it recruits cargo, however, is still lacking 

despite having a wealth of information on endocytic cargoes. Many questions 
remain as to the role of different proteins during endocytosis, the mechanisms 
in which the proteins act, and how they cooperate or compete with other proteins 

to fulfil their roles. This issue is partly due to the multiple types of endocytosis; 
all of which are very complex due to the large number of proteins that they 
utilize. 

Historically, endocytosis was considered to take place via three distinct 
mechanisms termed phagocytosis, pinocytosis, and receptor-mediated 
endocytosis (RME). There are multiple forms of pinocytosis and RME that differ 

based on their morphology and associated proteins; types include CME, 
micropinocytosis, caveolae-dependent endocytosis, flotillin-dependent 
endocytosis, and more (2,3). Figure 1.1.1 demonstrates the differences between 

phagocytosis, pinocytosis and RME. 
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Figure 1.1.1 – Forms of endocytosis 

Schematic diagram describing the differences between phagocytosis, pinocytosis and 
endocytosis. Lipid membranes are green, molecules are blue, receptors are orange, extracellular 
fluid is white, the cytoplasm is yellow and the cell nucleus is black. Purple dashed boxes separate 
the different types of endocytosis. Figure is not to scale. 

Phagocytosis allows the cell to engulf macromolecules including cellular debris, 
bacteria and whole cells, by remodelling cell membrane around the 

macromolecule (7,8). Fusion of the membrane creates a phagosome in which the 
macromolecule resides within the cell; lysosomes will fuse with the phagosome 
to create a phagolysosome, causing the macromolecule to be degraded by 

lysosomal hydrolases (7,8). Pinocytosis differs from phagocytosis as the plasma 
membrane invaginates to create pits before pinching off to form intracellular 
vesicles, allowing molecules in the extracellular fluid to be ingested (8,9). These 

vesicles are then trafficked to either endosomes or lysosomes for further 
trafficking or degradation respectively. RME is very similar to pinocytosis, 
however, receptors on the cellular surface are required for RME which allows 

Phagocytosis 

Pinocytosis 

RME 
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selective uptake of molecules from the extracellular environment, unlike 
pinocytosis which is non-specific (8,9).  

The most studied form of RME is CME which is believed to be the major 

endocytic route in most cells, as clathrin-independent pathways appear to not 
contribute significantly to endocytic flux (10). CME plays roles in several key 
processes such as hormone desensitisation, intracellular trafficking, mitosis, 

sperm development and more (11–14). Understanding how CME occurs is 
therefore important for understanding how CME impacts different processes 
and how defects can lead to disease. The focus of this thesis will therefore be 

centred around CME: more specifically how accessory proteins interaction with 
clathrin leads to clathrin cage disassembly. 
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1.2 Clathrin-Mediated Endocytosis 

CME was first discovered in 1964, and was found to create clathrin coated 
vesicles (CCV) from cell membranes and trans-Golgi network with the vesicles 
having a diameter of around 60 – 120 nm (15–19). The coat that forms around 

these vesicles is created from the scaffold protein clathrin and multiple 
accessory proteins (17–19). CME has been described in four key stages termed 
nucleation and assembly, stabilisation and maturation, constriction and 

scission, and clathrin uncoating. A summary of the CME stages is shown in 
figure 1.2.1. Each of the CME stages requires the involvement of multiple 
accessory proteins whose functions can be classified as follows: nucleation and 

assembly, neck constriction, scission and movement, and uncoating (20). There 
are around 50 different accessory proteins, the names and abbreviations of 
which are detailed in table 1.2.1, which coordinate with one another to allow 

CME to occur (17,20,21). Due to the high number of accessory proteins involved, 
recruitment of CME accessory proteins to the plasma membrane must occur in 
a highly ordered sequential fashion, with recruitment of certain accessory 

proteins only occurring upon the CME process reaching a certain stage (21–25). 

But why are so many accessory proteins required? The key protein involved in 
CME, clathrin, cannot bind to membranes or integral protein on its own; so in 

order for clathrin to assemble at the membrane, accessory proteins are required 
which can interact with clathrin and each other to link clathrin to 
membrane-attached cargo and assemble clathrin to produce a CCV (26,27). 

These accessory proteins are termed CME adaptors. CME adaptors are also 
required to produce forces to the order of picoNewtons, so that a variety of cell 
membrane parameters can be overcome that make membrane bending a 

challenge; this includes high membrane tension, internal hydrostatic pressure, 
and cargo properties (17,28–30). Such a complex process thus requires a 
coordinated series of precise binding interactions, which shall be discussed in 
sections 1.2.1 to 1.2.4.  
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Schematic of the CME process. Nucleation and assembly: ligand binding to cargo receptors in 
the plasma membrane causes AP2 and FCHo1/2 to bind to PIP2 in the membrane and create a 
nucleation site, allowing clathrin to be recruited by AP2 for CCP formation (31–34). Stabilisation 
and maturation: Adaptor proteins stabilise and extend the clathrin coat as the membrane is 
bent further, aiding with the development and stabilisation of a larger pit and ensuring the CCP 
is enriched with cargo (16,35). Constriction and scission: Once the CCP is ready to be released 
and form a vesicle, BAR domain proteins will constrict the neck and recruit the scission protein 
dynamin to the neck of the pit. Dynamin will assemble around the neck and pinch off the 
clathrin coated vesicle from the plasma membrane (36–39). Clathrin uncoating: [1] disassembly 
of the clathrin coat from the CCV occurs upon auxilin recruiting Hsc70 to the clathrin coat for 
adenosine triphosphate (ATP) hydrolysis; [2] Hsc70 will remain bound to disassembled clathrin 
triskelia until the nucleotide exchange factor Hsp110 binds, which [3] dissociates hsc70 from 
clathrin to allow auxilin, clathrin and hsc70 to be recycled for further CME processes (40–46). 
Figure is not to scale. Republished with permission of Portland Press, from Clathrin: the 
molecular shape shifter, Wood KM and Smith CJ, 478 (16), 2021(1); permission conveyed 
through Copyright Clearance Center, Inc. Licence: 1163059-1. 

Table 1.2.1 – List of CME accessory proteins and their key roles 

Role Protein name Abbreviation 

Clathrin heavy chain CHC 

Clathrin light chain a/b CLCa/CLCb 

Figure 1.2.1 – CME
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Nucleation 
and 
Assembly 

Adaptor-protein 2 AP2 

Clathrin assembly lymphoid myeloid leukemia CALM 

AP180 - 

Huntingtin-interacting protein 1 HIP1 

Adaptin-ear-binding coat-associated protein NECAP 

AP2 associated kinase 1 AAK1 

β-arrestin - 

Autosomal recessive hypercholesterolemia ARH 

Disabled-2 Dab2 

Human immunodeficiency virus Rev-binding 
protein Hrb 

Receptor-mediated endocytosis protein 6 RME-6 

Diacylglycerol kinase γ DGKγ 

Phosphatidylinositol(4) phosphate 5 kinase 
type I γ PIPKIγ 

SH2 domain containing inositol 5-phosphatase 
2 SHIP2 

Epsin 1/2 - 

Stonin 2 - 

Connecdenn - 

Fer/Cip4 homology domain-only proteins 1/2 FCHo1/2 

Intersectin - 

SH3 domain GRB2 like endophilin interacting 
protein 1 SGIP1 

EGF-receptor phosphorylation substrate Eps15 

Neck 
Constriction 

Bridging integrator 1 BIN1 

Endophilin -
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Amphiphysin - 

Scission 
and 
Movement 

Dynamin 1/2 - 

Synaptojanin 1/2 - 

Syndapin - 

Myosin VI - 

Neural Wiskott-Aldrich syndrome protein N-WASP

Cortactin - 

Actin - 

Myosin 1E - 

Huntingtin interacting protein-1 related Hip1R 

Epidermal growth factor receptor pathway 
substrate 8 Eps8 

Sorting nexin 9 SNX9 

Profilin - 

Cofilin - 

Coronin - 

Actin-related proteins 2/3 complex Arp2/3 

Auxin binding protein 1 Abp1 

Phosphatidylinositol 3-kinase C2a PI3KC2a 

Phosphatidylinositol phosphate PIPSK 

Uncoating 

Auxilin - 

Heat shock protein 70 kDa Hsc70 

Cyclin G associated kinase GAK 

Ack - 

Oculocerebrorenal Lowe syndrome protein OCRL 

The table was developed from details from Mettlen et al. (2018)(21) and Traub (2011)(20). 
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1.2.1 Nucleation and assembly 

CME is initiated when the first accessory proteins come together at the 

membrane, forming a nucleus for subsequent interactions to allow for the 
formation of a clathrin coat. The FCHo1/2 or the AP2 complex could act as the 
primary initiator for nucleation site formation, or nucleation could be due to the 

actions of several accessory proteins (31,32,47–50). It is known in mammals that 
the key accessory proteins involved in initiation are FCHo1/2, AP2, Eps15, 
Eps15R, and intersectins 1/2, however, other adaptors could still play a role 
(23,31,48). Upon forming a CME nucleus, accessory proteins can then recruit 

cargo by binding to cytosolic regions of transmembrane cargo, allowing specific 
cargo and associated lipids to be recruited into the forming vesicle for selective 
endocytosis (51–53). An example of endocytic cargo would be the low-density 

lipoprotein (LDL) receptor which bind to LDL’s (54). Some accessory proteins 
associated with initiation such as AP2, FCHo1, Eps15, and CALM, act as cargo 
adaptors (55). Use of accessory proteins as cargo adaptors suggests specific 

cargoes can recruit and cluster initiation accessory proteins to the plasma 
membrane, thereby triggering initiation of CME, however, it also allows the 
production of a biochemical checkpoint to ensure a sufficient quorum is reached 

before CME is initiated (56–58). 

The location at which initiation of CME occurs tends to be at spatially distinct 
sites in the cell membrane and is dependent on cortical actin integrity and the 

availability of CME accessories such as AP2 and Phosphatidylinositol 4,5-
bisphosphate (PIP2) (59). This allows CME to occur repeatedly in the same 
location or within certain regions of the cell, such as a neuron synapse, allowing 

the creation of dynamic clathrin coated pits (CCP) which produce multiple CCVs 
in succession (60). Some nucleation sites can occur at random positions in the 
cell membrane which could be due to stochastic collisions between CME 

accessories, however, the majority of nucleation sites are at spatially distinct 
sites (32,52). The sites at which CME accessory proteins are recruited could be 
dependent on the location of PIP2 in the membrane, as binding of CME 
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accessory proteins to PIP2 is necessary for nucleation site formation, and 
depletion of PIP2 leads to a complete loss of endocytic CCPs (33,34). CME 
accessory proteins could also be recruited in areas with higher localised 

concentrations of cargo-binding adaptors across membranes, which could be due 
to localised exocytosis of cargo adaptors from the cell or from interactions that 
may occur between cargo adaptors (56,61).  To spatially organise initiation, the 

action of nucleation factors and nucleation organisers is required (59). FCHo1/2 
and SNX9 are two accessory proteins which impact on the number or spatial 
organisation of CCPs respectively (31,59). FCHo1/2 helps sculpt the initial bud 

site upon AP2 engagement, by recruiting the scaffold proteins eps15 and 
intersectin to the membrane (31,32). Changes in FCHo1/2 expression levels 
influence the number of CCPs forming, whereas changes in SNX9 expression 

levels impacts the spatial clustering of CCPs (31,59). 

Abortion of intermediate CCPs is another way in which CME is controlled, with 
a proportion of nucleation events in cells being weak and short lived (52). This 

checkpoint which determines the turnover of nucleation events could be 
controlled by the concentration of cargo and the accessory protein dynamin, 
which is involved in vesicle scission, since knockdown of dynamin in cells using 

siRNA is shown to increase the number of persistent CCPs, and reintroduction 
of dynamin to these cells reduces the number of persistent CCPs (62). Cargo can 
also cause disassembly or delayed completion of a forming vesicle if the number 

of cargo present is not substantial, ensuring that all vesicles formed are filled 
with cargo. This is dependent on multiple factors such as ubiquitination of cargo 
adaptors and the amount of cargo present (52,58,63–65). The exact molecular 

mechanism by which nucleation sites are formed and regulated though still has 
many questions remaining. This includes what accessories are required and how 
they interact with one another to form the nucleation site, and the role of 
membrane domains and cargo for regulating nucleation site formation. 
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1.2.2 Stabilisation and maturation 

After initiation of CME, formation of a clathrin coated pit will occur which leads 

to the formation of a vesicle bud as the coated pit grows and matures. Curvature 
of the vesicle can initiate during different stages of clathrin recruitment as 
shown in figure 1.2.2; here vesicle curvature occurs immediately after initiation, 

during clathrin recruitment, after completion of clathrin recruitment, or from a 
section of a flat clathrin patch (66). Several CME accessories contribute to this 
process of stabilisation and maturation including clathrin, actin filaments and 
scission proteins. 

For the CCP to form, the membrane needs to bend through the action of 
accessory proteins. The ability for clathrin to polymerise into polyhedral cages 
consisting of pentagon and hexagon arrangements, and more rarely heptagon 

and square arrangements, suggests the shape of polymerised clathrin could 
induce curvature of membranes (16,35). Clathrin could achieve this in two ways: 
(1) forming a flat lattice on a membrane surface followed by gradual lattice 

reorganisation to form a spherical coat; (2) polymerisation of clathrin into a 
curved lattice on the membrane, with a progressive increase in the surface area 
covered by clathrin. Contradictory evidence though has put the two models 

under debate. Electron microscopy studies have shown the appearance of 
clathrin lattices with varying curvature, which requires clathrin exchange as 
the vesicle grows. This supports model 1, however, several clathrin-clathrin 

interactions would require modification for a flat clathrin lattice to become 
spherical (67–70). Thus model 1 would impact vesicle size and shape, with 
vesicle development from larger clathrin patches being more energetically costly 

than smaller clathrin patches. Clathrin polymerisation must also compete with 
membrane tension that increases with membrane curvature in model 2, which 
would prevent or stall clathrin polymerisation (71,72).  
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There are four points in which clathrin-coated vesicle curvature can initiate. Membrane and 
lattice curvature can start at either A) structure initiation, B) during clathrin recruitment, C) 
after completion of clathrin recruitment, or D) from a section of a clathrin patch. Reprinted from 
Trends in Cell Biology, 29 (3), Kem A. Sochacki and Justin W. Taraska, From Flat to Curved 
Clathrin: Controlling a Plastic Ratchet, 241-256 (2019) (12), with permission from Elsevier. 
Licence: 5077170164269. 

Adaptor proteins also impact the bending of membranes, with several adaptor 
proteins such as Epsin, CALM and CLCs promoting curvature induction. Epsin 

and CALM contain amphipathic helices in their structure, which when bound 
to polymerised clathrin, will wedge into the membrane to create local curvature 
(19,71,73). CLCs act differently as they promote membrane curvature by 

Figure 1.2.2 - Clathrin-coated vesicle formation pathways
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making clathrin lattices more rigid upon binding to CHCs; this allows the 
rigidity of the clathrin lattice to be dynamically modulated (74). Uncoating 
adaptor proteins may also play a role in membrane curvature, as hsc70, auxilin 

and GAK have been associated with earlier stages of clathrin assembly despite 
their major role in uncoating CCV’s (75,76). This is further backed by 
fluorescence recovery after photobleaching (FRAP) experiments, which show a 

high turnover rate of clathrin in clathrin lattices in vivo, suggesting 
reorganisation of the clathrin lattice (70,77,78). As reorganisation requires 
energy, the action of the chaperone protein hsc70 may provide the necessary 

energy for the remodelling, and thereby provides support for model 1 over model 
2 (79). 

Clathrin coats and adaptors, however, are not the only elements that can impact 

membrane curvature, as the actin cytoskeleton also makes a significant 
contribution. Live cell imaging studies show actin assembling at endocytic sites, 
and other studies show that actin cytoskeleton perturbation leads to inhibition 

of endocytosis, indicating that actin is required for CCV formation (22,60,80–
84). Microscopy studies have shown actin polymerisation occurs around the 
clathrin coat and at the base of forming vesicles (85,86). This polymerisation of 

actin at endocytic sites is aided and regulated by additional actin-binding 
proteins including filament crosslinkers, depolymerisation factors, cappers and 
myosin motors (87). For actin polymerisation to impact membrane bending, it 

needs to be coupled to CME adaptors. Epsin and HIP1R fulfil this role as they 

bind to and couple clathrin, PIP2 and actin (72,88–91). This allows actin

filament polymerisation to generate and transmit a force when coupled to 
clathrin coats, leading to membrane bending (92,93). HIP1R, however, can also 

interact with CLC, which upon binding leads to negative regulation of HIP1R 
actin interactions (94). 
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1.2.3 Constriction and scission 

Once the matured vesicle is ready to be separated from the membrane, the 

GTPase dynamin will assemble around the neck of the vesicle and pinch the 
vesicle from the membrane; this step is called scission. Dynamin forms tight 
oligomers of around 10 nm in radius around the neck of the vesicle (39). Binding 

and hydrolysis of GTP causes a conformational change in dynamin, leading to 
dynamin to constrict and allow membrane scission to occur (39). The exact 
mechanism in which this reaction proceeds and is regulated in vivo, however, is 
still unresolved, despite the reaction being reconstituted in vitro and dynamins 

known interaction with BAR domain proteins (95–97). The unresolved 
mechanism is due to the presence of several dynamin partners, such as actin for 
example, which are required to control membrane tension to allow fission to 

occur, as fission cannot occur by dynamin constriction alone (98–101). 
Understanding how dynamin partners interact to drive scission thus requires 
further investigation. 

BAR domain proteins recruit dynamin to the neck of the vesicle (102–104). The 
recruitment of different BAR domain proteins is dependent upon the changing 
membrane curvature at the endocytic site, with F-Bar domain proteins being 

recruited at low membrane curvature and N-BAR domain proteins being 
recruited at higher membrane curvature (104,105). When BAR domain proteins 
bind to membranes at high density, they cause membranes to tubulate and, 

therefore, allow the neck of the vesicle to form so that dynamin can perform its 
function (36–38). 

1.2.4 Clathrin uncoating 

Disassembly of clathrin coats from CCVs allows the vesicle to be trafficked to 
and fuse with the early endosome, while also freeing up CME adaptors for 
additional bouts of CME. For uncoating to occur, synaptojanin and OCRL1 

dephosphorylate PIP2 found within the CCV membrane in order to recruit the 
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chaperone auxilin to clathrin, allowing the auxilin J-domain to recruit the 
ATPase Hsc70 to clathrin. Upon binding of Hsc70 to clathrin and completion of 
ATP hydrolysis, Hsc70 disassembles the clathrin coat (75,76,106–115). Auxilin’s 

phosphatase and tensin homolog deleted on chromosome ten (PTEN) domain 
allows auxilin to bind to the CCV membrane via interactions with the 
dephosphorylated negatively charged PIP2 lipids (116). The presence of the 

PTEN domain increases uncoating efficiency by orienting auxilin in the ideal 
orientation for disassembly, however, the PTEN domain is not essential for 
clathrin uncoating to occur (116–118). Unlike the PTEN domain, auxilins J-

domain is essential for uncoating as it recruits Hsc70 in a catalytical manner by 
recruiting several Hsc70 molecules for the uncoating reaction (40,41). When 
Hsc70 is bound to both auxilin and clathrin, its activity is heightened to enable 

rapid disassembly of CCVs (119). They key interactions that occur between 
Hsc70 and auxilin are electrostatic interactions at auxilin residues Lys847, 
Tyr866, Arg867, Lys868, His874, Asp876, Lys877, Thr879, Gln881, Phe891, 

Asn895, and Asn903 (120,121). Upon Hsc70 being recruited by auxilin to a CCV 
and binding of ATP, the Hsc70-ATP complex binds the CHC carboxy-terminals 
QLMLT motif; this allows Hsc70 to bind to up to three sites per clathrin 

triskelion (41,107,122–124). The clathrin Hsc70 interaction is tightened upon 
ATP hydrolysis, which in turn dissociates auxilin from hsc70 and clathrin, and 
destabilises proximal-distal contacts between clathrin triskelia (123,125,126).  

Two models, called the steric wedge/Brownian ratchet model and the entropic 
pulling model, have been proposed so far to explain how Hsc70 might disrupt 
proximal-distal contacts between clathrin triskelia. A schematic diagram of each 

model is presented in figure 1.2.3. In the steric wedge/Brownian ratchet model, 
binding of auxilin and Hsc70 on the inner face of the clathrin coat increases the 
excluded volume below clathrin coat vertices, producing a strained clathrin coat 
conformation (107,123). Then upon ATP hydrolysis, Hsc70’s Brownian motion 

will increase causing collisions with the clathrin coat to further weaken clathrin-
clathrin interactions until the coat disassembles (79,107,123). In the entropic 
pulling model, ATP hydrolysis by Hsc70 dissociates auxilin from clathrin and 
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tightens Hsc70 binding to clathrin, which in turn restricts Hsc70 movement and 
entropy (127–129). This in turn causes Hsc70 to move away from clathrin 
vertices to increase entropy and freedom of movement, creating a directional 

force that  pulls on the clathrin carboxy domain to break clathrin proximal-distal 
interactions (127–129). Of the two models discussed the entropic pulling model 
appears the most reasonable and efficient, however, more research needs to be 

done to determine the correct mechanism of Hsc70 driven clathrin uncoating.  

Schematic diagram demonstrating the two models for hsc70 driven uncoating of clathrin cages; 
the steric wedge model and the entropic pulling model. Diagram is not to scale. Domains 
presented are from the clathrin heavy chain. Republished with permission of Portland Press, 
from Clathrin: the molecular shape shifter, Wood KM and Smith CJ, 478 (16), 2021(1); 
permission conveyed through Copyright Clearance Center, Inc. Licence: 1163059-1. 

The rate in which uncoating proceeds not only depends on the quantity of ATP 
and CME adaptors present but also the stability of the clathrin coat, of which 

determines the number of structural perturbations needed for disassembly to 
occur (125). The cytoplasmic pH has an impact on the ratio of Hsc70 to clathrin 
triskelia required for disassembly, the highest ratio observed so far being 

1:6 Hsc70 to clathrin triskelia (124,125,130). A drop in pH causes more histidine 
residues in CHCs to become protonated, specifically the proximal-distal residues 

Figure 1.2.3 - Clathrin uncoating mechanisms
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H867, H876, H1275, H1279, H1432 and H1458, which in turn strengthens the 
connections between triskelia leading to more Hsc70 and ATP being required 
for uncoating (125). Auxilin-clathrin interactions also increase coat stability, 

which is regulated by CLCs to control the level of coat stability and auxilins 
ability to perform catalytically. Regulation of auxilin by CLCs is achieved 
through CLC phosphorylation, causing auxilin dissociation from clathrin coats 

(41,131). In vitro, the optimal auxilin to clathrin concentration ratio for 
uncoating has been determined to be 1:1, with higher auxilin concentrations 
having minimal impact on uncoating; additional auxilins can still bind to 

clathrin cages though with up to three auxilins per vertex (118). In vivo, a 
smaller ratio of auxilin has been found to bind to clathrin coats, with around 2 
to 20 auxilins bound to CCVs formed of between 36 and 100 triskelions (132). 

The results from in vitro and in vivo experiments thus suggests the 
concentration ratio of auxilin to clathrin does not necessarily match the number 
of auxilin molecules that will bind to CCV’s (1). Despite this auxilin is still 

capable of acting catalytically, as auxilin can recruit multiple Hsc70 molecules 
to a clathrin vertex in sequence after successive rounds of ATP hydrolysis 
(118,124,132). 

During clathrin uncoating, triskelia will separate from the CCV either 
individually or as partially uncoated intermediates (133). Auxilin will dissociate 
from the clathrin coats once Hsc70 conducts ATP hydrolysis, and as the coat 

disassembles, Hsc70 and adenosine triphosphate (ADP) will remain bound to 
the clathrin triskelia which explains why in vitro experiments of clathrin 
disassembly follows burst kinetics (118,119,124). Burst kinetics is where 

addition of limited quantity of protein or substrate causes rapid reaction rates 
initially followed by a slower steady-state as the protein or substrate is used and 
the amount of free protein or substrate becomes more scarce. The nucleotide 
exchange factor Hsp110 allows ADP to dissociate from the Hsc70-clathrin 

complex so that ATP hydrolysis by Hsc70 can occur to remove Hsc70 from the 
clathrin triskelia (42–46). Hsp110’s ability to free up Hsc70 for additional 
rounds of uncoating could explain why differences in in vitro and in vivo kinetic 
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experiments are observed. In vitro, Hsc70 needs to be in excess for the maximum 
disassembly rate as Hsc70 remains bound to triskelia during disassembly, 
however, in vivo less Hsc70 is required to uncoat a CCV with a sixty triskelion 

clathrin coat being observed to only require ten Hsc70 molecules at a time for 
uncoating (118,132). As Hsp110 is present in vivo but not in vitro, Hsc70 can be 
recycled and would therefore follow steady kinetics as opposed to the burst 

kinetics seen in vitro. 
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1.3 CME and Health 

CME has been shown to be associated with a range of different diseases such as 
Alzheimer’s disease, Parkinson’s disease and ARH. The association of CME with 
diseases varies from changes in CME protein expression to mutations in CME 

adaptors. Further details on the link between CME and Parkinson’s disease, 
ARH, and Alzheimer’s disease are detailed below. 

Parkinson’s disease leads to abnormality of movement, muscle tone and 

postural stability, which is caused by neuronal loss in the substantia nigra of 
the brain (134). Homozygosity mapping and whole exome sequencing has 
identified a deleterious mutation in auxilin associated with juvenile 

Parkinsonism, which leads to abnormal transcripts and reduced auxilin mRNA 
levels (134). Cellular analysis of the auxilin deleterious mutation is shown to 
confer a toxic gain-of-function and impairs endosomal transport (135). This is 

further supported by a drosophila Parkinson’s disease model which showed 
reduced expression of auxilin leads to symptoms seen in Parkinson’s disease 
(136). Phosphorylation of auxilin also has an impact as PD-linked leucine-rich 

repeat kinase 2 mediated phosphorylation of S627, which is found in the 
clathrin-binding region of auxilin, leads to differential clathrin binding causing 
synaptic CME to be disrupted; the Parkinson’s disease phenotype can be 

partially recovered here by restoring auxilin function (137). Other CME 
adaptors besides auxilin are also associated with Parkinsonism. A homozygous 
mutation in the Sac domain of synaptojanin leads to development of Parkinson’s 

disease in mice; these brains had elevated levels of parkin and auxilin levels, as 
well as endocytic defects (138). Therefore, research into auxilin would be 
advantageous for identifying new treatments for Parkinson’s disease. 

Alzheimer’s disease is another neurodegenerative disease. Alzheimer’s disease 
causes loss of neurons and synapses in the cerebral cortex and subcortical 
regions of the brain; this causes memory loss in sufferers and eventually leads 
to death (139). The loss of neurons is caused by an accumulation of misfolded 
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amyloid-β, called amyloid-β plaques, as well as aggregation of tau protein (139). 

Genome wide studies of Alzheimer’s disease have found an association with the 
PICALM gene, of which encodes a phosphatidylinositol-binding clathrin 
assembly protein (140). The PICALM rs3851179 polymorphism allele G was 

found to increase the risk of Alzheimer’s disease, whereas allele A decreased the 
risk (140). A depletion of PICALM in the brain has also been found to reduce 
levels of intracellular amyloid precursor protein, which could be beneficial for 
slowing or preventing Alzheimer’s disease (141). Further research has shown 

that partial loss of PICALM leads to decreased amyloid-β production by 

regulating the CME of γ-secretase, an enzyme responsible for the formation of 

amyloid-β plaques (142). Therefore, research into CME assembly adaptor 

proteins could identify new ways in which Alzheimer’s disease could be 
prevented or delayed, such as by inhibiting or controlling expression levels of 

adaptor proteins like PICALM. 

Autosomal recessive hypercholesterolemia (ARH) is the last disease that will be 
discussed. ARH, unlike Alzheimer’s disease and Parkinson’s disease, is caused 

by defects in the LDL receptor gene; this leads to some cells being unable to 
mediate LDL receptor-dependent internalisation of LDL’s, leading to high levels 
of plasma LDL’s which in turn promotes atherosclerosis (143). ARH mediates 

LDL uptake by binding to LDL receptors and recruit clathrin and/or AP2 in 
order to initialise CME (144). Understanding how ARH interacts with clathrin 
is therefore important so that a greater understanding of the ARH disease 

mechanism can be understood, and to identify how mutations within ARH 
impact the CME of LDL’s. CME accessory proteins are also associated with 
other pathways including mitosis, cell migration, spermiogenesis, hormone 

desensitisation and spermiogenesis (1). Mutations within CME accessory 
proteins or changes in their expression levels could therefore impact other 
pathways which may lead to different disease states. Further investigations of 

the impact of mutations and differing expression levels on different pathways 
would therefore be beneficial for better understanding the role of CME and CME 
accessory proteins on disease pathways. 
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1.4 The Structure of Clathrin 

Clathrin’s central role in CME, and the relevance of clathrin and its interaction 
with adaptors in health and disease has led to considerable efforts to obtain a 
structural understanding of clathrin assemblies (145). The current research on 

clathrin structure shall now be discussed. 

1.4.1 Clathrin triskelia 

Clathrin is a protein complex formed of a heavy chain of ~190 kDa in size, and 
a light chain of ~ 25 kDa in size, which come together to form a tripod-like 
triskelion structure, with each leg of the triskelion consisting of a heavy chain 
and a light chain as demonstrated in figure 1.4.1 (146,147).  

Figure 1.4.1 – Structure of clathrin triskelia 

Schematic diagram showing the length and domains found within a CHC and CLC (left), and a 
ribbon diagram of a clathrin triskelion (right). The Clathrin triskelion consists of three CHCs 
~190 kDa in size [grey] and three CLCs ~25 kDa in size [pink]. The CHCs are joined together at 
the trimerization domain [purple]. Republished with permission of Portland Press, from 
Clathrin: the molecular shape shifter, Wood KM and Smith CJ, 478 (16), 2021(1); permission 
conveyed through Copyright Clearance Center, Inc. Licence: 1163059-1. 

The CHC consists of a 45-residue carboxy-terminal segment, followed by 42 
alpha helices arranged in a zigzag-like structure that form the curved legs of the 
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triskelion, followed by a seven WD40 repeat β-propeller domain at the amino 

terminal (148). The CLCs, of which there are two spliced variants in mammals 
called CLCa and CLCb, interact with the proximal segment of the CHC via 
several residues with tryptophan residues as the key binding determinants. The 

segment of the CLC interacting with the CHC has an alpha-helical structure, 
with the terminal regions of the CLC being disordered and not interacting with 
the CHC (148–151). 

1.4.2 Clathrin coats and cages 

During CME, clathrin triskelia will assemble to create CCV’s. The size and 
shapes of these coats are heterogenous, with tomographic reconstruction 

demonstrating a variety of different clathrin lattices from bovine brains, as 
shown in figure 1.4.2 A (152,153). These CCV’s obtained from bovine brains have 
clathrin coats of around 700 - 800 Å in diameter, which enclose a vesicle of 

around 400 Å in diameter, however, much larger coats can be formed as CCV’s 
obtained from a human placenta have been shown to range between 
1000 – 1350 Å in diameter (152,154). The traces of the clathrin coats, as shown 

in figure 1.4.2 B, demonstrate a lattice containing primarily pentagons and 
hexagons, with some lattices containing heptagons and squares (152). 

Clathrin can also assemble into cages in vitro, which are empty coat-like 
structures formed in the presence of Mg2+ or Ca2+ at pH 6.5 or less (146). The in 
vitro assembly of clathrin cages has allowed high resolution analysis via cryo-
electron microscopy (cryo-EM), leading to the production of a 7.8 Å structure of 
a D6 clathrin coat, as demonstrated in figure 1.4.3 A, and recently the 4.7 Å 

structure of the clathrin coat consensus hub, as demonstrated in figure 1.4.3 B 
(35,148,155). The clathrin triskelia within cages have their centre associated 
with each lattice point, with the legs of the triskelia bending clockwise inwards 

as they interact with triskelia positioned at other lattice points to aid coat 
assembly (35,148). The bending of the triskelion legs suggests a level of 
flexibility within them that enables them to form cages as well as flat lattice 
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arrangements; this could be due to the zig-zag arrangement of α-helices within 

the legs of the clathrin triskelia, as changes in the conformation of the alpha 
helices would alter the position of the clathrin triskelion legs (35,148). 

Figure 1.4.2 – Electron cryotomography of CCV’s 

Electron cryotomography images of CCV’s obtained from brain cells. A) Original electron 
cryotomography images of CCV’s. B) Traces of the clathrin coat (white) surrounding a lipid 
vesicle (grey). Reprinted from Journal of Molecular Biology, 365 (3), Yifan Cheng, Werner Boll, 
Tomas Kirchhausen, Stephen C. Harrison, and Thomas Walz, Cryo-electron Tomography of 
Clathrin-coated Vesicles: Structural Implications for Coat Assembly, 892-9, (2007) (152), with 
permission from Elsevier. Licence: 5153581147755. 

A 

B
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Figure 1.4.3 – Structure of a clathrin cage 

Structure of CHCs and CLCs within a clathrin cage. Clathrin components shown include CLCs 
(pink), and CHC trimerisation domain (purple), proximal domain (blue), distal domain (green), 
knee region (yellow), ankle domain (orange) and terminal domain (red). A) Structure of a 
clathrin barrel cage [light grey] resolved to 7.9 Å [EMDB: 5119], of which was obtained from the 
structure of a clathrin AP2 complex, with fitted triskelion model [PDB: 1XI5] (1,148,155). 
B) Structure of a clathrin cage consensus hub [light grey] [EMDB:0126] resolved to 4.7 Å with
fitted hub model [PDB: 6SCT] (35). Republished with permission of Portland Press, from
Clathrin: the molecular shape shifter, Wood KM and Smith CJ, 478 (16), 2021(1); permission
conveyed through Copyright Clearance Center, Inc. Licence: 1163059-1.

1.4.3 The clathrin terminal domain 

The majority of interactions between clathrin and adaptors occurs at the 
terminal domain. But where and how do adaptors bind on the clathrin terminal 

domain? Figure 1.4.4 A shows the structure of the clathrin terminal domain 
which was determined using x-ray diffraction and has a resolution of 2.6 Å (156). 

The terminal domain has a 7-bladed β-propeller structure connected to short 

alpha-helices which form the start of the legs of clathrin triskelia (156). At 
present, four binding sites within the clathrin terminal domain have been 

identified which play a role in adaptor-clathrin interactions; these sites are 
called the clathrin box, the W-box, the arrestin box and the Royle box (27). 
Further details on these sites will now be discussed. 
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The clathrin box motif comprises of acidic and bulky hydrophobic residues L(L, 

I)(D, E, N)(L, F)(D, E) (LφXφ[DE]), and is highly conserved within adaptors 

including the β3-appendage of AP3, amphiphysin, arrestin3 segments, and 

β-arrestin 1 and β-arrestin 2 (160–164). Structures of clathrin terminal domain 

complexes with peptides derived from AP2, β-arrestin 2 and the β subunit of 

AP3 identified the location of the clathrin box motif binding site, with peptides 

binding in an extended conformation within the groove found between blades 1 
and 2 of the clathrin terminal domain (162,165). Figures 1.4.4 A and 1.4.4 B 
demonstrates the binding site of the clathrin box motif on the clathrin terminal 
domain. 

Figure 1.4.4 – Adaptor binding sites in the clathrin terminal domain 

Structure of the clathrin terminal domain and the four known adaptor binding sites within. A) 
The clathrin terminal domain consists of a 7-bladed β-propeller containing four known adaptor 
binding sites. The clathrin box (LφXφ[DE]) is highlighted in cyan, the W-box (PWXXW) is 
highlighted in blue, the Arrestin-box ([LI][LI]GXL) is highlighted in pink, and the Royle box is 
highlighted in purple. B) β2-adaptin (CGDLLNLDLG) bound to the clathrin box. C) β-arrestin1L 
peptide (ALDGLLGG) bound to the arrestin box. D) amphiphysin peptide (TLPWDLWTT) 
bound to the W-box. E) An amphiphysin peptide bound to the Royle box. PDB codes: A) 1BPO 
(156); B) 5M5R (157); D) 3GD1 (158); D) 1UTC (159); E) 5M5T (157). Figure adapted from 
Frontiers in Molecular Biosciences, 4 (72), Smith SM, Baker M, Halebian M and Smith CJ, Weak 
Molecular Interactions in Clathrin-Mediated Endocytosis, (2017) (27) under the terms of the 
Creative Commons Attribution License (CC BY).  
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The arrestin box motif consists of residues [LI][LI]GXL, and binds between 
blades 4 and 5 of the clathrin terminal domain, as demonstrated in figures 1.4.4 
A and 1.4.4 C (158). The W-box motif comprises of residues PWXXW within 

adaptors, and was identified from a 2.3 Å structure of the clathrin terminal 
domain bound to an amphiphysin 1 peptide (159). The W-box motif differs from 

the other box motifs as it binds within the centre of the β-propeller with a 

compact helical structure, as demonstrated in figures 1.4.4 A and 1.4.4 D (159). 
The final motif is called the Royle box motif which binds to blade 7 of the clathrin 

terminal domain as demonstrated in figures 1.4.4 A and 1.4.4 D, however, the 
motif required in adaptors to bind to this site is currently unknown (166). 
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1.5 Unanswered Questions on the… 

1.5.1 Structural basis of clathrin-adaptor interactions 

The structures obtained so far have only been of the clathrin terminal domain 

bound to peptides derived from adaptor proteins; all of which suggest unique 
binding to individual sites on the clathrin terminal domain (158,159,165). 
Solution-based NMR studies, however, have shown that clathrin-box peptides 

from AP180 can simultaneously bind to the clathrin box, W-box and the Royle 
box, suggesting multiple interactions are either required or possible for a stable 
interaction between the clathrin terminal domain and adaptors; this is further 
backed by glutathione sepharose transferase (GST) binding assays which show 

weak interactions that occur between clathrin and box motifs peptides derived 
from adaptors (164,169,170).  

The multiple interaction theory was later confirmed by Muenzner et al. (2017) 

(157), who showed that the arrestin box and clathrin box motifs can bind to the 
arrestin box binding site on the clathrin terminal domain; this was achieved by 
crystallizing the clathrin terminal domain with the box peptide motifs. With the 

ability of different box motifs being able to bind to different box sites on the 
clathrin terminal domain, as well as the variability of sequences that can bind 
to the Royle box site, the idea of a single box motif being only able to bind to one 

binding site appears to be invalid (157,166). This leads to questions of where on 
the clathrin terminal domains accessory proteins bind, and are multiple 
conformations or binding locations observed? To better understand adaptor 

interactions with clathrin and its terminal domain, structures of adaptors bound 
to clathrin are required such as the clathrin-auxilin structure for example (107). 
As clathrin cage samples produce low resolution in cryo-EM, a new approach is 

required that will improve the resolution of the sample, which will allow 
identification of where adaptors are bound to the clathrin terminal domains and 
the residues involved in clathrin-adaptor binding. 



 28 

1.5.2 Potential competition between adaptors 

As mentioned previously, there are multiple regions in the clathrin terminal 

domain that can interact with adaptors, and the presence of multiple clathrin 
box motifs and DLL/DLF motifs allows adaptors to interact with multiple sites 
(167,169). This poses the questions, do adaptors compete for similar binding 

sites, to what extent does competition occur, and what impact does this have on 
adaptor function in CME? To better understand the potential competition that 
occurs between adaptors, kinetic based studies are required in the presence of 
multiple adaptor proteins to identify the effect competition may have on 

strength of adaptor binding, and the timings of CME processes. These 
hypotheses could be tested using techniques such as perpendicular light 
scattering (PLS), fluorescence anisotropy (FA), and surface plasmon resonance 

(SPR).  

If PLS were to be used, a CME process would be required that can be conducted 
in vitro. As PLS observes the level of light scattering from particles, clathrin 

assembly or disassembly would be ideal processes to use as clathrin cage 
disassembly has previously been tested using PLS (118). The disadvantage of 
using PLS however, is that only the effect of individual adaptors on either 

auxilin, epsin and hsc70 binding to clathrin could be assessed due to the need 
for a process to create changes in light scattering. FA would remove this issue 
as the technique instead relies on changes in the anisotropy of particles, which 

are the changes to the level of rotational diffusion of fluorophores upon protein-
protein interaction (171). This would allow the effects of competition between 
multiple adaptors to be studied, providing that fluorescent labelling does not 

impact the function of the adaptor or clathrin binding, and that binding of the 
adaptor to clathrin produces a significant change in anisotropy. SPR would go 
further to improve experimentation conditions as it would allow competition to 

be studied without the need for fluorescent labelling, thereby allowing 
clathrin-adaptor interactions and competition to be studied in their native state. 
But despite the several advantages of SPR , which include high sensitivity, 
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binding event specificity, and real time measurements, there are several 
disadvantages which make SPR less favourable to attempt initially over FA, 
including the expense of sensor chips and instrumentation, non-specific binding 

to surfaces, immobilisation effects, and the steric hindrance that occurs with 
binding events (172). In conclusion, FA would be the most beneficial technique 
for initial kinetics-based studies, however, SPR, perpendicular light scattering 

and other techniques such as isothermal calorimetry for example, are 
complimentary to FA and could be conducted alongside or after FA experiments 
have been completed to further support FA findings. 
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1.6 Research Questions and Aims 

The current understanding of the interactions that occur between individual 
adaptor proteins and clathrin is limited to low-resolution cryo-EM structures 
and crystal structures of the clathrin terminal domain with bound peptides 

derived from adaptor proteins, despite having a growing databank on the role of 
adaptor proteins within endocytosis. There are still many questions with 
regards to how multiple adaptor proteins interact with clathrin cages, as well 

as the molecular details of these interactions. The overarching aim of this PhD 
project is thus to gain a greater understanding of how adaptor proteins interact 
with clathrin, and the impact these interactions have on the disassembly of 

clathrin cages. To achieve this, the following questions will be tested: 

1. What is the structure of clathrin? What is the structure and orientation of
the clathrin terminal domains and ankle regions in clathrin cages? Can we

improve the resolution to visualise positioning of amino acids in clathrin
cages and interactions that occur between them?

Despite the publication of several clathrin cage structures, all have been 

produced in the presence of at least one adaptor (35,107,123,155). To verify the 
structure of clathrin and the presence of adaptor densities bound to clathrin 
cages, a structure needs to be produced from a sample containing clathrin only. 

By using cryo-EM single particle analysis (SPA), this project aims to produce 
and develop clathrin cage and clathrin hub models which include the lower hub 
regions. By using localised reconstruction alongside SPA, as previously 

conducted by Morris et al. (2019) (35), this project also aims to obtain higher 
resolution information on CLCs and CHCs so that amino acids in upper hub 
regions and secondary structure details in lower hub regions can be resolved. 

2. Where and how do adaptors bind to clathrin cages? Do different adaptors
share the same binding sites?
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Obtaining structural information on how adaptors interact with clathrin will 
provide insights into how these adaptors conduct their specific functions. Upon 
development of a structure of clathrin, this project aims to use cryo-EM SPA and 

localised reconstruction to develop and produce models of clathrin bound to 
adaptor proteins, to determine where on the clathrin terminal domain adaptors 
bind, and also to obtain a high enough resolution to distinguish which regions 

or residues of the adaptors interact with clathrin. 

3. How do clathrin cages disassemble? Is it all the cage at once or in stages?

Mechanisms have been proposed to describe how auxilin and hsc70 can cause 

clathrin disassembly, however, no studies have been conducted so far to try and 
visualise this process in real time. By using cryo-electron tomography (cryo-ET) 
on clathrin cages incubated with ATP, Hsc70 and auxilin, this project aims to 

visualise the clathrin disassembly process and capture intermediate states of 
disassembling clathrin cages, enabling new information on the clathrin 
disassembly mechanism to be discerned. 

4. How tightly do adaptors bind to clathrin and how quickly do they interact
with one another? Is this impacted when other adaptors are present?

Studies using PLS have been previously conducted to assess clathrin 

disassembly by hsc70 and auxilin, however, no studies so far have analysed 
competition that may occur between adaptor proteins (118). Using fluorescently 
labelled versions of hsc70 and auxilin, this project aims to use PLS and FA to 

determine whether FA can be utilised to assess the binding affinity of adaptors 
with clathrin, and determine which adaptors compete with hsc70 and auxilin 
for similar binding sites. Use of stopped flow FA will also be pursued to gain 

information on the timing of adaptors binding to clathrin, and how the presence 
of potentially competitive adaptors may impact this rate. 
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Chapter 2:   

Materials and General Methods 

 

 

 
 

 
 

 

 

 

 
 

Chapter Overview 

Details on the general materials and methods used for the experiments in this 
thesis can be found within this chapter. This will also include details on where 

materials and equipment have been acquired, the composition of buffers, what 
protein constructs were used and how they are quantified, and the generation 
and use of competent cells. 
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2.1 Materials and Equipment 

Agar Scientific (UK): Formvar/Carbon 300 mesh copper grids. 

Agilent: Cary UV-Vis spectrophotometer. 

AMRESCO (USA): HEPES free acid. 

Applichem Lifesciences (USA): Dithiothreitol (DTT), Sodium dodecyl sulphate 
(SDS). 

Beckman: JA8.1 rotor, JLA25.5 rotor, Ti45 rotor, TLA100.3 rotor, TLA120.1 

rotor, Avanti high speed centrifuge, XPN-80 ultracentrifuge, Optima max E 
benchtop ultracentrifuge. 

Benchmark scientific: MyTEMP mini digital incubator. 

Bio-logic SAS: MOS-450 with SFM-400 attachment, Bio-Kine32 software. 

Biorad: Gel electrophoresis gel casting kits and tetra-running tanks. 

Expedeon (UK): Instant Blue. 

First Link Ltd. (UK): Porcine brain. 

Fisher Scientific (UK): Ammonium sulphate, Glycerol, Magnesium acetate 
tetrahydrate, Calcium chloride (CaCl2), Potassium acetate, Potassium chloride 

(KCl), Sodium chloride (NaCl), Sodium hydroxide (NaOH), Magnesium sulphate 
(MgSO4), Fisherbrand model 50 sonic dismembrator, Biosafety cabinets, 
Vacuum pump. 

Gatan: OneView IS camera, K2 counting electron detector. 
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GE Healthcare (USA): Ficoll TM PM70, Glutathione Sepharose 4B, GSTrap FF 
column, HiTrap Q HP anion exchange column, HiLoad 26/600 Superdex 200 
column, HiPrep 26/60 Sephacryl S-500 HR, XK 16/100 Superdex 75 column, 

ÄKTA FPLC system. 

GenScript: Prescission protease. 

IVYX Scientific: Digital water bath 

Jasco: FP-6500 fluorimeter. 

JEOL: 200 kV 2100 Plus TEM, 200 kV 2200FS TEM. 

Melford Laboratories Ltd. (UK): Isopropyl β-D-1-thiogalactopyranoside (IPTG). 

Medicell Membranes Ltd. (UK): Visking dialysis tubing 19 mm 12-14 kDa cut-
off. 

National Diagnostics (USA): 30% w/v Accugel 29:1 acrylamide to bis- 

acrylamide. 

New Brunswick Scientific: Innova large capacity stackable shacking incubator. 

New England Bioscience (USA): Color pre-stained protein standard broad range 

(11-245 kDa). 

PanReac AppliChem (USA): 4-(2-Aminoethyl) benzenesulfonyl fluoride 
hydrochloride (AEBSF). 

Qiagen (Germany): QIAprep Spin Miniprep Kit. 

Roche Diagnostics Ltd. (Switzerland): c0mplete HisTrap (5 mL) column, 
c0mplete Protease Inhibitor Tablets. 
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Sanco: Ultra low temperature freezer 500L capacity with condensor. 

Sartorius Stedim (Germany): Analytical balance, Precision balance, Vivaspin 20 
centrifugal concentrators. 

Sigma-Aldrich (UK): Ammonium per sulphate (APS), Ampicilin, ATP-agarose 
4B cyanogen bromide activated (ATP-Agarose), Adenosine triphosphate (ATP) 
disodium, Ethylene-diamine-tetraacetic acid (EDTA), Ethylene-glycol-bis(β 

aminoethyl ether)-tetraacetic acid (EGTA), Reduced glutathione (GSH), MOPS, 
Hydrochloric acid (HCl), Imidazole, Kanamycin, Magnesium chloride 
hexahydrate (MgCl2), Manganese chloride (MnCl2), Sucrose, Triethylamine 

(TEA), Tetra-methyl-ethylene-diamine (TEMED), Thrombin, Tris-
(hydroxymethyl)-amino-methane (Tris-base), Tris-(hydroxymethyl)-
aminomethane-hydro-chloride (Tris-HCl), Rubidium chloride (RbCl), 

Nicotinamide adenine dinucleotide reduced (NADH), Pyruvate kinase/Lactic 
dehydrogenase enzyme mix from rabbit muscle, Phosphoenol pyruvate 
monopotassium salt, Apyrase from potato. 

Stuart: Magnetic stirrer plates. 

TAAB Laboratories equipment Ltd: Quantifoil r 1.2/1.3 300 mesh copper grids, 
Quantifoil r 3.5/1 200 mesh copper grids, Tweezers type 5 Revia SS A/Mag. 

Thermo fisher scientific: Zebra spin desalting columns 7K MWCO 0.5 mL, 
Reagecon buffer solutions at pH 4, 7 and 10, Alexa Fluor 488 C5 maleimide, 
NanoDrop 2000, FEI Titan Krios G3. 

University of Warwick Stores: Disposable consumables (i.e., PPE, Eppendorf 
tubes, pipette tips, inoculation loops, spreaders, foil, clingfilm, tape, etc.). 

VWR Chemicals (UK): Bromophenol blue, Ethanol, Methanol. 
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2.2 Buffers 

Buffers used within this thesis are detailed below. The pH of these buffers was 
measured using a Mettler Toledo Seven Easy pH meter and adjusted using HCl 
and NaOH. The probe attached to the meter was calibrated using standards at 

pH 4, 7 and 10.  

10 × HKM Buffer pH 7.2: 250 mM HEPES, 1.25 M potassium acetate and 50mM 
magnesium acetate. 

Ficoll/Sucrose solution: 6.25% Ficoll PM70 (w/v) and 6.25% Sucrose (w/v) in 
HKM Buffer pH 7.2. 

2 M Tris pH 7.1: 100 mM Tris-base, 1.9 M Tris-HCl, 2 mM EDTA and 2 mM 

DTT. 

Saturated ammonium sulphate: 77% ammonium sulphate (w/v) in 10 mM Tris 
0.1 mM EDTA pH 7. Buffer was boiled and stirred for 30 minutes before storage. 

Depolymerisation Buffer pH 8: 20 mM TEA, 1 mM EDTA and 1 mM DTT. 

Polymerisation Buffer pH 6.4: 100 mM MES, 1.5 mM MgCl2 and 0.2 mM EGTA. 

SDS-PAGE Loading Dye: 250 mM Tris-HCl pH 6.8, 5% SDS, 25% glycerol,  

50 mM DTT and 350 µM bromophenol blue. 

TFB1 Buffer pH 5.8: 30 mM Potassium acetate, 10 mM CaCl2, 50 mM MnCl2,  

100 mM RbCl and 15% glycerol [pH was adjusted with acetic acid]. 

TFB2 Buffer pH 6.5: 10 mM MOPS, 75 mM CaCl2, 10 mM RbCl and 15% 
glycerol. 

Buffer A pH 7: 20 mM HEPES, 25 mM KCl, 3 mM MgCl2 and 1 mM DTT. 
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Buffer B pH 7: 20 mM HEPES, 25 mM KCl, 10 mM EDTA and 1 mM DTT. 

Buffer C pH 7: 40 mM HEPES, 75 mM KCl, 4.5 mM Magnesium acetate and  
1 mM DTT. 

Buffer D pH 7.9: 25 mM Tris-HCl, 500mM NaCl and 1 mM DTT. 

High Salt Buffer pH 7: 20 mM HEPES, 1 M KCl, 1 M NaCl, 3 mM MgCl2 and  
1 mM DTT. 

Low Salt Buffer pH 7: 20 mM HEPES, 3 mM MgCl2 and 1 mM DTT. 

 

  



 

 39 

2.3 Buffers and Agar Plates Prepared and 
Sterilised by University of Warwick Prep Services 

SDS-PAGE Running buffer pH 8.3: 25 mM Tris, 150 mM Glycerol, and 35 mM 

SDS. 

Luria broth (LB): 10:5:5 w/w ratio of Peptone, Yeast extract and NaCl in 1 L of 
water. 

2YT: 16:10:5 w/w ratio of Tryptone, Yeast extract and NaCl in 1 L of water. 

Auto induction media (AIM): Formedium AIM 2YT with trace elements media 
was used, which contains 16:10:3.3:6.8:7.1:0.5:2:0.15:0.004 w/w ratio of 

Tryptone, Yeast extract, Ammonium sulphate, KH2PO4, Na2HPO4, Glucose, 
Lactose, MgSO4, and 100X Trace elements in 1 L of water. 

LB Ampicillin Agar plates: 15:10:5:5 w/w ratio of Agar, Peptone, Yeast extract 

and NaCl in 1 L of water with 100 µg/mL Ampicillin. 

Super optimal broth with catabolic repression (S.O.C.): 2% Tryptone, 0.5% yeast 

extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM Magnesium sulphate, 
and 20 mM glucose. 

Ampicillin: 100 mg/ml Ampicillin in water. 
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2.4 Protein Constructs 

Table 2.4.1 provides details on the DNA constructs used for protein expression 
and purification. 

Table 2.4.1 – DNA constructs used for protein expression and purification 

Construct Properties Reference Source 

WT auxilin 

(401-910) in 

pGEX4T2 

GST-tagged auxilin (401-910) 

from Bovine. 
(173) 

Helen Kent (MRC 

LMB) 

SC auxilin 

(401-910) 

mutants in 

pGEX4T2 

A cysteine-less version of 

GST-tagged auxilin (401-910) 

with one cysteine remaining 

at either position 427, 438, 

835 or 899 from Bovine. 

NA 

Alice Rothnie 

(University of 

Warwick) 

WT Hsc70 in 

pET15b 

His-tagged Hsc70 from 

Bovine. 
NA 

Michael Baker 

(University of 

Warwick) 

S603C 

Hsc70 in 

pET15b 

A cysteine-less version of His-

tagged Hsc70 with one 

cysteine at position 603 from 

Bovine. 

NA 

Michael Baker 

(University of 

Warwick) 

ARH (180-

270) in 

pGEX4T2 

GST-tagged ARH (180-270) 

from Homo sapiens. 
NA 

Sarah Smith 

(University of 

Warwick) 
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Epsin 1 (1-

575) in 

pET32c 

His-tagged Epsin 1 (1-575) 

from Rattus norvergicus. 
(174) 

Ernst 

Ungewickell 

(Hannover 

Medical School) 

AP180 (328-

896) in 

pQE31 

His-tagged AP180 (328-896) 

from Rattus norvegicus. 
(174) 

Ernst 

Ungewickell 

(Hannover 

Medical School) 

β2-adaptin 

(616-951) in 

pGEX6p1 

GST-tagged β2-adaptin (616-

951) from Homo sapiens. 
(175) 

Steve Royle 

(University of 

Warwick) 

 
Details the names and lengths of constructs, what plasmids they are within, what 
organisms their sequences originated from, the original references where they were 
first used, and where the constructs were sourced from. 
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2.5 Methods 

2.5.1 Preparation of competent cells 

Escherichia coli (E. coli) BL21 (DE3) cells were streaked onto an LB Agar plate 

and grown at 37 °C overnight. A single colony was taken and grown overnight 

in 5 ml LB at 37 °C. The overnight culture was used to inoculate 250 ml LB with 

20 mM MgSO4, which was grown at 37 °C until the optical density at 600 nm 

(OD600) reached 0.4 - 0.6. Cells were pelleted at 4,500 ×g for 5 minutes at 4 °C. 

The cell pellet was resuspended in 100 ml of TFB1 Buffer pH 5.8 at 4 °C. 

Resuspended cells were incubated at 4 °C for 5 minutes, before being pelleted 

again at 4,500 ×g for 5 minutes at 4 °C. The cell pellet was resuspended in  

10 ml of TFB2 Buffer pH 6.5 at 4 °C. Resuspended cells were incubated at 4 °C 

for 1 hour, before being separated into 50 µl aliquots, frozen in liquid nitrogen 

and stored at – 80 °C for up to 1 year. 

2.5.2 Transformation of competent cells 

A 50 µl aliquot of E. coli BL21 (DE3) competent cells were thawed on ice 

alongside the desired plasmid for no more than 5 minutes. A negative control 

was prepared by taking 10 µl of the competent cells. 1 µl of plasmid was added 

to the remaining 40 µl of competent cells and mixed by flicking. The cells were 

incubated on ice for 20 minutes, followed by a heat shock at 42 °C for 30 seconds. 

The cells were placed back on ice for 5 minutes before warm S.O.C. media was 

added [60 µl for the negative control; 240 µl for the transformation]. The cells 

were grown at 37 °C for 30 minutes at 180 rpm. The cells were then spread onto 

LB agar plates with 100 µg/ml Ampicillin [70 µl Negative control; 50 µl 

transformation; 50 µl of a 1 in 10 dilution of the transformation]. Plates were 

incubated overnight at 37 °C  
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2.5.3 SDS-PAGE 

12 % acrylamide resolving gels consisting of 370 mM Tris-HCl pH 8.8, 0.1 % 

SDS, 0.1 % APS and 0.09 % TEMED were made, with a 4% acrylamide stacking 
gel consisting of 130 mM Tris-HCl pH 6.8, 0.1 % SDS, 0.1 % APS and 0.09% 
TEMED. SDS-PAGE loading dye was added to samples with a 1:1 v/v ratio to 

denature the proteins. Samples were loaded onto the gels alongside a colour  
pre-stained broad range protein marker (11-245 kDa). Gels were run at 180 V 
using BioRad electrophoresis equipment filled with SDS-PAGE running buffer 
pH 8.3. 

2.5.4 DNA and protein quantification 

Quantification of clathrin is detailed in section 2.8. Other proteins as well as 

plasmid DNA, which was prepared using a QIAprep spin miniprep kit, were 
quantified using a Thermo Scientific NanoDrop 2000 spectrophotometer. For 
DNA the mg/ml reading was taken, and for proteins the absorbance at 280 nm 

(A280) was taken. An average was taken from three readings. Beer’s law was 
then used to determine the protein concentration based on their extinction 
coefficients and A280 reading.  

2.5.5 Negative staining 

Formvar/carbon film 200 mesh copper grids were used for preparing negative 
stain samples. These grids were glow-discharged immediately prior to use to 

reduce the hydrophobicity of the grids. A volume of 5 µl of sample was added 

onto a grid and left for one minute. The grid was then blotted, and a drop of 2 % 

uranyl acetate was applied for one minute for staining purposes before the grid 
was blotted again; this staining and blotting process was conducted four times. 
Upon completing the staining and blotting process, the grid was left to dry for 

one minute before it was visualised on a 200 kV JEOL 2100Plus transmission 
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electron microscope fitted with a Gatan OneView IS camera at a nominal 
magnification of 20,000×. 

2.5.6 Data, map, and model visualisation 

Maps and models were visualised using UCSF Chimera (176). Quantitative data 
was analysed and plotted using GraphPad Prism version 9.2.0 for Windows, 

GraphPad Software, San Diego, California USA, www.graphpad.com. 
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Chapter 3:   

Protein Purifications 

 

 
 

 

 

 

 
 

 

 

 

Chapter Overview 

This chapter provides details on the purification of proteins used for the 
experiments within this thesis. This includes purification of clathrin from 

porcine brains, and purification of recombinant proteins from E. coli.  
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3.1 Methods 

3.1.1 ACTA FPLC 

UV absorbance of proteins was measured at 280 nm. Solutions were injected 

onto columns at 1ml/min. Size exclusion columns were washed up to 3ml/min 
with a max pressure of 0.5 MPa, while all other columns were washed up to 
5ml/min with a max pressure of 0.5 MPa. 10 ml fractions were collected for all 

purifications with the exception of β2-adaptin, AP180 and epsin1 size exclusion 

purifications where 2ml fractions were collected. 

3.1.2 Clathrin purification 

Clathrin was purified from a porcine pig brain source. Up to 12 porcine brains 

were removed from -80 °C storage and left to defrost for 10 minutes in HKM 

Buffer pH 7.2 supplemented with protease inhibitor tablets, before blending to 
a liquid puree using a standard kitchen blender. Blended brains were spun at 

12,000 ×g for 30 minutes at 4 °C in a high-speed centrifuge. Collected 

supernatant was further spun at 140,000 ×g for 45 minutes at 4 °C using an 

ultracentrifuge. Pellets were homogenised in HKM Buffer pH 7.2 to release 

CCVs from cells. An equal volume of Ficoll/Sucrose solution was added to the 

homogenised pellet which was then spun at 44,000 ×g for 25 minutes at 4 °C in 

a high-speed centrifuge. Four times the volume of HKM Buffer pH 7.2 was added 
to the collected supernatant, which was subsequently spun at 140,000 ×g for  

1 hour at 4 °C in an ultracentrifuge to pellet down the CCVs. Pellets were stored 

at 4 °C overnight. Pellets were resuspended in HKM Buffer pH 7.2 and 

homogenised. The homogenate was spun at 13,000 rpm for 10 minutes at 4 °C 

in a microcentrifuge. An equal volume of 2M Tris pH 7.1 was added to the 

supernatant and left at 4 °C for 1 hour to strip the clathrin coat from lipid 

vesicles. The solution was spun at 135,000 ×g for 30 minutes at 4 °C in a 

benchtop ultracentrifuge to remove the majority of lipids. Remaining lipids and 
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adaptor proteins were removed via size exclusion chromatography using an 
XK26/100 Sephacryl S500 column connected to an ÄKTA FPLC system and 
equilibrated in 1M Tris pH 7.1. SDS-PAGE of fractions was conducted to confirm 

purity before clathrin fractions were mixed with an equal volume of saturated 

ammonium sulphate and stored overnight at 4 °C. 

Clathrin precipitate was pelleted at 48,000 ×g for 30 minutes at 4 °C using a 

high-speed centrifuge. The pellet was resuspended in 1M Tris pH 7.1 before 
being dialysed in depolymerisation buffer for 4 hours with one buffer change. 

Insoluble aggregates were pelleted at 130,000 ×g for 30 minutes at 4 °C using a 

benchtop ultracentrifuge. Supernatant was loaded onto a Superdex 200 column 
connected to an ÄKTA FPLC system and equilibrated in 1M Tris pH 7.1 to 

remove remaining contaminants. SDS-PAGE of fractions was conducted to 
confirm purity, before the clathrin-containing fraction were mixed with an equal 

volume of saturated ammonium sulphate and stored overnight at 4 °C. Clathrin 

was pelleted at 48,000 ×g for 30 minutes at 4 °C using a high-speed centrifuge. 

Pellets were resuspended in 1 M Tris pH 7.1 and dialysed against 

depolymerisation buffer pH 8 for 4 hours at 4 °C with one buffer change, followed 

by dialysis in polymerisation buffer pH 6.4 overnight at 4 °C with one buffer 

change after 2 hours. Polymerised clathrin was harvested by spinning the 

sample at 140,000 ×g for 20 minutes at 4 °C using a benchtop ultracentrifuge, 

followed by resuspension of the pellet in 200 µl of polymerisation buffer pH 6.4. 

Clathrin cages were stored at 4 °C for up to 3 weeks. 

Purified clathrin was quantified using a Cary 100 UV-VIS spectrophotometer. 

The absorbance between 250 nm and 350nm was recorded for a 200 µl solution 

of 1 M Tris pH 7.1 followed by a dilution series of clathrin which involved adding  

2 - 8 µl of clathrin solution to 200 µl of 1 M Tris pH 7.1. The dilution series was 

used to determine what the absorbance reading would be for the clathrin stock. 

Clathrin concentration was determined using Beer’s law and extinction 
coefficient for CHC with CLCb [222780 M-1 cm-1]. 
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3.1.3 Expression of adaptor proteins 

Constructs were expressed in E. coli BL21 (DE3) cells. Small 10 ml cultures 

were grown in LB with 100 µg/ml Ampicillin at 37 °C 180 rpm for up to 16 hours. 

Large cultures were prepared in 2L flasks, with ARH E. coli cells specifically 

grown in baffled flasks, by mixing a 10 ml overnight culture with 800 ml media 

containing 100 µg/ml Ampicillin and 10 mM MgCl2. Details of incubation 

conditions are within table 3.1.1 for each construct. 

Table 3.1.1 – Expression conditions for constructs 

Construct Media Initial 

temp 

(°C) 

Desired 

OD600 

IPTG 

induction 

(mM) 

Final 

temp 

(°C) 

Time 

(hours) 

Auxilin LB 37 0.8-1.0 1 25 18 

β2-adaptin LB 37 0.6-0.8 0.8 22 18 

ARH AIM 37 - - 37 4 

Hsc70 LB 37 0.3-0.4 0.5 16 19 

Epsin 1 LB 37 0.6-0.8 1 22 4 

AP180 LB 37 0.6-0.8 0.5 22 18 

 
Details the expression conditions used for GST-tagged protein constructs. All cultures were 
grown at 180 rpm. 

Induced cultures were pelleted at 4,000 ×g for 10 minutes at 4 °C using a high-

speed centrifuge. Pellets were stored at -20 °C for up to three months. 

3.1.4 Purification of GST-tagged proteins 

Pellets were thawed and resuspended in 25 ml Buffer A pH 7 with a crushed 
protease inhibitor tablet. The resuspension was sonicated on ice five times at  
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40 – 50 % power for 15 seconds with 30 second breaks which included mixing 
via inversion. The sonicated cell suspension was spun at 44,000 ×g for  

30 minutes at 4 °C using a high-speed centrifuge to separate the soluble and 

insoluble fractions. The soluble fraction was loaded onto a GSTrap FF column 

connected to an ÄKTA FPLC system which was equilibrated in Buffer A pH 7 

at 4 °C. The column was washed with Buffer A pH 7 until UV absorbance 

returned to baseline. The GST-tagged construct was eluted using Buffer A pH 7 
supplemented with 10 mM GSH. SDS-PAGE of fractions was conducted to 
confirm adaptor presence, before fractions were collated and dialyzed against 

Buffer A pH 7 overnight at 4 °C to remove GSH.  

For GST-auxilin, 10 units of thrombin per mg of protein was added to cleave the 

GST-tag. The auxilin thrombin mix was dialyzed against Buffer A pH 7 for  

4 hours at 4 °C, before 0.2 mM AEBSF was added to inhibit further thrombin 

cleavage. For GST-β2-adaptin, 2 units of PreScission protease per 100 µg of 

protein was added to cleave the GST-tag. The β2-adaptin PreScission mix was 

dialyzed against Buffer D pH 7 supplemented with 1 mM EDTA for 3 hours at 

4 °C. ARH did not have its GST-tag removed due to its small size. For auxilin 

and β2-adaptin, the adaptor was loaded onto a GSTrap FF column connected to 

an ÄKTA FPLC system at 4 °C, which was equilibrated in either Buffer A pH 7 

for the auxilin purification or Buffer D pH 7 supplemented with 1 mM EDTA for 

the β2-adaptin purification. The column was washed with the same buffer used 

to equilibrate the column until the UV absorbance returned to baseline.  
GST-tag was eluted using the wash buffer supplemented with 10 mM GSH. 

SDS-PAGE of fractions was conducted to confirm adaptor presence in the  
flow-through before adaptor fractions were collated. 

A final purification step was conducted to remove additional contaminants from 

each adaptor, with a different technique used for each construct. For auxilin and 

ARH constructs, the adaptor was spin concentrated at 4 °C using a VIVAspin 

10,000 MWCO until a final volume of <1 ml was reached. The adaptor solution 
was made up to 20 ml using Low Salt Buffer pH 7 and loaded onto a HiTrap Q 
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HP anion exchange column equilibrated in Low Salt Buffer pH 7, of which was 

connected to an ÄKTA FPLC system at 4 °C. The auxilin construct was washed 

with 3 % High Salt Buffer pH 7 until the UV absorbance returned to baseline, 
followed by an elution with 6 % High Salt Buffer pH 7 until the UV absorbance 

returned to baseline, followed by a wash with 30 % High Salt Buffer pH 7 to 
remove contaminants from the column. The ARH construct was washed with  
8.5 % High Salt Buffer pH 7 until the UV absorbance returned to baseline, 
followed by an elution with 14 % High Salt Buffer pH 7 until the UV absorbance 

returned to baseline, followed by a wash with 50% High Salt Buffer pH 7 to 
remove contaminants from the column. SDS-PAGE of fractions was conducted 
to confirm adaptor presence in the elution step before adaptor fractions were 

collated and dialyzed against either Buffer C pH 7 (for interaction studies) or 

Polymerisation Buffer pH 6.4 (for Cryo-EM studies) overnight at 4 °C. 

For β2-adaptin, the adaptor was spin concentrated at 4 °C using a VIVAspin 

10,000 MWCO until a final volume of <10 ml was reached. The adaptor solution 
was loaded onto a HiLoad 26/600 Superdex 200 column connected to an ÄKTA 

FPLC system at 4 °C, which was equilibrated in 1 M Tris pH 7. The column was 

washed with 1 M Tris pH 7 until UV absorbance returned to baseline. SDS-
PAGE of fractions was conducted to confirm adaptor presence before adaptor 

fractions were collated and dialyzed against Buffer C pH 7 overnight at 4 °C. 

All adaptors were spin concentrated at 4 °C using a VIVAspin 10,000 MWCO 

and quantified as stated in section 2.8 using the extinction coefficients  

58565 M-1 cm-1 for auxilin, 55725 M-1 cm-1 for ARH, and 29910 M-1 cm-1 for  

β2-adaptin. The adaptor was aliquoted into 40 µl aliquots once a concentration 

of > 200 µM was reached. Aliquots were frozen in liquid nitrogen and stored at 

– 80 °C for up to 12 months. 
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3.1.5 Purification of His-tagged proteins 

Pellets were thawed and resuspended in 25 ml of buffer with a crushed protease 

inhibitor tablet, with Hsc70 placed in Buffer A pH 7, and epsin 1 and AP180 
placed in Buffer D pH 7.9. Resuspended pellets were sonicated on ice five times 
at 40 – 50 % power for 15 seconds, with 30 second breaks with mixing with 

inversions. AP180 sonicated suspensions were heated in a boiling water bath for 
3 minutes, followed by shock cooling in an ice water bath for 5 minutes. Adaptor 

suspensions were spun at 4 °C at 44,000 ×g for 30 minutes for Hsc70 and epsin 

1, and 1 hour for AP180 to separate the soluble and insoluble fractions. The 
soluble fraction was loaded onto a HisTrap column connected to an ÄKTA FPLC 

system at 4 °C, which was equilibrated in Buffer A pH 7 for Hsc70, or Buffer D 

pH 7.9 for epsin 1 and AP180. The column was washed with buffer until UV 

absorbance returned to baseline. His-tagged adaptors were eluted using buffer 
supplemented with 250 mM Imidazole. SDS-PAGE of fractions was conducted 
to confirm adaptor presence before collating adaptor containing fractions.  

For Ap180 and epsin 1, the adaptor was spin concentrated at 4 °C using a 

VIVAspin 10,000 MWCO until a final volume of <10 ml was reached. The 

adaptor was loaded onto a HiLoad 26/600 Superdex 200 column connected to an 

ÄKTA FPLC system at 4 °C and equilibrated in Buffer D pH 7.9. The column 

was washed with Buffer D pH 7.9 until UV absorbance returned to baseline. 
SDS-PAGE of fractions was conducted to confirm adaptor presence before 
adaptor-containing fractions were collated and dialyzed against Buffer C pH 7 

overnight at 4 °C. 

For Hsc70, the adaptor solution was supplemented with 1/50th the volume of 0.5 

M EDTA pH 8, before being dialyzed against Buffer B overnight at 4 °C to 

remove imidazole. Magnesium was added to the solution after dialysis by adding 
1/500th the volume of 2M MgCl2. Hsc70 was loaded onto an ATP Agarose column 

connected to an ÄKTA FPLC system at 4 °C and equilibrated in Buffer A pH 7. 

The column was washed with Buffer A pH 7 supplemented with 1 M KCl until 
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UV absorbance reading returned to baseline, followed by 50 ml Buffer A pH 7. 
Hsc70 was eluted using 100 ml Buffer A pH 7 supplemented with 3 mM ATP. 
SDS-PAGE was conducted to confirm adaptor presence before Hsc70 containing 

fractions were  collated and spin concentrated at 4 °C down to < 10 ml using 

VIVAspin 10,000 MWCO. Hsc70 solution was loaded onto a Superdex 75 16/60 

column connected to an ÄKTA FPLC system at 4 °C and equilibrated in Buffer 

A pH 7. The column was washed with Buffer A pH 7 to separate Hsc70 from 
ATP. SDS-PAGE of fractions was conducted to confirm Hsc70 presence, before 

fractions were collated and dialyzed against Buffer C pH 7 overnight at 4 °C. 

Hsc70, epsin 1 and AP180 were spin concentrated using a VIVAspin  
10,000 MWCO and quantified as stated in section 2.8 using the extinction 

coefficients 33350 M-1 cm-1 for Hsc70, 76430 M-1 cm-1 for epsin 1, and  

23490 M-1 cm-1 for AP180. The adaptors were aliquoted into 40 µl aliquots once 

a concentration of > 200 µM was reached. These were frozen in liquid nitrogen 

and stored at – 80 °C for up to 12 months. 
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3.2 Clathrin Cage Purification 

Size exclusion chromatography was used to separate clathrin from lipids and 
adaptor proteins, as demonstrated in figure 3.2.1 A. A further size exclusion 
chromatography step was conducted on depolymerised clathrin to remove 

insoluble aggregates, as shown in figure 3.2.1 B.  

 

Figure 3.2.1 – Clathrin purification traces and SDS-PAGE gels 

A280 absorbance traces and SDS-PAGE gels are presented on the left and right of the figure 
respectively. CHCs and CLCs are indicated by blue and green arrows respectively. A) Initial 
XK26/100 Sephacryl S500 size exclusion chromatography purification separating lipids and 
adaptor proteins from clathrin cages. Lipid runs off the column first between 90 ml and 140 ml, 
with clathrin running off the column after around 160ml to 210 ml of washing with a trail of 
adaptors following. B) Final Superdex 200 size exclusion chromatography purification 
separating depolymerised clathrin from insoluble aggregates. The clathrin appears to run off 
the column after 100 ml to 130 ml of washing, as confirmed by SDS-PAGE. 

Membrane 

proteins Clathrin Adaptors 

Clathrin 
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To quantify the clathrin stock, A280 readings from a dilution series was used to 
create a linear model, as shown in figure 3.2.2, allowing the A280 of the clathrin 
stock to be determined by setting the value of x to 1. The R2 value of the linear 

model is 0.99. The stock concentration was then determined as stated in section 
2.8 using the extinction coefficient for 1:1 CHC:CLCb [222780 M-1 cm-1]. The 
CHC:CLCb extinction coefficient was used as use of the CHC extinction 

coefficient results in an overestimation of clathrin concentration due to its small 
extinction coefficient, and determination of the ratio of CLCs that varies per 
prep by mass spectrometry is too expensive. The extinction coefficient of 

CHC:CLCb [222780 M-1 cm-1] is in the middle of the extinction coefficients for 
clathrin heavy chain [201810 M-1 cm-1], and CHC:CLCa [229770 M-1 cm-1], and 
is therefore a sufficient compromise. 

3.2.1 Negative staining of clathrin cages 

To confirm that clathrin had repolymerised into clathrin cages, negative 

staining of 0.1 µM of clathrin stock was performed. Negative stain images are 

presented in figure 3.2.3. These images showed that the clathrin had 

polymerised into cages of different sizes and had successfully been separated 
from lipid vesicles during purification. We can also conclude that the clathrin 
cages had not degraded during the purification and whilst in storage. 
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Figure 3.2.2 – Clathrin quantification 

Graphs used to interpret A280 readings from the UV-visible spectrophotometer in order to 
quantify the purified clathrin cages. A) Corrected absorbance readings from 250 nm to 350 nm 
after accounting for tris buffer absorbance. The peak of absorbance is at 280 nm. B) A linear 
model produced from the corrected absorbance values at 280 nm. The equation of the linear 
model is used to calculate clathrin concentration, by setting X to 1. 
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Transmission electron microscopy images of negatively stained clathrin. Images show clathrin 
had polymerised into cages and had not degraded. Visualisation of the lattice structure of the 
clathrin cage is apparent upon closer inspection. 

Figure 3.2.3 - Negative staining of clathrin
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3.3 Purification of GST-tagged Proteins 

3.3.1 Auxilin 

A three-step purification of auxilin constructs was conducted using a GSTrap 

FF column, which involved separation of auxilin from E. coli proteins followed 
by cleavage and removal of the GST-tag, and a HiTrap Q anion exchange 
column, which involved further removal of E. coli protein contaminants. The 

GST-tag was removed to ensure auxilin was in its native state, and to ensure 
there were no additional cysteines present from the GST-tag within the auxilin 
structures, as the mutant auxilin structures would be fluorescently labelled for 
use in fluorimetry experiments.  

The purification steps are demonstrated in figure 3.3.1. Auxilin was successfully 
separated from the majority of E. coli proteins during the first affinity 
purification, as shown from the elution fractions of figure 3.3.1 A. The thrombin 

cleavage step removed the majority of the GST-tag from auxilin, as shown from 
the post-cleave fraction of figure 3.3.1 B. The majority of the  
GST-tag was separated from auxilin upon completing the second affinity 

purification, with auxilin coming off in the flow-through fractions, and the GST-
tag coming off in the elution fraction as shown in figure 3.3.1 B. Ion-exchange 
removed a significant number of contaminants with auxilin coming off in the 6% 

High Salt Buffer pH 7 elution, as shown in figure 3.3.1 C. 
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Figure 3.3.1 – Auxilin purification traces and SDS-PAGE gels 

A280 absorbance traces and SDS-PAGE gels are presented on the left and right of the figure 
respectively. GST-auxilin is indicated by purple arrows, auxilin is indicated by blue arrows, and 
GST is indicated by the green arrow. The molecular weight of GST-auxilin, auxilin and GST-tag 
is 80 kDa, 54 kDa and 26 kDa respectively. A) Initial GSTrap FF affinity purification separating 
GST-tagged auxilin from E. coli proteins. B) Final GSTrap FF affinity purification step 
conducted after GST-tag cleavage, separating the cleaved GST-tag from auxilin. C) Final HiTrap 
Q anion exchange purification to remove additional E. coli protein contaminants. 
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3.3.2 β2-adaptin 

A three-step purification of β2-adaptin was conducted using a GSTrap FF 

column, which involved separation of β2-adaptin from E. coli proteins followed 

by cleavage and removal of the GST-tag, and a HiLoad 26/600 Superdex 200 

column, which involved further removal of E. coli protein contaminants. The 

GST-tag was removed to ensure β2-adaptin was in its native state. The 

purification steps are demonstrated in figure 3.3.2. β2-adaptin was successfully 

separated from the majority of E. coli proteins during the first affinity 
purification, as shown from the elution fractions of figure 3.3.2 A. The 

Prescission cleavage step removed the majority of the GST-tag from β2-adaptin, 

as shown from the post-cleave fraction of figure 3.3.2 B. The majority of the  

GST-tag was separated from β2-adaptin upon completing the second affinity 

purification, with β2-adaptin coming off in the flow-through fractions, and the 

GST-tag coming off in the elution fraction as shown in figure 3.3.2 B.  

Size-exclusion chromatography removed several contaminants from β2-adaptin, 

as shown in figure 3.3.2 C. 

3.3.3 ARH 

A two-step purification of ARH was conducted using a GSTrap FF column, 
which involved separation of ARH from E. coli proteins, followed by a HiTrap Q 
anion exchange column, which involved further removal of E. coli protein 

contaminants. The GST-tag was not removed due to the small size of ARH, 
which is 14 kDa. The purification steps are demonstrated in figure 3.3.3. ARH 
was successfully separated from the majority of E. coli proteins during the first 

affinity purification, as shown from the elution fractions of figure 3.3.3 A.  
Ion-exchange removed some contaminants with ARH coming off in the 14% High 
Salt Buffer pH 7 elution, as shown in figure 3.3.3 B, however, a significant 

number of contaminants still remained. 
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Figure 3.3.2 – β2-adaptin purification traces and SDS-PAGE gels 

A280 absorbance traces and SDS-PAGE gels are presented on the left and right of the figure 
respectively. GST-β2-adaptin is indicated by purple arrows, β2-adaptin is indicated by blue 
arrows, and GST is indicated by the green arrow. The molecular weight of GST-β2-adaptin, β2-
adaptin and GST-tag is 62 kDa, 36 kDa and 26 kDa respectively. A) Initial GSTrap FF affinity 
purification separating GST-tagged β2-adaptin from E. coli proteins. B) Final GSTrap FF affinity 
purification step conducted after GST-tag cleavage, separating the cleaved GST-tag from β2-
adaptin. C) Final size-exclusion chromatography purification to remove additional E. coli 
protein contaminants. 
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Figure 3.3.3 – ARH purification traces and SDS-PAGE gels 

A280 absorbance traces and SDS-PAGE gels are presented on the left and right of the figure 
respectively. GST-ARH is indicated by blue arrows. The molecular weight of GST-ARH is 40 
kDa. A) Initial GSTrap FF affinity purification separating GST-tagged ARH from E. coli 
proteins. B) Final HiTrap Q anion exchange purification to remove additional E. coli protein 
contaminants. 
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3.4 Purification of His-tagged Proteins 

3.4.1 Hsc70 

A three-step purification of hsc70 was conducted using a complete HisTrap 

column, which involved separation of hsc70 from E. coli proteins, an  
ATP-Agarose 4B column, which involved separation of hsc70 from non-ATP 
binding proteins, and a Superdex 75 16/60 column, which involved removal of 

ATP from hsc70. The purification steps are demonstrated in figure 3.4.1. Hsc70 
was successfully separated from the majority of E. coli proteins during the first 
affinity purification, as shown within the elution fractions of figure 3.4.1 A. The 
ATP-Agarose 4B affinity purification removed additional E. coli protein 

contaminants, as shown within the elution fractions in figure 3.4.1 B. Size-
exclusion chromatography removed ATP from hsc70, as shown in figure 3.4.1C. 

3.4.2 Epsin 1 

A two-step purification of epsin 1 was conducted using a complete HisTrap 
column, which involved separation of epsin 1 from E. coli proteins, followed by 

a HiLoad 26/600 Superdex 200 column, which involved further removal of E. coli 
protein contaminants. The purification steps are demonstrated in figure 3.4.2. 
Epsin 1 was successfully separated from the majority of E. coli proteins during 
the first affinity purification, as shown from the elution fractions of figure 3.4.2 

A. Size-exclusion chromatography removed several contaminants from epsin 1, 
as shown in figure 3.4.2 B. 
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Figure 3.4.1 – Hsc70 purification traces and SDS-PAGE gels 

A280 absorbance traces and SDS-PAGE gels are presented on the left and right of the figure 
respectively. The molecular weight of hsc70 is 72 kDa and is indicated by blue arrows. A) Initial 
HisTrap affinity purification separating his-tagged hsc70 from E. coli proteins. B) ATP-Agarose 
4B affinity purification step to separate hsc70 from non-ATP binding proteins. C) Final size-
exclusion chromatography purification to remove ATP contaminants. 
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Figure 3.4.2 – Epsin 1 purification traces and SDS-PAGE gels 

A280 absorbance traces and SDS-PAGE gels are presented on the left and right of the figure 
respectively. Epsin 1 is indicated by blue arrows. The molecular weight of epsin 1 is 60 kDa. A) 
Initial HisTrap affinity purification separating his-tagged epsin 1 from E. coli proteins. B) Final 
size-exclusion chromatography purification to remove additional E. coli protein contaminants. 

3.4.3 AP180 

A two-step purification of AP180 was conducted using a complete HisTrap 
column, which involved separation of AP180 from E. coli proteins, followed by a 

HiLoad 26/600 Superdex 200 column, which involved further removal of E. coli 
protein contaminants. The purification steps are demonstrated in figure 3.4.3. 
AP180 was successfully separated from the majority of E. coli proteins during 
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the first affinity purification, as shown from the elution fractions of figure 3.4.3 
A. Size-exclusion chromatography removed several contaminants from AP180, 
as shown in figure 3.4.3 B. 

 

Figure 3.4.3 – AP180 purification traces and SDS-PAGE gels 

A280 absorbance traces and SDS-PAGE gels are presented on the left and right of the figure 
respectively. AP180 is indicated by blue arrows. The molecular weight of AP180 is 55 kDa. A) 
Initial HisTrap affinity purification separating his-tagged AP180 from E. coli proteins. B) Final 
size-exclusion chromatography purification to remove additional E. coli protein contaminants.  
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Chapter 4:   

High Resolution Cryo-EM 

Structure of Clathrin 

 

 

 

 

 

 

 

 
 

Chapter Overview 

This chapter details the development of the clathrin cage structure using cryo-
EM, as well as localised reconstruction analysis to develop a higher resolution 

structure of the clathrin hub domain with terminal domains included.  
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4.1 Background to Cryo-EM 

The first aim of this thesis is to obtain the structure of clathrin with no adaptors 
present, containing both the upper and lower hub regions at a higher resolution. 
To obtain the structure of clathrin cages, cryo-EM and localised reconstruction 

techniques were utilised, but what are the cryo-EM and localised reconstruction 
techniques, how are they conducted, and why are they appropriate for obtaining 
higher resolution structures of clathrin? Sections 4.1.1 to 4.1.3 will provide the 

answers to these questions 

4.1.1 Why is cryo-EM appropriate? 

Cryo-EM is a technique which can determine the structure of macromolecular 

complexes and assemblies at high resolutions, without the need for developing 
protein crystals (178). This would thus allow a 3D structure of a macromolecular 
complex, which is more than 100 kDa in size, to be determined while in its 

functional form (179). Although structures produced by X-ray crystallography 
tend to be of higher resolution than those produced by cryo-EM, cryo-EM can 
also produce structures up to atomic resolution, with the structure of a 334 kDa 

glutamate dehydrogenase determined by cryo-EM reaching a resolution of 1.8 Å 
(180). Several structures of clathrin complexes have been produced by cryo-EM, 
including the clathrin auxilin complex and the clathrin, auxilin and hsc70 

complex (107,123). For clathrin cage model development and comparative 
purposes, cryo-EM would thus be a suitable technique as it can obtain the 
structure of a clathrin cage, it has potential to reach high resolutions, and cryo-

EM has been used previously for other clathrin adaptor complex to determine 
their structures. 
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4.1.2 The cryo-EM workflow 

To image macromolecular complexes in the EM whilst maintaining their 

functional form, the macromolecular complex is frozen rapidly. To achieve this, 
a small aliquot of the sample in solution or suspension is placed onto an EM grid 
and blotted until only a thin layer of solution remains on the grid (181). The grid 

is then plunged immediately into a -180 °C solution of liquid ethane in order to 

rapidly freeze the sample so vitreous ice is formed, which is when water forms 

a glass like amorphous structure instead of ice crystals upon being shock-cooled 

below -140 °C (181). A schematic of the plunge freezing method is demonstrated 

in figure 4.1.1 A. Once the sample grid has been prepared, the grid is placed into 
an EM holder that is cooled with liquid nitrogen, as demonstrated in figure  
4.1.1 B. The holder is then inserted in the EM via the specimen port so that it 

can be imaged (182). A schematic of an EM is shown in figure 4.1.1 C.  

To image the sample, an electron beam is produced by an electron gun which is 
then focused via the action of  condenser lenses to remove high angle electrons 

(182). To ensure the electron beam does not collide with gases, the EM is placed 

under a high vacuum, with a pressure between 1. 3̇ × 10−3 − 1. 3̇ × 10−7 mbar 

(182). Upon contact with the sample, parts of the electron beam will pass 
through the sample (182). Biological specimens are sensitive to electron damage 
because electrons break bonds, therefore a low electron dose is used, however, 

this results in low contrast images due to low electron scattering (183,184). To 
preserve high resolution details, cryo-EM samples must be imaged under low 
dose conditions of around 10-20 e-/Å2 (184). The objective lens focuses the 

electron beam that has passed through the sample towards a direct electron 
detector camera, which upon hitting leads to the production of an image (182).  
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Figure 4.1.1 – Preparing and imaging cryo-EM samples 

Schematics for preparing and imaging cryo-EM samples. A) Plunge freezer apparatus. The 
blotting paper is attached to a mechanical arm which moves to blot the grid. Upon blotting, the 
plunge tool submerges the grid into liquid ethane (182). B) The EM grid is placed at the tip of 
an EM holder cooled with liquid nitrogen. A frost guard is used to protect the grid from ice 
contamination during transfer (182). C) TEM set-up. The electron beam is presented as green 
lines (182). 

Once 2D images of the sample have been acquired, which are projections of the 

electron potential, the 2D images will need to be processed to produce a 3D 
volume. To reconstruct a 3D several projections at different tilt angles must be 
combined. This can be achieved in two ways: 1) by collecting single images of a 

high number of similar particles which are randomly rotated in the sample, and 
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then using SPA techniques to determine their relative orientation; or 2) by 
collecting tilted images of the same sample and using them directly to obtain a 
3d reconstruction (tomography). A schematic of the SPA processing pipeline is 

shown in figure 4.1.2.  

 

Figure 4.1.2 – SPA workflow 

Processing pipeline for developing a 3D structure from 2D cryo-EM micrographs. A) Particles 
are selected within each micrograph. Green circle indicates the particle box. B) 2D classification 
of the selected particles. Only high-resolution particles and particles which look like a protein 
are selected. C) Ab initio modelling of selected 2D class particles produces a low-resolution 
reference model. D) 3D classification of particles using a reference model(s) allows structures 
with different conformations to be separated. E) 3D refinement of selected 3D class allows higher 
resolution structure to be produced by improving particle alignment. 

First the micrographs will undergo motion correction to correct for blurring of 

particle images caused by particle movement. As the electron beam passes 
through the sample, the sample particle will move leading to blurring of images 
(185). To correct this, each 2D image is instead collected as a movie, allowing a 

motion correcting software package to be applied to track the movement of 
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particles so that a high resolution 2D image can be acquired (185). Following 
motion correction, the 2D images then undergo contrast transfer function (CTF) 
correction, to correct for interference in signal caused by electron scattering. 

When the electrons pass through the sample the electrons may scatter, with the 
amount of signal scattered being proportional to the sample spatial frequency 
spectrum (186). The scattered electrons are focused back into a beam by various 

lenses, however, because the electrons scatter at different angles the electrons 
end up with different path lengths, causing phase shifts in the electron 
wavefunction that interfere with the electron signal (186). The phase shift 

interference can be either constructive leading to an increase in signal, 
destructive leading to a decrease in signal, or inverting leading to a flip in the 
signal, and is mathematically modelled by the microscopes CTF (186). The CTF 

is calculated from the applied defocus, wavelength of incident electrons, 
microscopes spherical aberration, and the spatial frequency (186). The CTF 
model is a function of defocus, as the defocus impacts the strength of image 

spatial frequencies (186).   

Once motion correction and CTF correction has occurred, particles can then be 
selected which fall within a certain box size either manually or automatically 

using a selection algorithm. Upon particle selection, particles can be sorted via 
2D classification in order to remove any 2D classes that do not produce high 
resolution 2D images (187). The particles can then undergo ab initio model 

generation if a 3D model of the protein is unavailable in order to predict the 
structure and generate an initial low-resolution model (187). The model can 
then be used to conduct 3D classifications to separate particles with different 

3D states (e.g., open and closed conformations, bound and unbound adaptors, 
etc.), and conduct 3D refinements, whereby projection vectors are assigned to 
each particle image so that a 3D electron density map can be constructed.(187). 
Once the map has been refined, it can then be sharpened via applying a gaussian 

function with an inverse ad hoc B-factor (defines the quantity of uncertainty for 
each atom), allowing modelling of contrast lost through experimental and 
computational factors into the map (188). Application of an inverse ad hoc B-
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factor thus enables resolutions greater than 3 Å to be obtained which would 

allow amino acid side chains to be discerned (188). 

4.1.3 Localised reconstruction workflow 

Localised reconstruction is a method for improving the resolution of 
symmetrical structures which consist of multiple repeated subunits, with the 
workflow demonstrated in figure 4.1.3 (189). 

 

Figure 4.1.3 – Localised reconstruction workflow 

Processing pipeline for localised reconstruction. 1) Structure of macromolecular complex solved 
using conventional SPA refinements with C1 symmetry. 2) Locations of subparticles are defined 
using vectors. 3) Subparticles are extracted from micrographs and used to calculate a 3D 
localised reconstruction. 4&5) Localised reconstruction is further classified and refined using 
2D and 3D classification and 3D refinements. 6&7) Refined localised reconstruction is 
sharpened and its resolution is assessed. Reproduced from Nature Communications, 4 (72), Ilca 
SL et al., Localized reconstruction of subunits from electron cryo-microscopy images of 
macromolecular complexes, (2015) (189) under the terms of the Creative Commons Attribution 
License (CC BY). 

Use of localised reconstruction for improving the resolution of clathrin shows 

promise, as it has been used previously to improve the resolution of the upper 
hub region of clathrin cages from 9.1 Å to 4.7 Å (35). To conduct localised 
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reconstruction, a refined 3D structure needs to be produced using the methods 
described in section 4.1.2 with no symmetry applied to the structure (189). 
Subunits of interest and their positions are then identified by the creation of 

vectors, which includes information on the centre origin of the structure and the 
centre origins of the subparticles of interest, so that the position of each 
subparticle within the original particle images can be calculated (189). 

Subparticle images can then be extracted from the original micrographs using 
a smaller box size so that they can be treated as individual particles in future 
refinements (189). Once the subparticle images have been extracted, they can 

be combined together to increase the overall particle number. For example, if 
there are 4000 particles in a structure which has 5 identical subunits, then upon 
extracting and combining the subparticles the total number of particles will be 

5 times 4000 which is 20000 particles. The subparticles can then undergo 3D 
classification, refinements and reconstructions as described in section 4.1.2 to 
create a structure of the subunit with an improved overall resolution (189). 
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4.2 Methods 

4.2.1 Cryo-EM sample preparation 

Cryo-EM samples were prepared by adding 3 µl of 9 µM clathrin in 

polymerisation buffer onto glow-discharged Quantifoil R 1.2/1.3 holey carbon 
film 300 mesh copper grids, followed by a 4.5 second single side blot at 50 % 

chamber humidity before plunge freezing in liquid ethane using a Leica 
Automatic Plunge Freezer EM GP2. Grids were screened at the Midlands 
Regional Cryo-EM Facility at the University of Warwick on a 200 kV JEOL 2100 

Plus EM fitted with a Gatan OneView IS camera at a nominal magnification of 
20,000 ×, with a screening image shown in figure 4.2.1 A. 

 
Figure 4.2.1 – Clathrin cryo-EM screening and data collection 

Collected EM images of clathrin cages during screening and data collection. A) Image of screened 
grid obtained from a 200 kV JEOL 2100 Plus. Scale bar set to 200 nm. B) Clathrin cages imaged 
on a 300 kV Titan Krios during data collection. Scale bar set to 200 nm. C) CTF for presented 
micrograph. Oscillations are detected above noise levels up to a resolution of 3.14 Å 

4.2.2 Cryo-EM data collection 

Cryo-EM micrographs were collected automatically at the LISCB using an FEI 
300 kV Titan Krios G3 equipped with a Falcon III counting detector. Images 

were collected in EFTEM mode using a nominal magnification of 59,000 ×,  
pixel (px) size of 1.39 Å/px, 100 μm objective aperture, 50 μm C2 aperture, spot 

3.14 Å 

A B C 
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size of 5, 2.7 spherical aberration, and 800 nm2 illuminated area. Due to an error 
in the electron counter, an accurate dose rate could not be determined, and so 
micrographs were collected with an estimated total dose of 46 – 92 e−/Å2 over  

7 s at a dose rate of 1.2 – 2.4 e−/Å2 s−1. Micrographs were targeted for collection 
between 1.3 – 2.8 μm defocus with 300 nm steps. A representative micrograph 
image is presented in figure 4.2.1 B alongside its measured CTF (figure 4.2.1 C). 

4.2.3 Cryo-EM data refinement of cages 

Collected movie files were imported into Scipion(v3)(190) for data processing, 
which contains plugins for different EM processing software such as Relion 

(191,192), MotionCor2 (185), gctf (186), and ResMap (193). Motion correction of 
movie files was performed using MotionCor2 (185) and without dose weighting 
applied due to uncertainty in the actual dosage applied per frame during 

collection. The contrast transfer function (CTF) for each micrograph was 
estimated using gctf(v1.06) (186) with validation and EPA functions utilized. 
Clathrin cages were manually picked using Relion(v2.1) (192) with a 1000 px 

box size at 1.39 Å/px; a total of 22,827 particles were selected. Cage structures 
were processed using Relion(v2.1) using two-dimensional (2D) classification, 
three-dimensional (3D) classification, 3D refinement, movie refinement, 

Bayesian polishing, mask creation, and post-processing. Reference free 2D 
classifications were performed over 25 iterations. An asymmetric 3D 
classification was performed on selected 2D class particles using a previously 

described 10 cage library (35) as reference volumes, to separate the different 
cage types. An initial 3D refinement was performed for each cage type with no 
symmetry imposed and a 60 Å low pass filter applied, which was followed by 

movie refinement and Bayesian polishing (191,194) for dose weighting and 
sharpening, with applied B-factors presented in figure 4.2.2.  
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Figure 4.2.2 – 28-minicoat polishing B-factors 

Calculated polishing B-factors plotted against movie frame number. 

The 28-minicoat and 36-barrel cage structures were selected for further 3D 
refinements with imposed symmetry; an additional refinement was conducted 
with no symmetry imposed which would be used for the localized reconstruction 

procedure. Masks were generated from the reconstructions at 3σ, extended and 
softened by 3 px and 3 px respectively to employ solvent flattening and a 
Gaussian noise background to refined structures. Gold-standard Fourier shell 

correlation (FSC) measurement was performed during post-processing to 
calculate resolution, using a mask with 3σ contour level, 5 px expansion and  
9 px softening, an MTF of the Falcon III camera operated at 300 kV, and 

automatic B-factor calculation (195,196). ResMap (193) was used to calculate 
local resolution of cage structures using a 8-14 Å range with 1.5 Å steps. Table 
4.2.1 provides further details on the EM map statistics for processed cages, 

including applied symmetry, box size, particle number, MW, and map resolution 
at an FSC of 0.2. 
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Table 4.2.1 – EM map statistics for processed clathrin cages 

 28-Minicoat 36-Barrel 

Complex ordered MW 17.6 MDa 22.7 MDa 

Box size (px) 1000 1000 

Particle number (initial) 22,827 

Particle number (final) 8,137 2,073 

Symmetry T D6 

Map resolution (FSC 0.2) 9.3 Å 22.8 Å 
 

4.2.4 Localised reconstruction 

Localised reconstruction was conducted using the method published in Ilca et 
al. (2015) (189). The scripts for localised reconstruction were run using the 

programs Scipion and Relion-1.4 (190,194). Masks of the clathrin cage with a 
single hub region subtracted were developed in UCSF Chimera, allowing the 
extraction of hub domains from the 28-minicoat structure upon running the 

localised reconstruction script (176). Hub domains were extracted at a box size 
of 350 pixels and 1.39 Å/px pixel size. For the consensus hub, only particles 
obtained from the 28-minicoat were used. For additional analysis on symmetry 
structure effects, particles were split up depending upon the cage faces they 

were associated with, which is demonstrated in figure 4.2.3, with hub domains 
split into 3 classes called pentagon-pentagon-pentagon (PPP), pentagon-
pentagon-hexagon (PPH), and pentagon-hexagon-hexagon (PHH). The PHH 

hub was obtained from the 36-barrel structure. 
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Figure 4.2.3 – Extracted regions from localised reconstruction 

Schematic shows the classes of particles extracted via localised reconstruction. The red triangles 
indicate the area of particle extraction. P indicates a pentagon face, and H indicates a hexagon 
face. 

Upon completion of the localised reconstruction script, particles were imported 
into Scipion(v3) (190) for additional classification and refinement. Relion(v3) 

(191) was used for 2D classifications, 3D classifications, 3D refinements,  
post-processing and mask creation (191). An initial low pass filter of 40 Å was 
used on reference maps for all 3D classifications and refinements. The 3D 

classifications were performed with no image alignment and a regularisation 
parameter of 10, to split particles into two classes to remove poorly aligned and 
low-resolution particles. 3D refinements were conducted with C1 symmetry 

imposed. For the consensus and PPP hub C3 symmetry was imposed, and for 
the PPH hub and PHH hub C1 symmetry was imposed. Upon completion of 
refinements, postprocessing was conducted using B-factor estimation and FSC 

weighting (195,196). The masks used for post-processing were created at 2σ with 
a 5 px extension and 9 px softening. Table 4.2.2 provides a summary of the EM 
map statistics for processed hubs. Local resolution was calculated using ResMap 

(193), between 4 – 10 Å with a resolution step size of 1 Å. Confidence maps of 
volume densities were calculated using SPoC(197,198). 

 

 

PPP PPH PHH 
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P P 
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Table 4.2.2 – EM map statistics for processed clathrin hub structures 

 PPP PPH PHH Consensus 

Complex ordered MW 
~965 
kDa 

~965 
kDa 

~965 
kDa 

~965 kDa 

Box size (px) 350 350 350 270 

Particle number (initial) 227,836 24,876 227,836 

Particle number (final) 25,237 86,911 9,595 139,259 

Symmetry C3 C1 C1 C3 

Map resolution (FSC 0.2) 4.7 Å 5 Å 11 Å 4.3 Å 

Measured map B-factor (Å2) -11.3 -17.5 -12.3 -25.8 
 

4.2.5 PDB model generation 

To facilitate map interpretation, a new model of the full clathrin sequence was 
generated using the cryo-EM determined clathrin hub PDB file 6SCT (residues 
635 - 1626), the X-ray crystallography determined clathrin terminal domain 

PDB file 1BPO (residues 1 – 493), and residues 494 - 634 from the cryo-EM 
determined clathrin triskelion model PDB file 1XI4 (35,148,156). Each model 
was fitted into the new consensus hub density discussed in this chapter, via 

UCSF Chimera using rigid body fitting (176). Atom number and chain ID in the 
model PDB file was altered using R, in order to combine components from 
different PDB files together (199). Coot was utilised to conduct minor 

translations and rotations of alpha helices, using the rotate/translate zone 
function, so that the hub model fits into the electron density maps (200).   

4.2.6 Rosetta and BUDE analysis 

To determine potential interactions between the N terminal domain and the 
ankle regions of the CHC, interface energy analysis was conducted using 
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Rosetta(v3.12) (201) on the consensus hub structure. The structure was 
prepared for energy scoring using the relax application, which alters the 
structure to remove any clashes between amino acids and improve its overall 

energy score (201,202). To ensure the structure remained similar to the original 
model, relaxation was conducted over 5 iterations with all atom constraints and 
no ramping, followed by a single iteration of backbone-only constrained 

relaxation. The RMSD between the starting and relaxed structure was 

calculated using the program VMD, with the RMSD for Cα position and all 

atoms being 0.24 Å and 1.39 Å respectively (203). The 
residue_energy_breakdown program and ref2015 scoring function in Rosetta 
was used to calculate and report the interface energy scores from the relaxed 

structure in Rosetta energy units (REU) (204,205). 

Bristol University Docking Engine (BUDE)(v.1.2.10)(206,207) was configured to 
report the theoretical free energy (ΔG kJ mol−1) of binding for the Rosetta 

relaxed input structure using the heavy_by-atom_2016-v1.bhff forcefield, as 
described previously (35). The ligand file was split into five residue segments 
with one residue increments using a windowing operation for the BUDE 

analysis only.  
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4.3 Clathrin Cage Structures 

4.3.1 2D and 3D classification 

Particles were selected via manual picking as shown in figure 4.3.1. A defocus 

series was used to obtain particle images at different spatial frequencies. 
Multiple different cage types are present in the sample, with several large cages 
being present. Due to the processing abilities of the computer and the size of the 

clathrin cage minicoat and barrel structures we wish to use for structural 
analysis, a box size of 1000 pixels was used. Overall, a total of 22,827 particles 
were selected from 7,190 images. 2D classification was conducted on the 22,827 
particles selected from manual picking, with the results shown in figure 4.3.2. 

 

Figure 4.3.1 – Selection of clathrin particles with different defocus levels 

A selection of clathrin cage micrographs from each defocus series. Particles selected via manual 
picking are surrounded by green circles. 
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Figure 4.3.2 – Selected 2D classes of clathrin cages 

Selected cages are outlined in red. 

Classes which looked like clathrin cages were selected for use in 3D 

classification, with a total of 20,443 particles selected. This step was conducted 
to remove the majority of ‘bad’ particles; this includes particles which do not 
match the more popular cage types. 3D classification was then conducted using 

the reference structures shown in figure 4.3.3 A, with the results demonstrated 
in figure 4.3.3 B. Overall the 28-minicoat structure yielded the highest number 
of particles with 8,361 particles. 2D classifications of selected 28-minicoat 

particles and 36-barrel particles were conducted to ensure only high-quality 
particles are utilised during 3D refinement. Overall, 8,137 28-minicoat particles 
and 2,078 36-barrel particles were selected, with selected 2D classes shown in 

figure 4.3.4. 
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Figure 4.3.3 – 3D classification of clathrin 

Initial 3D classification structures of clathrin. 1: 20-dodec, 2: 24-cage, 3: 26 cage,  
4: 28-minicoat, 5: 32-sweet potato a, 6: 32-sweet potato b, 7: 36-barrel, 8: 36-tennis ball,  
9: 38-big apple a, 10: 38-big apple b. A) Reference cage library from Springer Nature: Nature 
Structural & Molecular Biology, Cryo-EM of multiple cage architectures reveals a universal 
mode of clathrin self-assembly, Morris et al., (2019) (35). B) 3D classification results. 
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Figure 4.3.4 – Selected 2D classes of 28-minicoat and 36-barrel particles 

2D classification results for 3D classified 28-minicoat and 36-barrel particles. A) Selected 2D 
classes for 28-minicoat structure development. B) Selected 2D classes for 36-barrel structure 
development. 

4.3.2 Clathrin cage structures 

The final post-processed map of the 28-minicoat and 36-barrel is shown in figure 

4.3.5 A at different volume threshold levels, demonstrating cage resolution 
while also presenting lower resolution terminal domain regions. The  
28-minicoat map was produced from 8,137 particles and has a resolution of  

A 

 

 

 

 

 
 

B 
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9.3 Å, and the 36-barrel map was produced from 2,073 particles and has a 
resolution of 22.8 Å, with the FSC curves of both cages presented in figure  
4.3.5 C. From these maps we can identify the presence of terminal domains for 

all faces of the cages, however, higher resolution maps will be required to 
develop a more accurate model.  

 
Figure 4.3.5 – Post-processed clathrin cage structures 

Structure and resolution information on the post-processed cage structures. Scale bars set to 
200 Å. A) Structures of the 28-minicoat (left) and 36-barrel (right) at different thresholds, with 
the volume threshold level shown above each cage. B) Local resolution colour-map structure 
presents changes in resolution across the 3D refined structure of the 28-minicoat. C) FSC curves 
of the 28-minicoat and 36-barrel structures. Grey dotted line at an FSC of 0.2 indicates where 
the resolution value was obtained.  
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Good definition of light chains and alpha helices can also be seen in the higher 
resolution 28-minicoat map, making the 28-minicoat map an ideal basis for 
further refinement of a consensus hub using localised reconstruction.  The local 

resolution of the 28-minicoat was analysed using ResMap due to varying levels 
of resolution throughout the map, with results shown in figure 4.3.5 B. The 
resolution of the 28-minicoat determined by ResMap aligns well with the FSC 

curve values at FSC0.2, with the ResMap resolution of the 28-minicoat being 
around 9-10 Å in the upper hub region and around 12-14 Å in the lower hub 
region, and the FSC values being 9.3 Å at FSC0.2. 
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4.4 Localised Reconstruction of Hub Region 

4.4.1 PPP, PPH and PHH hubs 

The final post-processed maps of the three hub structures are shown in figure 

4.4.1, with a colour coded schematic showing the different domains in the CLC 
and CHC shown in figure 4.4.1 A, and the hub maps shown in figure 4.4.1 B. 
The PPP hub exhibited the highest resolution of 4.7 Å. 

  
Figure 4.4.1 – Post-processed structures of different hub types 

Structure and resolution information on the post-processed hub maps. A) Length and domain 
configuration of the CLC (top) and CHC (bottom). B) Post-processed maps of the PPP (left), PPH 
(middle) and PHH (right) hub structures viewed from the top. The upper hub region consisting 
of the CLC’s and distal, knee, proximal and trimerization domains of the CHC’s were set to a 
threshold of 0.025 (0.006 for the PHH hub). The lower hub region consisting of the ankle and 
terminal domains of the CHC’s were set to a lower volume threshold of 0.01 (0.003 for the PHH 
hub). C) FSC curves of the PPP, PPH and PHH hub maps. Grey dotted line at an FSC of 0.2 
indicates where the resolution value was obtained.  

To ensure the terminal domain densities are not processing artefacts and to 

check if there is any flexibility within the ankle and terminal domain regions, 
3D classification was performed with the results shown in figure 4.4.2. For the 
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PPP and PPH hubs, the location of the terminal domain densities did not 
change, and for the PHH hub more than 90 % of particles were allocated to class 
5 which also showed no change. This suggests the terminal domains may adopt 

a default position when in the absence of adaptor proteins. 

 
Figure 4.4.2 – 3D classification of lower hub region 

3D classification of the ankle and terminal domain regions of the PPP hub (top), PPH hub 
(middle) and PHH hub (bottom) with no symmetry imposed. 

4.4.2 Consensus hub structure 

Although a resolution of 4.7 Å for the PPP hub would be sufficient for generating 
a model of the hub region, a higher resolution structure would be desirable to 

enable identification of amino acid residues within the structure. Overlaying of 
the hub maps showed little to no difference in hub structure up until the centre 
of a neighbouring hub was reached. It was therefore decided that all 28-minicoat 

particles would be combined to produce a consensus hub map. A box size of 270 
px was used as this was the best compromise between speed of computation and 
retaining high resolution features displaced by CTF. The final post-processed 

map of the consensus hub is shown in figure 4.4.3, with a colour coded schematic 
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showing the different domains in the CLC and CHC shown in figure 4.4.3 A, and 
the map of the consensus hub shown in figure 4.4.3 C.  

 
Figure 4.4.3 – Post-processed consensus hub structure 

Structure and resolution information on the post-processed consensus hub map. Scale bars set 
to 100 Å. A) Length and domain configuration of the CLC (top) and CHC (bottom). B) Consensus 
hub FSC curve. Grey dotted line at an FSC of 0.2 indicates where the resolution value was 
obtained. C) Post-processed map of the consensus hub. The upper hub region consisting of the 
CLC’s and distal, knee, proximal and trimerization domains of the CHC’s were set to a volume 
threshold of 0.025. The lower hub region consisting of the ankle and terminal domains of the 
CHC’s were set to a lower volume threshold of 0.01. D) Confidence map of the consensus hub 
with a noise probability of 1%.  

The consensus hub was produced from 139,259 particles and has an FSC0.2 of 

4.3 Å, with the FSC curve presented in figure 4.4.3 B. The confidence map of the 
consensus hub volume, shown in figure 4.4.3 D, confirmed that the map volume 
density observed in figure 4.4.3 C was structural density as opposed to noise 

density. The local resolution of the consensus hub is presented in figure 4.4.4, 
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showing the resolution of the consensus hub is around 4-6 Å in the upper hub 
region and 7-9 Å in the lower hub region, in agreement with the FSC resolution 
value. 

 
Figure 4.4.4 – Local resolution of the clathrin consensus hub 

Local resolution of the clathrin consensus hub created using ResMap, with a volume threshold 
of A) 0.025 and B) 0.01 used. Scale bar set to 100 Å 

4.4.3 Clathrin hub model generation 

A new clathrin model was developed inside the consensus hub map, using the 
clathrin hub model (PDB: 6SCT)(35), the crystal structure of the terminal 

domain (PDB: 1BPO)(156), and a model of the ankle region from the clathrin 
triskelion model (PDB: 1XI4) (148). Fitting of the models was conducted as 
described in section 4.2.5. The new clathrin hub model fitted into the consensus 

hub map is shown in figure 4.4.5. The new model contains terminal domain and 
ankle domain residues that were missing from the Morris et al. (2019)(35) 
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structure, with the new terminal domain and ankle domain models fitting well 
into the lower hub density (see figure 4.4.5 A).  

 
Figure 4.4.5 – New clathrin consensus hub model 

New clathrin consensus hub model fitted into the consensus hub density. A) Fit of the consensus 
hub model in the consensus hub density. Density map presented in a transparent light grey. 
Scale bar set to 100 Å. B-D) Fit of the consensus hub model carbon backbone within B) proximal 
and light chain densities, C) terminal and ankle chain densities, and D) terminal domain β-
propeller densities. Density map presented as a dark blue mesh. Scale bar set to 10 Å. 

A close up view of the proximal domain and light chain residues presented in 

figure 4.4.5 B show the backbone residues of the model obtained from the Morris 
et al. (2019)(35) structure fit well into the proximal and light chain alpha helical 
densities of the consensus hub; it is not possible, however, to validate the 

position of amino acid side chains as the resolution of the electron density is not 
high enough. Close up views of the backbone residues of the terminal domain 
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and ankle domain residues obtained from the Ter Haar et al. (1998) crystal 
structure(156) and Fotin et al. (2004)(148) model respectively, as shown in 
figure 4.4.5 C, also show relatively good fitting into the consensus hub density, 

despite the lower resolution and less defined alpha helices. Fitting of the 

terminal domain seven-bladed β-propeller into the lower hub density, as shown 

in figure 4.4.5 D, highlighted structural aspects of the β-propeller observed in 

the density including the central hole and the location of different blades, which 
further validated the fitting of the model into the consensus hub density. 

To assess why the terminal domain adopts a default position in clathrin cages, 

as suggested in section 4.4.1, Rosetta and BUDE energy scores were obtained to 
identify potential residue interactions between the ankle and terminal domain, 
with values presented in figure 4.4.6 B. Rosetta and BUDE energy scoring was 

performed on a relaxed version of the model, with differences in backbone and 
sidechain positioning presented in figure 4.4.6 A, and a Ramachandran plot of 
the relaxed structure shown in figure 4.4.6 E.  
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Figure 4.4.6 – Rosetta analysis of clathrin domain interactions 

Intermolecular interaction energies for the CHC residues 1 – 855 as determined by Rosetta and 
BUDE analysis. A) Comparison of the backbone (left) and side chain (right) positions of the 
original (blue) and relaxed (orange) models. B) Intermolecular interaction energies for the CHC 
residues 1 – 855 as determined by Rosetta and BUDE analysis. C) Backbone schematic of the 
clathrin terminal domain (yellow) and clathrin ankle region (pink). Side chains of interacting 
amino acids presented in grey. D) Comparison of atom positions of the identified interacting 
residues within the original (blue) and relaxed (orange) models. E) Ramachandran plot of the 
Rosetta relaxed clathrin structure. 

The location of interacting residues identified by both BUDE and Rosetta is 

shown in figure 4.4.6 C. Several weak interactions appear to occur at the tip of 
the terminal domain between residues 90 – 100, 691E, 692Q and 721F. Further 
weak interactions also appear to occur with terminal domain residues 174 – 176 

10 Å

2 Å

2 Å

F91

K98F721

E691

S97

M95

Q692

R176 Q441

N175

V470

Q174

B

C

D E

ɸ

Ψ

180

0

-180 0                                         180

A

10 Å



 

 95 

and ankle region residues 441Q and 470V, alongside a stronger hydrogen bond 
between residues 175N and 441Q. These weak interactions could thus allow the 
terminal domain to maintain a default position in the absence of adaptors, that 

is somewhat flexible to allow for adaptor binding and changes in conformation. 
The exact positioning of the amino acid sidechains in reality could differ from 
the relaxed version of the model, as the difference between the positioning of 

side chains in the original and relaxed structure does vary (see figures  
4.4.6 A and D), however, as interactions between the terminal and ankle 
domains have been identified we can conclude that the terminal and ankle 

domains form weak interactions with one another so that the terminal domain 
can adopt a default position when adaptor proteins are absent.  
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4.5 Discussion 

4.5.1 Clathrin hub model 

As stated previously in chapter 1.6, all published cryo-EM maps of clathrin to 

date have been of clathrin in the presence of CME adaptors and so, in order to 
verify clathrin and adaptor densities, a control map and model of clathrin was 
needed (35,107,123,155). It was also important to see if the resolution of a 

clathrin map could be improved, and if the structure and orientation of terminal 
domains could be resolved at a higher resolution due to the flexible nature of 
this domain and its location in the clathrin cage. Using the localised 
reconstruction technique utilised by Morris et al. (2019)(35,189) on clathrin cage 

cryo-EM images, the overall particle number was increased and a consensus hub 
map was developed, having a global resolution of 4.3 Å using 139,259 particles 
with C3 symmetry imposed. This allowed the structure of the a new consensus 

hub model to be developed from a clathrin sample with no adaptor proteins 
present, which includes the terminal and ankle domain residues, both of which 
were missing from the Morris et al. (2019)(35) model.  

From the newly developed model, weak inter-molecular interactions between 
the terminal domain and ankle domain were identified, providing insight into 
clathrin-clathrin interactions in the lower hub region. From the Rosetta and 

BUDE analysis, residues F91, K96, and K98 were found to interact with 
residues from the clathrin ankle region. F91, K96, and K98 are residues from 

the clathrin box LφXφ[DE] motif binding spot, which resides on blade 2 of the  

7-bladed β-propeller. The clathrin box motif is highly conserved within adaptors 

including the β3-appendage of AP3, amphiphysin, arrestin3 segments, and β-

arrestin 1 and β-arrestin 2 (160–164). In addition, residues Q174, N175 and 

R176 were also found to interact with the ankle region and are found between 

blades 4 and 5 of the 7-bladed β-propeller near the centre of the β-propeller, 

which is where the W-box PWXXW motif binding spot is located (159). As the 
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location of interactions between the terminal domain and ankle regions aligns 
with predetermined binding spots for adaptor protein clathrin binding motifs, 
we can conclude that there are specific binding spots on the terminal domain 

which can interact with clathrin and adaptor proteins. The data also suggests 
adaptor proteins may break clathrin-clathrin interactions when binding to the 

PWXXW and LφXφ[DE], which will lead to changes in clathrin conformation. As 

the adaptor starts to bind to the clathrin complex, the adaptor might push or 
pull on the terminal domain, possibly via steric hindrance, with a force greater 

than the combined clathrin terminal-ankle interactions, thereby allowing 
alteration of terminal domain positioning.  Gaining further insights into where 
and how adaptors bind, could be the key to understanding how adaptors enable 

clathrin coat assembly and clathrin coat disassembly. 

The consensus hub map and model will also provide a control for validating 
adaptor protein densities bound to clathrin cages, enabling the map to be used 

alongside other clathrin adaptor structures for difference mapping purposes. 
The Fotin et al. (2004)(107,148) maps and models of clathrin with AP2 and 
clathrin with AP2 and auxilin, as well as the recent Smith et al. (2021)(208) map 

and model of clathrin bound to β2-adaptin, are examples of structures the new 

consensus model can be compared against, with comparisons of the hub 

structures and lower hub regions presented in figure 4.5.1.  



 

 98 

 
Figure 4.5.1 –   Comparison of consensus hub with published clathrin 

structures 

Comparison of the consensus hub map and model with the Fotin et al. (2004)(107,148) clathrin 
and clathrin auxilin maps and models, in addition to the fitting of the consensus hub model into 
Smith et al. (2021)(208) clathrin β2-adaptin map. Scale bars set to 50 Å. All maps were gaussian 
filtered with a standard deviation (sd) of 5 Å. A-I) Fitting of the clathrin ankle (pink) and 
terminal domain (yellow) regions from PDB models of the consensus hub (yellow) and Fotin et 
al. (2004)(148) clathrin cage (blue) [PDB: 1XI4], and the auxilin J-domain structure from Fotin 
et al. (2004)(107) clathrin auxilin complex [PDB: 1XI5], into their respective maps (consensus: 
purple, clathrin cage: pink [EMDB: 5119], and clathrin auxilin: blue [EMDB: 5120]). A) Fotin et 
al. (2004) clathrin cage. B&F) Fotin et al. (2004) clathrin auxilin complex. C&G) Consensus hub. 
D) Fotin et al. clathrin cage transposed against the Fotin et al. clathrin auxilin complex. E&H) 
Consensus hub transposed against the Fotin et al. clathrin auxilin complex. I) Angular 
difference of the clathrin ankle and terminal domain region between the consensus hub model 
and the Fotin et al. clathrin cage model developed with AP2 present. Orange circles represent 
the point of rotation, and orange arrows indicate direction and amount of rotation between the 
two models. J) Fitting of the consensus hub model ankle and terminal domain regions (yellow), 
and the Owen et al. (2000)(209) β2-adaptin model (pink) [PDB:1E42] into the Smith et al. (208) 
clathrin β2-adaptin complex map (blue) [EMDB:12984]. 
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Comparison of the consensus hub with the Fotin et al. clathrin and clathrin 
auxilin complex, as shown in figures 4.5.1 A-I, bring up several questions, such 
as why the terminal domain positions in the consensus and Fotin et al. 
structures differ, and whether the designated position of the auxilin J-domain 
in the Fotin et al. clathrin auxilin map is correct? The Fotin et al. clathrin 
structures were produced from clathrin cages formed in the presence of AP2, 

which was included to assist cage formation. The presence of AP2 appears to 
alter the position of the terminal domains inwards, shown in figure 4.5.1 A, 
when compared to the clathrin only structure, shown in figure 4.5.1 C. Figure 

4.5.1 I shows that the terminal and ankle domains of the Fotin et al. structures 
appear to rotate around a point in the ankle near the 11th and 12th alpha helices, 

twisting 42° inwards towards the centre of the hub, and rotating 20° downwards 

along the z-axis, when compared to the clathrin only structure. As AP2 binds to 
the clathrin box binding site on the terminal domain, the rotation and position 

change of the terminal domain could be attributed to the strain on the ‘default’ 
clathrin structure and clathrin-clathrin interactions, caused by AP2 binding 
between clathrin box binding site and the clathrin ankle region. 

Comparison of the Fotin et al. clathrin AP2 map and clathrin AP2 auxilin map, 
shown in figure 4.5.1 D, suggests the terminal domains in the clathrin AP2 
auxilin map adopts the same position as the terminal domains in the clathrin 

AP2 map, with the extra density attached to the terminal domain in the clathrin 
AP2 auxilin map being the location of the auxilin J-domain, as presented in 
figure 4.5.1 B. The terminal domains between the Fotin et al. structures and the 

consensus hub, however, differ, with the location of the terminal domain in the 
consensus hub and the auxilin J-domain in the clathrin-auxilin complex 
overlapping, as presented in figure 4.5.1 E. This hints at the possibility that the 

position of the auxilin J-domain may instead be where the terminal domain is 
reported in Fotin et al., as presented in figure 4.5.1 B, and the terminal domain 
instead positioned where the auxilin J-domain is reported. Due to the low 

resolution of the Fotin et al. clathrin-auxilin map, which was reported at 12 Å, 
and the overlap of the auxilin and terminal domain locations between the 
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clathrin only and clathrin auxilin maps, the possibility that the location of 
auxilin and the terminal domain may be switched around cannot be ignored. In 
addition, other questions are brought forward upon comparison of the consensus 

hub with the Fotin et al., maps, including whether auxilin can alter the position 
of the clathrin terminal domains in the absence of AP2? How similar are the 
clathrin alterations caused by auxilin compared to those caused by AP2? And 

does auxilin saturation override alterations caused by AP2 presence? As such, 
there is now an alternative possible interpretation of the Fotin et al. clathrin-
auxilin, suggesting the auxilin and terminal domain locations may be switched. 

It would therefore be advantageous to determine the clathrin auxilin complex 
structure at a higher resolution to locate the position of the auxilin J-domain 
and the clathrin terminal domain more accurately. 

In addition to identifying new research questions on clathrin-auxilin 
interactions, the 9.3Å 28-minicoat map produced in this study has been utilised 
in the recent Smith et al. (2021)(208) paper as a control for difference mapping 

and student t-test statistical analysis. The journal paper has been attached to 
the end of this thesis in Appendix 2, with the difference mapping data presented 
in figure 3 of the paper. Fitting of the consensus hub model into the Smith et al. 
clathrin β2-adaptin map, as shown in figure 4.5.1 J, also aided in the 

identification of the β2-adaptin density, and fitting of the β2-adaptin structure 

produced by Owen et al. (2000)(209). By fitting PDBs of the clathrin terminal 

domain model and the β2-adaptin structure into the Smith et al. map, further 

statistical analysis of clathrin-adaptor interactions could be conducted. The 

positioning of β2-adaptin in relation to the clathrin terminal domain shown in 

figure 4.5.1 J, showed binding of β2-adaptin around the tip of the terminal 

domain, which is around blades 2 and 3 of the β-propeller. The clathrin box motif 

in β2-adaptin was also identified in Smith et al. as essential for binding of  

β2-adaptin to the terminal domain (208). The location of β2-adaptin around the 

clathrin box binding spot provides further support for the proposed hypothesis 

that AP2 disrupts clathrin-clathrin interactions between the terminal domain 
clathrin box binding site and the clathrin ankle region, creating the 
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conformational changes observed in the Fotin et al. clathrin structure terminal 
domains. If the hypothesis is indeed correct, then as more information on 
terminal domain and adaptor protein interactions are acquired, key questions 

can be addressed such as how the adaptors bind to clathrin cages, how adaptor 
binding changes clathrin conformation, and how binding and conformational 
changes lead to clathrin coat assembly and disassembly. 

4.5.2 Study limitations 

Despite successfully producing a clathrin hub structure with the lower hub 
densities intact, limitations of the study will have impacted the overall result. 

Details of the study limitations and their potential solutions are discussed 
below: 

4.5.2.1 Particle number 

The number of micrograph images obtained is limited by equipment, project 

funding and computer storage space limitations. This in turn will have impacted 
the number of particles acquired and used for developing the clathrin structure. 
If more particle images were obtained, it is possible the resolution of the 

consensus hub structure could have been improved further. The recent 
installation of the Gatan K3 camera on the Titan Krios (LISCB) will improve 
the quantity of micrographs collected from future data collections that occur 

over a similar time frame, with the Gatan K3 frame rate being 1500 frames per 
second (fps) which is 37.5 times the speed of the Falcon III. In addition, more 
data collection time on the Titan Krios (LISCB) will further increase micrograph 

number.  To store and process more micrographs and particles however, access 
to a larger computer storage space is required, as the storage space needed for 
the clathrin cage micrographs measured 14.4 TB. This could be achieved by 
purchasing network storage space and/or external hard drives, or by upgrading 

the computer with larger storage drives. Funding, however, is the largest 
limitation as purchase of large volumes of computer storage space and several 
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days of data collection on the electron microscope will currently cost several 
thousand British pounds. Unless the cost storage solutions and the hourly rate 
of electron microscopy data collection decreases, compromises are needed when 

using cryo-EM for structural analysis. 

4.5.2.2 Pixel size 

The field of view of the camera used will also impact the overall resolution 
possible, with a larger field of view attributed to a larger pixel size. The sensor 

size of the Falcon III is 16.5 megapixels, however, the recent installation of the 
Gatan K3 camera on the Titan Krios (LISCB) has a sensor size of 24 megapixels, 
nearly double the size of the Falcon III. The higher sensor size of the Gatan K3 

will therefore improve the quality and pixel size of micrographs collected from 
future data collections. 

4.5.2.3 Nyquist frequency and aliasing 

The resolution of cryo-EM reconstructions is limited by the Nyquist frequency, 
which is half the image sampling frequency acquired from the electron detector 

(210). For the clathrin consensus hub a sampling pixel size of 1.39 Å px-1 was 
used, yielding a Nyquist frequency of 1/2.78 Å-1 and Nyquist resolution limit of 
2.78 Å. Aliasing also causes additional limitation of maximum resolution on top 

of the Nyquist frequency limits. Aliasing is where artifacts are created due to 
image information that has a higher spatial frequency than the Nyquist limit, 
causing the information to be aliased to a lower spatial frequency. When aliased 

signals are not easily distinguished from the background, they are perceived as 
noise which inevitably limits the maximum resolution further (210).  

Super-resolution imaging is a possible methodology to tackle aliasing and 

Nyquist frequency limitations. An electron during super resolution imaging is 
detected by multiple adjacent pixels and can therefore be attributed to a 
quadrant of a pixel which in turn results in a four-fold increase in the number 

of image pixels to detector pixels (210–212). Super-resolution imaging therefore 
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can reduce aliasing effects by doubling the spatial sampling frequency (210). 
The recent study by Feathers et al. (2021)(210) was able to use super-resolution 
imaging on a 2-condenser lens microscope to surpass the Nyquist frequency 

limit, producing a 2.77 Å structure using 1.66 Å px-1 images (~56,000 particles) 
and a 3.06 Å structure using 2.1 Å px-1 images. Feathers was able to surpass the 
Nyquist frequency by re-extracting particles after an initial 3D refinement using 

the super-resolution pixel size as opposed to the physical pixel size, of which 
would be half the physical pixel size value (210). By adopting the method used 
by Feathers et al. (2021)(210), it may therefore be possible to further increase 

the resolution of clathrin cage and hub reconstructions closer to the Nyquist 
frequency by reducing the effects of aliasing. As the current resolution however 
is not close to Nyquist, it may be more beneficial at present to obtain more 

particle images and use images obtained at a larger box size, so that high 
resolution information at high spatial frequencies is not lost. 

4.5.2.4 In vitro sample 

Although a structure of clathrin was obtained, the sample used to obtain the 
structure was prepared in vitro. In vivo, clathrin requires assembly adaptor 

proteins and lipids to polymerise into clathrin coats(213), however, for the study 
clathrin was polymerised into cages in vitro by exposing high concentrations of 
clathrin triskelia to ionic conditions (214) as conducted by previous clathrin 

adaptor cryo-EM structure studies (35,107,123,148,155,173,208). The difference 
in the way clathrin is polymerised in vitro compared to in vivo could produce 
differences in clathrin conformation, and therefore impact the overall validity of 

the structure. To tackle this limitation, improvements in the cryo-ET 
methodology and equipment is required so that it is possible to produce a high-
resolution structure of a CCV in in vivo conditions. This will allow structures of 

individual clathrin CCV’s to be developed and compared with the structures of 
in vitro clathrin cages with and without adaptors bound, to assess the impact of 
in vitro conditions on clathrin cage structure. 
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4.5.3 Conclusion 

Use of cryo-EM and localised reconstruction has allowed a 4.3 Å clathrin 

consensus hub structure and model with lower hub structure details to be 
obtained, enabling a greater understanding of clathrin-clathrin and clathrin-
adaptor interactions, and provides a control for difference mapping, adaptor 

density validation, and understanding changes in clathrin conformation that 
occur during adaptor binding. We have identified interactions between the 
clathrin terminal domain and clathrin ankle regions that overlap the clathrin 
box motif and W-box motif binding sites and, showed how these interactions 

could explain the conformational changes observed in clathrin cages when AP2 
is present, an adaptor known to bind to the clathrin box. The data on clathrin-
clathrin interactions at terminal-ankle domain interfaces will be invaluable for 

understanding clathrin-adaptor interactions and adaptor effects on clathrin 
conformation. The developed 28-minicoat clathrin cage structure has also been 

used in the recent Smith et al. (2021)(208) to aid the identification of β2-adaptin 

density, further highlighting the advantages of an adaptor-free clathrin cage 

map within the scientific literature for difference mapping purposes.  

In addition, the new clathrin consensus hub structure has allowed potential 
inconsistencies in the Fotin et al. (2004)(107) clathrin auxilin structure to be 
identified which require further investigation. The possibility that the proposed 

binding location of the auxilin J-domain may differ from that stated in the Fotin 
et al. warrants an additional investigation to validate the location of auxilin 
binding. Due to the success of localised reconstruction for improving clathrin 

hub resolution and aiding the identification of adaptor densities, as shown from 
the Morris et al. (2019)(35), the recent Smith et al. (2021)(208) clathrin  

β2-adaptin structure, and the consensus hub structure that has been obtained, 

the next chapter of this thesis will focus on the development of a clathrin auxilin 
structure using cryo-EM and localised reconstruction. 
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Chapter 5:   

Cryo-EM of Clathrin with Bound 

Auxilin 

 

 

 
 

 
 

 

 
 
 

Chapter Overview 

This chapter details the determination of a clathrin auxilin complex structure 

using cryo-EM and localised reconstruction analysis, to produce higher 
resolution information on clathrin-auxilin interactions and auxilin binding 
locations. 
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5.1 Clathrin Auxilin Complex Questions 

As previously discussed in section 4.5.1, due to the differences in terminal 
domain position between the Fotin et al (2004) (107,148) models and the adaptor 
free clathrin consensus hub model, further investigation of clathrin-auxilin 

interactions are required. In addition, acquiring higher resolution maps of the 
clathrin auxilin complex will enable interactions between auxilin and clathrin 
to be pinpointed more closely, allowing a greater understanding of the CME 

process. 

As described in section 1.2.4, auxilin chaperones the adaptor protein Hsc70 to 
clathrin cages to trigger clathrin cage disassembly. As stated in section 1.3, 

mutations within auxilin and a reduction of auxilin expression within neurons 
are associated with Parkinson’s disease. By using auxilin as a focus for the 
remainder of this thesis, it is hoped that a greater understanding of  

clathrin-auxilin interactions can be obtained which could shed light on auxilin’s 
disassembly mechanism, and how changes to the disassembly mechanism in 
Parkinson’s disease models for example lead to disease states. The remainder of 

this chapter will therefore investigate the binding location of auxilin to clathrin 
complexes using cryo-EM and localised reconstruction techniques. 

  



 

 107 

5.2 Methods 

5.2.1 Clathrin binding assays 

Two samples for each of the following clathrin to adaptor concentration ratios 

were prepared in polymerisation buffer pH 6.4, with a final volume of 100 µl and 

a clathrin concentration of 3 µM: 1:1, 1:2, 1:3, 1:4, 1:5, 1:10, 1:15, 1:20, 1:30 and 

1:70. Samples were incubated on ice for 1 hour, before centrifugation at  

140,000 × g for 30 minutes at 4 °C. The supernatant and pellet were separated 

before the pellet was resuspended in 100 µl polymerisation buffer pH 6.4.  

SDS-PAGE samples were prepared using a 1:1 sample to loading dye ratio.  
SDS-PAGE was conducted to determine the level of adaptor saturation within 

each pellet, which were analysed using the FIJI gel analyser tool by comparing 
the area of SDS protein band greyscale peaks (215). 

5.2.2 Cryo-EM sample preparation 

The clathrin cage auxilin complex was made by reconstitution of clathrin in 
depolymerization buffer pH 6.4 at 4 °C, at 8 μM with a thirtyfold molar excess 
of auxilin for 4 hours with one buffer change, followed by dialysis overnight into 

polymerization buffer at pH 6.4 with one buffer change. Glow-discharged 
Quantifoil R 1.2/1.3 holey carbon film 300 mesh copper grids were loaded with  

3 µl aliquots of clathrin-auxilin complex. Grids were single side blotted and 

plunge frozen in liquid ethane using a Leica Automatic Plunge Freezer EM GP2, 
with a single blot lasting 4 seconds and a chamber humidity of 50 %. Grids were 

screened on a 200 kV JEOL 2100 Plus (University of Warwick) fitted with a 
Gatan OneView IS camera at a nominal magnification of 20,000×. A 
representative micrograph image is presented in figure 5.2.1 B alongside its 

measured CTF (figure 5.2.1 C). 
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Figure 5.2.1 – Clathrin-auxilin complex cryo-EM screening and data collection 

Collected EM images of clathrin cages during screening and data collection. A) Image of screened 
grid obtained from a 200 kV JEOL 2100 Plus. Scale bar set to 200 nm. B) Clathrin cages imaged 
on a 300 kV Titan Krios during data collection. Scale bar set to 200 nm. C) CTF for presented 
micrograph. Oscillations are detected above noise levels up to a resolution of 2.91 Å. 

5.2.3 Cryo-EM data collection 

Cryo-EM micrographs were collected automatically using an FEI Titan Krios 
G3 (LISCB) operated at 300 kV equipped with a Gatan K3 counting detector. 
Images were collected with a nominal magnification of 64000 and magnified 

pixel (px) size of 1.37 Å/px, using a 100 μm objective aperture, 50 μm C2 
aperture, spot size of 5, 2.7 spherical aberration, and 1.95 μm illuminated area 
to ensure illumination of the carbon support with one image acquired per hole. 
A total dose of 41 e−/Å2 were collected over 7 s at a dose rate of 1 e−/Å2 s−1. 

Micrographs were targeted for collection between 0.8–1.7 μm defocus with  
300 nm steps. A sample micrograph is presented in figure 5.2.1 B, with the 
corresponding CTF 

5.2.4 Cryo-EM data processing 

Mrcs movie files were imported into Scipion(v3)(190) for data processing. Mrcs 

movie files were motion-corrected using the MotionCor2(185) plugin to produce 
motion-corrected summed micrographs with dose weighting. The contrast 
transfer function of the micrographs was estimated from the dose weighted 
micrographs using the gctf (v1.06)(186) plugin using the validation and EPA 
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functions. Clathrin-auxilin complexes were autopicked, using a 1000 box size 
with 1.37 Å/px, via the Cryolo(216) package after performing training to pick 
clathrin cages, selecting a total of 76,089 particles.  

The remaining steps used Relion(v3.1)(191) plugins for structure refinement. 
Dose weighted particles were subjected to reference-free 2D classification over 
25 iterations. High-resolution 2D classes were selected and used in a supervised 

asymmetric 3D classification into ten volume classes using a previously 
described cage library(35) as reference volumes. The volumes from the 
classification and associated particles were subjected to 3D refinement with no 

symmetry imposed and a low pass filter of 60 Å applied. Refined classes that 
produced expected cage volumes were selected for further 3D refinements with 
imposed symmetry, with final refinements of cages conducted with no symmetry 

imposed to prepare them for localized reconstruction. Masks were generated 
from the reconstructions at 3σ, extended and softened by 3 px and 3 px 
respectively, to refine the respective structures imposing symmetry whilst 

employing solvent flattening and a Gaussian noise background. The resolution 
of each reconstruction was estimated using FSC measurements, using a mask 
with a contour level of 3σ, expanded by 5 px and softened by 9 px. The MTF of 

the Gatan K3 camera operated at 300 kV was applied to the clathrin-auxilin 
maps, and the B factor of the map automatically calculated when the resolution 
exceeded 10 Å(195,196). Table 5.2.1 provides a summary of the EM map 

statistics for processed cages.  Local resolution was calculated using 
ResMap(193) using a resolution range of 8-14 Å with 1.5 Å steps.  
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Table 5.2.1 – EM map statistics for processed clathrin-auxilin cages 

 28-minicoat 
32-sweet 

potato 
36-tennis ball 

Complex ordered molecular 

weight 
17.6 MDa 20.2 MDa 22.7 MDa 

Final box size (px) 700 800 800 

Particle number (initial) 76,089 

Particle number (final) 39,126 2,812 12,314 

Symmetry T D3 D2 

Map resolution (FSC 0.2) 9.9 Å 18.8 Å 13.4 Å 

Measured map B-factor (Å2) -1040 -1493 -1123 

5.2.5 Localised reconstruction 

The protocol for localized subparticle extraction and reconstruction was followed 
as previously described(35,189), to extract trimerization hub subparticles from 

whole cage particles. Hub domains were extracted using a 300 box size at  
1.37 Å/px. All hub particles were combined and underwent a 2D classification 
followed by an initial 3D refinement with C3 symmetry imposed. A reference 

map of the lower hub was developed using the refinement volume with volume 
eraser in UCSF Chimera(176). A mask of the lower hub created from the 
refinement volume was created at a contour level of 1.5σ, expanded by 5 px and 

softened by 9 px. 3D classification was performed using the lower hub structure 
and mask to separate the particles into 18 classes with T set to 10, and a low 
pass filter of 40 Å applied. Homogenous classes were combined with 6 classes 
obtained in total. Each class underwent a round of 3D refinement, followed by 

3D classification into 2 classes to improve hub resolution, followed by a final 3D 
refinement, with no symmetry or low pass filter applied. Masks were generated 
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from the reconstructions for the 3D refinements and classifications at 1.5σ, 
extended and softened by 3 and 3 px. 

The resolutions of each hub reconstruction for clathrin and clathrin-auxilin 

complexes were estimated using the gold-standard Fourier shell correlation 
(FSC) measurement within a mask created from the refinement volume at a 
contour level of 1.5σ, expanded by 3 px and softened by 3 px. The MTF of the 

Gatan K3 camera operated at 300 keV and a low pass filter of 8 Å was applied 
to the structures, enabling the automatic calculation of map B when resolutions 
exceeded 10 Å(195,196). Table 5.2.2 provides a summary of the EM map 

statistics for processed hubs. Local resolution was calculated using ResMap(193) 
using a resolution range of 6 – 16 Å with 3 Å steps. 

Table 5.2.2 – EM map statistics for processed clathrin-auxilin hubs 

 
Hub class no. 

1 2 3 4 5 6 

Complex ordered MW 1,127.6 kDa 

Final box size (px) 300 

Particle number (initial) 1,554,932 

Particle number (final) 31,334 34,225 23,037 219,146 22,814 81,449 

Symmetry C1 

Map resolution (FSC 0.5) 8.9 Å 10.5 Å 10 Å 8.6 Å 12.8 Å 8.6 Å 

Map resolution (FSC 0.2) 7.4 Å 8.9 Å 8.4 Å 6.7 Å 9.3 Å 7.1 Å 

Measured map B-factor (Å2) -15 -37.3 -28.4 -37.3 -48 -23.6 
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5.2.6 Difference mapping 

Student’s t-test was conducted using the dimgstats program in BSoft(v2.1.2), 

which uses the Milligan and Flicker programs as previously described 
(41,208,217–219). Three independent maps of the clathrin consensus hub and 
the clathrin auxilin class 4 hub were produced by splitting their respective 

particle stack into three sets evenly using Scipion(190), and reconstructing the 
volume for each particle stack subset using Relion(192). A low pass filter of  
10 Å was applied to the maps during reconstruction. A mask of the clathrin 
auxilin class 4 hub was developed at a contour level of 2σ, expanded by 3 px and 

softened by 3 px, which was applied to the clathrin auxilin class 4 hub subset 
maps to create auxilin free versions of each map. As the clathrin consensus map 
has a lower sampling rate of 1.39 Å/px compared to the clathrin auxilin map 

(1.37 Å/px), the clathrin auxilin maps were scaled to fit the profile of the clathrin 
consensus maps. The independent maps were then used to calculate the average 
and variance of the clathrin consensus map, clathrin auxilin map, and clathrin 

auxilin-removed map. 

5.2.7 PDB model generation 

A new PDB model of the clathrin auxilin hub was generated using the auxilin 

J-domain from the PDB file 2QWP (residues 810 – 910) (220) and the consensus 
hub model developed in chapter 4, which was formed from clathrin hub PDB file 
6SCT (residues 635 - 1626), the clathrin terminal domain PDB file 1BPO 

(residues 1 – 493), and residues 494 - 634 from the clathrin triskelion model 
PDB file 1XI4 (35,148,156). The consensus model was fit into each class density 
via UCSF Chimera using rigid body fitting, whilst fitting of each auxilin 

structure was conducted via manual placement within UCSF Chimera (176). 
Coot was utilised to rotate the ankle and terminal domain regions of the 
consensus hub model so that the hub model fits into the electron density maps 

(200).   
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5.2.8 Rosetta and BUDE analysis 

To determine potential interactions between the terminal domain and the ankle 

regions of the CHC, interface energy analysis was conducted using 
Rosetta(v3.12) (201) on the consensus hub structure. The structure was 
prepared for energy scoring using the relax application, which alters the 

structure to remove any clashes between amino acids and improve its overall 
energy score (201,202). To ensure the structure remained similar to the original 
model, relaxing was conducted over 5 iterations with all atom constraints and 
no ramping, followed by a single iteration of backbone only constrained 

relaxation. The RMSD between the starting and relaxed structure was 

calculated using the program VMD, with the RMSD for Cα position and all 

atoms being 0.24 Å and 1.39 Å respectively (203). The 
residue_energy_breakdown program and ref2015 scoring function in Rosetta 

was used to calculate and report the interface energy scores from the relaxed 
structure in rosetta energy units (REU) (204,205). 

BUDE(v.1.2.10)(206,207) was configured to report the theoretical free energy 

(ΔG kJ mol−1) of binding for the Rosetta relaxed input structure using the 
heavy_by-atom_2016-v1.bhff forcefield, as described previously (35). The ligand 
file was split into five residue segments with one residue increments using a 
windowing operation for the BUDE analysis only.  
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5.3 Preparation of Cryo-EM Samples 

5.3.1 Clathrin binding assays 

To determine the saturation point of auxilin binding to clathrin, clathrin binding 

assays were performed with results shown in figure 5.3.1. Binding of auxilin to 
clathrin appears to saturate at a molar ratio around 30:1 auxilin to clathrin, 
with little to no increase in the quantity of the adaptor at 70:1 auxilin to 

clathrin. This is in agreement with data from Fotin et al. (2004) (107) who used 
a molar ratio of 20:1 auxilin to clathrin to generate clathrin auxilin complexes. 
A clathrin auxilin concentration ratio of 1:30 was therefore used for cryo-EM 
sample preparation. 

 

Figure 5.3.1 – Clathrin auxilin binding assay 

Results of clathrin auxilin binding assay, with the total binding curve shown on the left and 
corresponding SDS-PAGE data shown on the right. Clathrin is indicated by the green arrow, 
and auxilin by the blue arrow. Error bars presented as sd.  

5.3.2 Screening of clathrin adaptor grids 

Initial attempts to make grids of clathrin auxilin complexes were unsuccessful, 
as issues arose for preparation of quantifoil grids with the glow discharger that 
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have yet to be resolved. Glow discharged grids remained hydrophobic causing 
faster blotting and uneven ice formation during the blotting and freezing 
process, leading to protein samples crowding the outer edges of the copper 

squares and empty central holes, as demonstrated in figure 5.3.2. 

 
Figure 5.3.2 – Initial freezing attempts 

Frozen quantifoil grid images at 8,000 × magnification, demonstrating irregular thin ice within 
grid holes and congregation of clathrin cages to grid square edges. 

Due to the covid-19 lockdown further attempts to make grids were forced to stop, 
however, Dr Sarah Smith had successfully prepared clathrin auxilin complex 
grids prior to this which had a 30:1 auxilin to clathrin concentration ratio, with 

details of purification quality, binding assays and grid screening provided in 
figure 5.3.3. Dr Sarah Smith kindly provided so that the clathrin-auxilin  
cryo-EM structure project could continue. As the covid-19 lockdown impacted 
lab access, it was decided that attempts to produce grids of clathrin ARH 

complexes were to be discontinued as there would be insufficient time to develop 
and process the data before the end of the project. 
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Figure 5.3.3 – Clathrin auxilin sample and grid preparation 

Clathrin-auxilin complex sample and grid preparation conducted by Dr Sarah Smith.  
A) SDS gel of auxilin purification fractions from GST-tag chromatography steps. Black box 
identifies collected fractions used for binding assays and grid preparation. B) Clathrin binding 
assay results for auxilin binding, with the total binding curve shown on the right and 
corresponding SDS-PAGE data shown on the left. A = auxilin only, C = clathrin only, S = soluble 
fractions, 1 – 30 = pellet fractions of binding experiments with values identifying the auxilin to 
clathrin ratio. C) Frozen quantifoil R1.2/1.3 carbon 300 mesh copper grids containing 8 µM 
clathrin and 240 µM auxilin. The scale bar is set to 200 nm. 

 

5.4 Processing of Clathrin Auxilin Complexes 

5.4.1 2D and 3D classification 

Particles were selected via automatic picking using Cryolo(216) as shown in 
figure 5.4.1. A defocus series was used to obtain particle images at different 

spatial frequencies. Multiple different cage types are present in the sample, with 
several large cages being present. Due to the processing abilities of the computer 
and the size of the clathrin cage minicoat and barrel structures we wish to use 
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for structural analysis, a box size of 1000 pixels was used. Overall, a total of 
76,089 particles were selected from 21,576 images. 

 

Figure 5.4.1 – Selection of clathrin auxilin particles using Cryolo 

A selection of clathrin auxilin cage micrographs. Particles selected via Cryolo(216) are 
surrounded by red squares. 

2D classification was conducted on the 76,089 particles selected from manual 
picking. Classes which looked like clathrin cages were selected for use in 3D 

classification, with a total of 74,379 particles selected. This step was conducted 
to remove ‘bad’ particles; this includes particles which do not match the more 
prevalent cage types. 3D classification was then conducted using the reference 

structures shown in figure 5.4.2 A, with the results demonstrated in figure  
5.4.2 B. Overall the 28-minicoat structure yielded the highest number of 
particles with 40,507 particles.  
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Figure 5.4.2 – 3D classification of clathrin auxilin complexes 

Initial 3D classification structures of clathrin auxilin complexes. 1: 20-dodec, 2: 24-cage, 3: 26-
cage, 4: 28-minicoat, 5: 32-sweet potato a, 6: 32-sweet potato b, 7: 36-barrel, 8: 36-tennis ball, 9: 
38-big apple a, 10: 38-big apple b. A) Reference cage library from Springer Nature: Nature 
Structural & Molecular Biology, Cryo-EM of multiple cage architectures reveals a universal 
mode of clathrin self-assembly, Kyle L. Morris et al. (2019) (35). B) 3D classification results. 

Another 2D classification of selected 28-minicoat, 32-sweet potato, and  

36-tennis ball particles was conducted to ensure only high-quality particles are 
utilised during 3D refinement. Overall, 39,126 28-minicoat, 2,812 32-sweet 
potato, and 12,314 36-tennis ball particles were selected, with selected 2D 

classes shown in figure 5.4.3. 
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Figure 5.4.3 – Selected 2D classes of clathrin cage particles 

2D classification results for 3D classified 28-minicoat, 32-sweet potato, and 36-tennis ball 
particles. A) Selected 2D classes for 28-minicoat structure development. B) Selected 2D classes 
for 32-sweet potato structure development. C) Selected 2D classes for 36-tennis ball structure 
development. 

5.4.2 Clathrin auxilin cage structures 

The final post-processed map of the 28-minicoat, 32-sweet potato and 36-tennis 
ball is shown in figure 5.4.4 A. The 28-minicoat structure was produced from 
39,126 particles and has a resolution of 9.9 Å, the 32-sweet potato structure was 

produced from 2,812 particles and has a resolution of 18.8 Å, and the 36-tennis 
ball structure was produced from 12,314 particles and has a resolution of  
13.4 Å, with the FSC curves of all three cages presented in figure 5.4.4 B.  

 
Figure 5.4.4 – Post-processed clathrin auxilin cage structures 

Structure and resolution information on the post-processed cage structures. A) Structures of the 
28-minicoat (left), 32-sweet potato (middle) and 36-tennis ball (right). Scale bar set to 200 Å. B) 
FSC curves of the 28-minicoat, 32-sweet potato and 36-tennis ball structures. Grey dotted line 
at an FSC of 0.2 indicates where the resolution value was obtained.  
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3D classification of the 28-minicoat cage lower hub region was conducted to 
determine if the location of auxilin could be identified from whole cages. All 3D 
classes presented potential auxilin densities and changes in terminal domain 

positioning. The 3D classes (blue) were superimposed against the 28 minicoat 
clathrin control (grey) obtained in chapter 4 to highlight possible differences 
between the structures, with results for each class presented in figures 5.4.5 A 

and B, and closeups of some of the possible auxilin densities and changes in 
terminal domain positioning shown in figures 5.4.5 C and D. From the outside 
facing hexagon faces shown in figure 5.4.5 A, additional densities have been 

located in areas previously identified by Fotin et al. (2004)(107), with terminal 
domains appearing to bind to the clathrin ankle regions closer to the N-terminal 
when compared with the clathrin only structure obtained in chapter 4. In 

addition, terminal domains also appear to rotate inwards towards the centre of 
hubs, as highlighted in figures 5.4.5 B and D, with additional densities 
connecting terminal domains together. This suggests auxilin may bind to more 

than one terminal domain to pull them towards the centre of the hub. Although 
densities can be observed within all of the 3D classes, it is possible the high level 
of symmetry across the whole cage causes averaging out of auxilin densities as 

auxilin may not be symmetrically positioned across the whole cage. For example, 
the 28-minicoat has 84 terminal domains that auxilin can bind to. If all cages 
are saturated but auxilin has 3 different states of binding for example (i.e., 

unbound, bound orientation 1, and bound orientation 2) there will be at least 384 
classes, and so the likelihood of auxilin densities being averaged out during 
reconstruction is high. By doing localised reconstruction instead, only a single 

hub region will be observed which would significantly reduce the number of 
classes to 33. Conducting 3D classification on 3D refined hub regions should, 
therefore, aid the verification of results seen in figure 5.4.5 and produce higher 
resolution structures. 
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Figure 5.4.5 – 3D classification of clathrin auxilin 28-minicoat complexes 

Map densities of all 3D classes from thee clathrin auxilin 28-minicoat 3D classification (blue) 
superimposed against the 28 minicoat clathrin control (grey) developed in chapter 4, reveals 
possible auxilin densities and changes in clathrin structure. Possible auxilin densities are 
highlighted with orange circles, and changes in terminal domain positioning are highlighted 
with red circles. A) Outward facing hexagon face densities of clathrin auxilin 3D classification 
results. B) Inward facing hexagon face densities of clathrin-auxilin 3D classification results. 
C&D) Closeups of possible auxilin densities and changes in terminal domain positioning from 
outside (C) and inside (D) facing hexagon faces. 
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5.5 Localised Reconstruction for Locating Auxilin 

5.5.1 3D classification of clathrin auxilin hubs 

The initial 3D refined clathrin auxilin hub structure is presented in figure  

5.5.1 A. The clathrin terminal domains are rotated inwards towards the centre 
of the hub in agreement with Fotin et al. (2004)(107). Several densities have 
also been identified and pinpointed in figure 5.5.1 A where auxilin may be bound 

to clathrin, at the terminal domain and proximal distal region, as well as 
additional density around the CLC N-terminal. 3D classification was performed 
to further resolve the additional densities, producing six different classes 
presented in figure 5.5.2.  

 
Figure 5.5.1 –Clathrin auxilin hub densities 

Refined clathrin auxilin hub map and resolutions of 3D classification maps. Scale bar set to 100 
Å. A) Initial clathrin auxilin hub map before 3D classification. New densities pinpointed with 
orange arrows. B) Local resolution map of the 3D classification class 4 map. C) FSC graph for 
each refined 3D class. Grey dotted line at an FSC of 0.2 indicates where the resolution value 
was obtained.  
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Figure 5.5.2 – Refined clathrin auxilin hub classes 

Map volumes of each refined clathrin-auxilin hub 3D classification class in different 
orientations. Scale bar set to 100 Å. 

The FSC curve for each refined class is shown in figure 5.5.1 C, with the local 
resolution of class 4 presented in figure 5.5.1 B. The resolution of each class at 

FSC(0.2) is between 6.7 Å – 9.3 Å, and the resolution of each class at FSC(0.5) 
is between 8.6 Å – 12.8 Å, as shown in table 5.2.2, which is representative of the 
upper and lower hub region resolution respectively when compared with the 

local resolution results. 
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5.5.2 Clathrin auxilin model generation 

To confirm the location of auxilin densities within the hub structure, difference 

mapping was performed to highlight differences between the clathrin consensus 
hub and the highest resolution clathrin auxilin map, class 4, with results 
presented in figures 5.5.3 A-D. Due to the rotation of the terminal domains and 

positioning of auxilin within the clathrin auxilin map when compared to the 
clathrin consensus hub, it was not possible to accurately highlight the position 
of auxilin from the difference map. This was because some of the auxilin 
densities and terminal domain densities are within the same location as the 

terminal domain densities found in the consensus hub, as demonstrated in 
figures 5.5.3 A and B, and so only changes in terminal domain position were 
highlighted, as demonstrated in figures 5.5.3 C and D. To combat this issue, the 

clathrin auxilin class 4 map was masked to remove the auxilin densities around 
the terminal domains. The mask was based around a model of clathrin fitted to 
the clathrin auxilin density at a volume threshold of 0.0055, as shown in figure 

5.5.3 E, with the masked clathrin auxilin map transposed against the unmasked 
clathrin auxilin map shown in figure 5.5.3 F. The masked map was compared 
with the original clathrin auxilin class 4 map, as demonstrated in figures 5.5.3 

G and H. Figures 5.5.3 G and H show a clear change in the position of the 
clathrin terminal domains and connecting ankle region, with the change in 
position similar to the difference between the consensus hub and Fotin et al. 
(2004)(148) discussed and presented previously in section 4.5.1 and figure 4.5.1 
I respectively.  
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Figure 5.5.3 – Global difference analysis of the clathrin auxilin hub structure 

Student t-test difference analysis of the class 4 clathrin auxilin hub map against the clathrin 
consensus map and masked class 4 clathrin auxilin hub map. Statistically significant differences 
are shown in a rainbow colour scheme, with red to green being areas of significant difference, 
and blue being areas of no significant difference. Scale bars set to 100 Å. A-D) Difference analysis 
of the clathrin auxilin class 4 map and clathrin consensus map applied to the class 4 clathrin 
auxilin hub (A & C) and clathrin consensus (B & D) maps. Arrows points to significant 
differences in terminal domain positioning. E & F) Generation of the masked clathrin auxilin 
map for difference analysis purposes. Clathrin hub ribbon model (pink) fitted against the 
clathrin auxilin class 4 map (transparent grey). E) Clathrin auxilin class 4 map volume 
threshold set to 0.0055 to remove lower threshold auxilin densities so a mask could be generated. 
F) Masked volume of the clathrin auxilin class 4 map (blue) transposed against the clathrin 
auxilin class 4 map with auxilin densities intact. G & H) Difference analysis of the masked 
clathrin auxilin class 4 map and clathrin consensus map applied to the masked clathrin auxilin 
class 4 map (G) and clathrin consensus map (H). Arrows points to differences in terminal domain 
position. I&J) Difference analysis of the masked and unmasked class 4 clathrin auxilin map 
applied to the unmasked class 4 clathrin auxilin map. Arrows points to possible auxilin 
densities. Close up views consist of transposed masked (blue) and unmasked (transparent red) 
clathrin auxilin class 4 maps. Grey dotted lines highlight area of closeup. 
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To identify auxilin densities, the clathrin auxilin class 4 map was compared with 

the masked clathrin auxilin class 4 map, with results shown in figures  

5.5.3 I and J. Surprisingly, densities were found not only in the space between 

the ankle regions and terminal domains, but also between the terminal domains 

and around the edges of the terminal domains and ankle regions. These results 

support conclusions of Fotin et al. (2004)(107) who suggested the auxilin J-

domain binds between the clathrin terminal domain and ankle region. The 

results also suggest the unstructured region of auxilin may play a larger role in 

the binding and connecting of the terminal domains to alter their overall 

position. The densities found around the edges of the terminal domains and 

ankle regions (figures 5.5.3 I & J) are likely terminal domain and ankle region 

density noise that forms as a result of the masking procedure, and so fitting of 

the unstructured auxilin region will not be possible, however, it is possible to fit 

the auxilin J-domain into its respective densities, with the overall fitting of the 

auxilin J-domains into the difference maps of each of the clathrin auxilin classes 

shown in figure 5.5.4. The overall fitting of the auxilin J-domain into the class 

4 auxilin densities is presented in figure 5.5.5, with different views of each 

auxilin model fitted into auxilin densities presented in figure 5.5.5A, and 

selected enlarged views shown in figure 5.5.5B. Surprisingly, the positioning of 

the auxilin J-domain within each auxilin map density differed, with the auxilin 

J-domain adopting different orientations depending upon the positioning of the 

clathrin terminal domain, with some clathrin terminal domains seen higher up 

the clathrin ankle region than others which reduced the amount of space 

available for auxilin to occupy. Further analysis on how differences in the 

auxilin J-domain position impact clathrin auxilin-interactions and the 

positioning of Hsc70 when bound to auxilin, may shed additional light on the 

clathrin disassembly process.  
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Figure 5.5.4 – Auxilin J-domain adopts different positions when bound 

Fitting of residues 812 – 910 of the auxilin J-domain into the three auxilin densities identified 
within each refined class of the clathrin auxilin map. Ribbon diagrams of the clathrin structure 
and auxilin structure are coloured in gold and purple respectively. The clathrin auxilin map is 
coloured using difference map values determined upon comparison with the masked version of 
the refined class hub (left) to demonstrate where the density differences are. The clathrin auxilin 
map is also transparent and grey (right) to demonstrate the fitting of the auxilin J-domain 
within the map density.  
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Figure 5.5.5 – Fitting of the auxilin J-domain in the class 4 auxilin densities 

Fitting of residues 812 – 910 of the auxilin J-domain into the three auxilin densities identified 
within the class 4 clathrin auxilin map. Ribbon diagrams of auxilin are coloured in pink. The 
clathrin auxilin map is coloured in transparent blue, and the masked clathrin auxilin map is 
coloured in orange. A) Different rotational views of each auxilin J-domain model fitted into 
auxilin densities. B) Enlarged selected views for each auxilin model. 

In addition to the auxilin J-domain density, an α-helical density was also 

identified at the ankle region of the hub near to where the auxilin J-domain 

resides (figure 5.5.6). CLCs have been found to mediate clathrin disassembly 

with removal of CLCs causing a reduced rate of cage disassembly (41). Auxilin 

has also been found to mediate phosphorylation of CLCb required for the 
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maturation of clathrin coated pits (221). Binding of CLCb residues near the 

auxilin J-domain would enable interactions between CLCb and auxilin. As all 

the auxilin construct α-helices had been modelled and a single α-helix needed 

modelling at the CLC N-terminal, the additional α-helical densities are likely to 

be residues 27 – 39 of CLCb, 

 
Figure 5.5.6 – CLC N-terminal α-helical density present in clathrin auxilin 

map 

Clathrin auxilin complex map contains CLC N-terminal α-helical density that is not present in 
the clathrin consensus map. Arrows point to additional CLC density. A) Clathrin auxilin 
complex map (light blue) transposed against the clathrin consensus map (orange) (top) with a 
view of the clathrin consensus map shown below for comparative purposes. B) Student t-test 
difference map of the class 4 clathrin auxilin hub map against the clathrin consensus. Scale bar 
set to 100 Å. Map coloured according to the level of difference between them. C) CLC N-terminal 
α-helix model fitted into the clathrin auxilin complex map (transparent grey). Views with (left) 
and without (right) the clathrin consensus map (orange) transposed against the clathrin auxilin 
complex map. 

A B

C

High Low

Difference per voxel



 

 130 

5.5.3 Rosetta and BUDE analysis 

Rosetta and BUDE analysis of the class 4 clathrin auxilin hub model was 

conducted to assess the impact of auxilin binding and positioning on clathrin-
clathrin and clathrin-auxilin interactions. BUDE was conducted as a 
complementary analysis alongside Rosetta, as it allows calculation of 

interaction energies for all favorable rotamer positions. The energy-per-residue 
profiles from Rosetta and BUDE analysis are similar but have some differences, 
because Rosetta scoring is more sensitive than BUDE to uncertainties in 
conformation associated with a 7 Å map. Figure 5.5.7 highlights amino acid 

residues that could be involved in clathrin-auxilin interactions. Auxilin chains 
A and B showed little to no strong attractive interaction energies, whereas chain 
C showed several strong attractive interactions between residues 870 and 900, 

including hydrogen bond energies, as shown in figure 5.5.7 A. Repulsive 
interactions were also observed in chain A and C suggesting the fitting of the 
auxilin J-domain is not optimal. The non-optimal positioning of auxilin in the 

clathrin hub is due to difficulties associated with fitting models to low resolution 
map densities. As auxilin chain C showed some non-optimal positioning, any 
Rosetta interaction energies identified should only be viewed as possible 

interactions and not definitive interaction points. Residues 50 to 100 of the 

clathrin terminal domain (chain P), located in blade 2 of the β-propeller where 

the clathrin box binding site resides, were also found to have strong attractive 
interactions with the auxilin residues, with a visual of the interaction shown in 
figure 5.5.7 B.  
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Figure 5.5.7 – Clathrin-auxilin interactions 

Rosetta and BUDE energy scoring of clathrin-auxilin interactions. A) Graphs of BUDE energy 
scores and Rosetta Lennard Jones and hydrogen bond energy scores obtained from the class 4 
clathrin auxilin PDB model. B) Atomic diagram of residue side chains with strong attractive 
Rosetta interaction energies, displayed against ribbon diagrams of the auxilin (chain C) and 
clathrin terminal domain (chain P) interface. Ribbon diagrams of clathrin terminal domains, 
ankle regions, distal regions and light chains are presented in yellow, pink, purple and blue 
respectively, with auxilin presented in red. Atoms are coloured according to their element. 
Hydrogen bonds are depicted by orange lines. 
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As only one of the three auxilin structures were found to interact with the 
terminal domain, this suggests most auxilin interactions with clathrin occur via 
auxilin’s unstructured region, and any interactions between the clathrin 

terminal domain and auxilin J-domain is dependent on the positioning of auxilin 
with respect to the clathrin terminal domain and ankle regions. The additional 
interactions that occur between the auxilin J-domain and clathrin terminal 

domain likely enhance the stability of auxilin binding to clathrin, due to the 
presence of both Lennard Jones and hydrogen bond tertiary structure 
interactions. 

Figure 5.5.8 highlights the amino acid residues involved in interactions between 
residues 27 to 39 of CLCb and the CHC. All CLC chains (D,R and S) showed 
both strong attractive interaction energies across the CHC facing side of the  

α-helix, as shown in figure 5.5.8 A, with residues 660 to 690 of all CHC ankle 

regions (chains E, F and G) also showing both BUDE and Rosetta Lennard Jones 
interaction energies. A visual of the interaction between CLC (chain S) and the 
CHC ankle region (chain E) is shown in figure 5.5.8 B. This indicates CLCb 

binding involves weak interactions with the CHC. As the α-helical density is not 

present when auxilin is not bound, binding of residues 27 to 39 of CLCb to CHC 
may rely on auxilin interactions to set the residues into a position which favours 
binding of the α-helix to the CHC ankle region.  
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Figure 5.5.8 – Clathrin heavy and light chain interactions 

Rosetta and BUDE energy scoring of CHC and CLC interactions. A) Graphs of BUDE energy 
scores and Rosetta Lennard Jones and hydrogen bond energy scores obtained from the class 4 
clathrin auxilin PDB model. B) Atomic diagram of residue side chains with strong attractive 
Rosetta interaction energies, displayed against ribbon diagrams of the CLC (chain S) and 
clathrin ankle region (chain E) interface. Ribbon diagrams of clathrin terminal domains, ankle 
regions, distal regions and light chains are presented in yellow, pink, purple and blue 
respectively, with auxilin presented in red. Atoms are coloured according to their element.  
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Figure 5.5.9 highlights the amino acid residues involved in interactions between 
the clathrin terminal domain and ankle region. All clathrin terminal domains 
(chains N, O and P) showed both BUDE and Rosetta Lennard Jones interaction 

energies for residues 200 – 300 found inside blades 6 and 7 of the β-propeller, as 

shown in figure 5.5.9 A, with residues 400 – 450 of all clathrin ankle regions 
(chains E, F and G) also showing both BUDE and Rosetta Lennard Jones 
interaction energies. A visual of the interaction between the clathrin terminal 
domain (chain P) and ankle region (chain F) is shown in figure 5.5.9 B. In 

comparison to the clathrin-clathrin interactions observed within the consensus 
hub, which was discussed and presented in section 4.4.3 and figure 4.4.6 
respectively, the clathrin terminal domain interacts with residues lower down 

the ankle region (i.e., residues 440 – 480 for the consensus hub, compared to 
residues 400 – 450 for the clathrin auxilin hub), and only has one region of 
terminal and ankle domain interactions as opposed to two. In addition to the 

terminal domain and ankle region interactions, no interactions between 
terminal domains were observed.  

As no BUDE or Rosetta interaction energies were observed that supports 

interactions between terminal domain, and potential auxilin densities were 
observed around and between the terminal domain densities as shown in figures 
5.5.3 I and J, it is likely that the auxilin unstructured region is responsible for 

pulling the terminal domains downwards (i.e., closer to the vesicle lipid 
membrane if a vesicle were present) and towards the centre of the hub so that 
the terminal domains can be linked together. Further investigations into 

interactions between the CHC and auxilin unstructured region are needed to 
uncover how the auxilin unstructured region binds to terminal domains and the 
key residues for these interactions. 
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Figure 5.5.9 – Clathrin terminal and ankle domain interactions 

Rosetta and BUDE energy scoring of clathrin terminal and ankle domain interactions.  
A) Graphs of BUDE energy scores and Rosetta Lennard Jones and hydrogen bond energy scores 
obtained from the class 4 clathrin auxilin PDB model. B) Atomic diagram of residue side chains 
with strong attractive Rosetta interaction energies, displayed against ribbon diagrams of the 
clathrin ankle region (chain F) and clathrin terminal domain (chain P) interface. Ribbon 
diagrams of clathrin terminal domains, ankle regions, distal regions and light chains are 
presented in yellow, pink, purple and blue respectively, with auxilin presented in red. Atoms 
are coloured according to their element. Hydrogen bonds are depicted by orange lines. 
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5.6 Discussion 

5.6.1 Clathrin auxilin model 

Identifying where adaptor proteins bind to clathrin and how adaptor binding 

impacts clathrin cage structure, will provide a greater understanding of 
clathrin-adaptor interactions and clathrin assembly and disassembly 
mechanisms. Comparison of the clathrin consensus with the Fotin et al. 
(2004)(107) clathrin-auxilin map in section 4.5.1 uncovered additional questions 
on the positioning of auxilin when bound to clathrin cages, and the impact 
auxilin may have on the clathrin cage tertiary structure. By performing  
cryo-EM and localised reconstruction of clathrin cages with auxilin bound, new 

clathrin auxilin hub models have been obtained at a higher resolution enabling 
the location of auxilin to be verified and further details on auxilins mechanism 
of action to be discerned. 

Compared to the positioning of auxilin discerned by Fotin et al. (2004)(107) 
presented in figure 5.6.1 A, the positioning of auxilin within the six refined 
clathrin 3D classes varies, with the six common orientations presented in figure 

5.6.1 B. The variable positioning of auxilins J-domain could be due to a lack of 
J-domain interactions with the clathrin cage, with two of three auxilin  
J-domains in the class 4 hub structure showing no interactions with clathrin. 

Previous research by Scheele et al. (2003)(222) identified a range of clathrin-
auxilin interactions that occur within the unstructured region of auxilin, but not 
within the J-domain which is known to be responsible for interactions with 

Hsc70. Scheele et al., identified the binding sites of different motifs within the 
unstructured region of clathrin to different regions of clathrin triskelia and AP2, 
with several binding to multiple locations on clathrin. The DLL motif found 

between residues 591 – 593 for example, can bind to the clathrin terminal 
domain and the clathrin distal region, and the DPF motif found between 
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residues 674 – 676 can bind to the clathrin terminal domain and ankle region 
(222). 

 
Figure 5.6.1 – Impact of variable auxilin positioning 

Ribbon diagrams demonstrating the types and effects of different auxilin J-domain positioning 
within clathrin hubs on clathrin conformation, and the binding of Hsc70 and β2-adaptin. A) 
Positioning of the auxilin J-domain (red) within the clathrin AP2 auxilin difference map (pink) 
developed by Fotin et al. (2004) (107). Reprinted by permission from Springer Nature: Fotin A., 
Cheng Y., Grigorieff N., Walz T., Harrison S.C., and Kirchhausen T. (2004) Structure of an 
auxilin-bound clathrin coat and its implications for the mechanism of uncoating. Nature, 432, 
649-653 [Copyright licence number: 5177171429959]. B) The clathrin auxilin maps identify six 
different ways the auxilin J-domain (purple) can be positioned with respect to the clathrin 
terminal and ankle regions (gold). C) Auxilin (purple) positioning impacts position of bound 
Hsc70 (blue) on the clathrin cage (gold). Auxilin chains from the class4 PDB model and the  
X-ray crystallography determined structure of disulphide-bond-crosslinked bovine auxilin 

C
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Hsc70 complex in the ADP*Pi form [PDB: 2QWP](220) were transposed using UCSF Chimera 
matchmaker (176). D) The ideal auxilin J-domain (purple) position places Hsc70 (blue) at the 
centre of the hub between terminal domains and the upper hub region, which is located directly 
under the clathrin C-terminal trimerization domains (orange). E) Comparison of the clathrin 
terminal and ankle regions from the consensus hub (blue) and clathrin auxilin hub (orange) 
models, shows binding of the auxilin J-domain (purple) causes the ankle region to twist and 
terminal domain to point towards the centre of the hub. F&G) Fitting of ribbon models of 
clathrin hub models and the β2-adaptin model (red) [PDB: 70M8] into the clathrin β2-adaptin 
hub map [EMDB: 12984] developed by Smith et al. (2021)(208). F) Clathrin consensus hub model 
(blue and gold). G) Clathrin (orange and gold) auxilin (purple) hub model. 

As several auxilin residues, including residues 576 – 584, 588 – 596, 633 – 641, 
671 – 679, 723 – 731, and 778 – 786, found within the unstructured region 

(residues 401 – 910) bind to the clathrin terminal domain and other regions of 
the CHC, and auxilin densities were found around and between the clathrin 
terminal domains of the clathrin auxilin maps, the unstructured region of 

auxilin may be responsible for connecting and pulling the clathrin terminal 
domains down and towards the centre of the clathrin hub, with the difference in 
ankle and terminal domain conformation shown in figure 5.6.1 E (222). This in 

turn would allow the auxilin J-domain to be positioned between the clathrin 
terminal domain and ankle regions without engaging in strong binding 
interactions with clathrin, matching previous results from Scheele, Kalththoff 

and Ungewickell (2001)(223) which showed high affinity binding of auxilin 
fragments 547–714 and 619–738, and low affinity binding of auxilin fragment 
715 – 901, to the clathrin terminal domain. Further evidence of a flexible auxilin 

J-domain can be seen in figure 5.6.1 C, where the matching of the auxilin  
J-domains from the clathrin auxilin class 4 model with the X-ray 
crystallography determined structure of disulphide-bond-crosslinked bovine 
auxilin Hsc70 complex in the ADP*Pi form [PDB: 2QWP](220), showed 

variations in the positioning of the Hsc70 structure with some auxilin J-domain 
orientations causing the Hsc70 to clash with the CHC. It is possible that there 
is an ideal position for the auxilin J-domain in the clathrin hub region, that 

enables placement of Hsc70 directly under the clathrin trimerization domain, 
with an example shown in figure 5.6.1 D, as binding of Hsc70 to the clathrin  
C-terminal is necessary for clathrin disassembly to occur (41,107,122–124). 
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The effect of auxilin binding on the tertiary conformation of clathrin lower hub 
region may prevent or reduce the binding of other adaptor proteins to the 
clathrin coat. Figures 5.6.1 F & G shows the location of clathrin terminal 

domains with respect to the Smith et al. (2021)(208) proposed binding location 

of β2-adaptin for the consensus hub model and clathrin auxilin class 4 model 

respectively. The position of terminal domains in the clathrin auxilin model 

clashes with the docked β2-adaptin, with the β2-adaptin binding sites now 

located in an unfavourable position for β2-adaptin binding. Although β2-adaptin 

can bind to clathrin in other locations (224,225), one of the β2-adaptin binding 

sites can link the terminal domains together as demonstrated in figure 5.6.1 F. 

As such, β2-adaptin may also prevent the binding of auxilin as well as the 

conformational changes associated with auxilin binding by acting as a wedge of 
sorts that keeps the terminal domains oriented as seen in the consensus hub. 

As the two structures suggest potential competition between β2-adaptin and 

auxilin, further studies on the effect of possible adaptor competition on adaptor 
binding and clathrin disassembly kinetics are required. 

The positioning of auxilin within clathrin cages is also important for 
interactions with the CLC. The possibility of a CLC α-helix bound to the clathrin 

ankle region in the vicinity of the auxilin J-domain, suggests auxilin and CLC 
interactions at the CLC N-terminal may enable binding of the CLC N-terminal 

α-helix to the clathrin ankle region. When no auxilin is present, as observed in 
the consensus hub structure, the CLC N-terminal alpha helix is not bound to 

the ankle region which could potentially be a consequence of the weak 
interactions observed between the CHC and CLC N-terminal α-helix when 

auxilin is present. Interactions between auxilin and the CLC N-terminus, 
however, may place the CLC N-terminus alpha helix into a position where 

binding to the ankle region is energetically favourable. This is further backed 
by Böcking et al. (2014)(125) who showed binding of auxilin to clathrin stabilises 
clathrin coats, which could be due to both interactions with the CLC N-terminal 

and linkage of CHC N-terminals. Unfortunately, no studies to date have 
discussed interactions between auxilin and the CLC to date, and so further 
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investigation is needed to clarify these interactions. Young et al. (2013)(41) 
however has demonstrated that removal of CLC’s from clathrin cages 
significantly reduces the rate of clathrin disassembly reactions, and binding of 

Hsc70 to clathrin cages cause changes in the N-terminal portion of the CHC 
binding region of the CLC.  

If the CLC N-terminus interacts with auxilin, then binding of Hsc70 to auxilin 

could cause the CLC’s to be pulled leading to changes in the CLC map density. 
One of the key roles of CLC’s is to aid the stability of clathrin cages (74), and so 
pulling of the CLC’s by auxilin and Hsc70 may have an important role in 

disassembly, alongside Hsc70 binding to the QLMLT motif found at the CHC  
C-terminal. Although Böcking et al. (2014)(125) found that CLC’s bind equally 
well to wild-type and histidine mutant clathrin triskelia, leading to their 

conclusion that CLC’s are not responsible for the increase in uncoating with the 
mutant clathrin coats as suggested by Young et al., the histidine mutants they 
used would only impact binding of CLCs along the C-terminal portion of the 

CHC binding region, and not the N-terminal portion which has now been found 
to possibly interact with auxilin. As Böcking et al. did observe an increase in the 
uncoating reaction with the mutant clathrin coats, it is possible that the reduced 

CLC binding led to reduced stability of the coats, and upon being pulled by 
Hsc70 and auxilin led to a more efficient uncoating reaction, as less clathrin-
clathrin interactions were needed to be broken for uncoating to occur. 

5.6.2 Study limitations 

Despite successfully producing maps and models of clathrin hubs with auxilin 
bound, several limitations of the study will have impacted the overall result. 

Some limitations in relation to the use of cryo-EM for the study, including 
particle number, pixel size, Nyquist frequency and aliasing, and use of in vitro 
samples, have already been discussed previously in section 4.5.2. Other study 

limitations and potential solutions associated specifically with the clathrin 
auxilin structure determination and analysis are discussed below: 
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5.6.2.1 Lower resolutions of lower hub regions 

The lower hub region of the clathrin hub regions is of a significantly lower 
resolution in comparison to the upper hub region, reducing the level of 
secondary structure details available of the clathrin terminal and ankle regions, 

and the auxilin J-domain within the clathrin auxilin cage and clathrin auxilin 
hub maps. Unresolved secondary structure details of the auxilin J-domain will 
have an impact on the accuracy of the auxilin J-domain positioning, which if 

accurate would enable specific interacting residues to be elucidated between 
clathrin and auxilin, and enable accurate docking of Hsc70 to the model to 
obtain additional evidence on the clathrin disassembly mechanism. The lower 

resolution of the lower hub region may be caused by a higher level of protein 
flexibility of the lower hub region. Higher levels of flexibility would cause the 
positioning of residues to differ between two complexes, thereby creating noise 

within the electron density map.  

Non-optimised defocus levels used during data acquisition will also impact the 
level of high-resolution spatial frequencies obtained. The lower hub region of 
clathrin cages is located within lower levels of vitreous ice compared to the upper 

hub region, and will therefore experience a higher probability of incident 
electrons undergoing multiple scattering events (226). To increase the overall 
resolution of the cages, optimisation of vitreous ice thickness would be 

advantageous to ensure clathrin cage complexes are frozen in the thinnest 
vitreous ice possible, thereby reducing multiple scattering events of incident 
electrons (227). To increase the resolution of the lower hub regions, however, 

using a larger box size during particle extraction and optimising the defocus 
values used during data acquisition is required, as this would the acquisition of 
higher resolution data by increasing the spatial frequencies that can be obtained 

(228). 
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5.6.2.2 3D classification limitations 

In addition to protein flexibility reducing the resolution of the lower hub region, 
the overall functionality of 3D classification procedures will also limit the 
accuracy and overall resolution of the lower hub region of clathrin adaptor 

complexes. As observed in figure 5.6.1 B, the positioning of the auxilin J-domain 
varies, adopting a variety of different orientations between the clathrin terminal 
domains and ankle regions. The differences in auxilin positioning adds another 

layer of flexibility, and if the 3D classification procedure is unable to separate 
and align the different adaptor positions into suitable classes, additional noise 
is created within the structure that impacts the overall resolution of the bound 

adaptor. Advances within the field of cryo-ET may enable structures of a single 
clathrin adaptor complex to be determined to resolutions akin to or greater than 
resolutions obtained with cryo-EM SPA (229). For cryo-ET to surpass cryo-EM 

SPA several challenges need to be addressed including limited angular range, 
high electron dosage, low throughput and low data acquisition speeds (229). 

5.6.3 Conclusion 

Use of cryo-EM and localised reconstruction alongside 3D classification has 
enabled the development of six clathrin auxilin maps and models with upper 
and lower hub resolutions reaching between 6.7 Å – 9.3 Å and 8.6 Å – 12.8 Å 

respectively, with each map demonstrating the variability in auxilin J-domain 
positioning between the clathrin terminal domain and ankle regions. By 
improving the resolution of the structures and comparing the model with the 

clathrin consensus hub obtained in chapter 4, the positioning of the auxilin  
J-domains and clathrin terminal domains from the Fotin et al. (2004)(107) 
model were validated, and further insights into the effects of auxilin binding on 
clathrin cage conformation were identified. A new α-helical density from the 

CLC N-terminal was also obtained, hinting at possible CLC N-terminal 

interactions with auxilin that may play a role in clathrin coat stability and the 
clathrin cage disassembly mechanism. Finally, comparison of the clathrin 
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auxilin model with the clathrin β2-adaptin model developed by Smith et al. 
(2021)(208) suggests potential competition between the two adaptor proteins for 
clathrin binding, as the impact the two adaptors have on clathrin conformation 
may prevent both adaptors from being bound at the same time. In addition, the 

flexibility of auxilin J-domain positioning could also allow both adaptors to bind 
to the terminal domain at the same time if the J-domain is able to adopt a 

different position to allow binding of β2-adaptin. As new questions have surfaced 

on adaptor protein interactions with clathrin, as well as the involvement of 
CLC’s in clathrin disassembly reactions, the next chapter of this thesis will look 

at the use of cryo-ET for the visualisation of different stages of clathrin cage 
disassembly. 
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Chapter 6:   

Visualising Clathrin Disassembly 

 

 

 

 

 
 

 

 

 

 
 

Chapter Overview 

This chapter details the development of disassembling clathrin cage structures 
using cryo-ET, to visualise how clathrin cages disassemble in the presence of 

auxilin, Hsc70 and ATP. 



 

 146 

6.1 Background to Tomography 

The third aim of this thesis was to investigate whether the stages of clathrin 
cage disassembly could be captured using cryo-ET, to uncover details on the 
clathrin disassembly mechanism. Cryo-ET sample preparation follows the same 

process discussed and presented in section 4.1.2 and figure 4.1.1 respectively, 
but during the imaging process the grid is tilted at a variety of angles allowing 
a single clathrin cage molecule to be imaged from multiple angles (230), as 

presented in figure 6.1.1 A. The tilt images are used to create 3D model of the 
clathrin cage molecule by aligning the tilt images according to their tilt angle 
(230), as shown in figure 6.1.1 B, and then applying a weighted back projection 

to the aligned tilt images. Alignment of the tilt images is made possible by 
aligning gold fiducials in the images that are added to the sample during grid 
preparation (230).  

The first cryo-ET clathrin coated vesicle map was obtained by Cheng et al. 
(2007)(152) and is presented in figure 6.1.1 C. Despite the low resolution of the 
Cheng et al. map, subtomogram averaging of cryo-ET maps have enabled the 

production of higher resolution clathrin coat structures, with the most recent 
being the Kovtun et al. (2020)(225) map of clathrin coated vesicles with AP2 
bound. The higher resolution of the Kovtun et al. map enabled the identification 

of β2-adaptin densities, as shown in figure 6.1.1 D, which provided insight into 

how the AP2 β2-adaptin appendage interacts with the clathrin terminal domain. 

By using cryo-ET it is therefore hoped that the separation of individual triskelia 
from clathrin cages can be visualised during clathrin disassembly, which would 

provide additional details on the clathrin uncoating mechanism. The remainder 
of this chapter shall discuss the acquisition of higher resolution tomograms of 
disassembling clathrin cages, and an assessment of how sufficient resolution 

could be obtained to visualise disassembly in detail. The results of this chapter 
are of an initial study, which was conducted to determine the parameters 
required and resolutions attainable using cryo-ET for the visualisation of 

clathrin disassembly. 
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Figure 6.1.1 – Acquisition of clathrin structures using cryo-ET 

Schematics and models demonstrating the cryo-ET process and cryo-ET clathrin models. A) Grid 
(gold) is rotated in a TEM to produce images of sample particles in different orientations. B) Tilt 
images of a particle that were taken at different angles are combined to produce a 3D model. C) 
First model of a clathrin coated vesicle structure produced by cryo-ET. Reprinted from Journal 
of Molecular Biology, 365/3, Yifan Cheng, Werner Boll, Tomas Kirchhausen, Stephen C. 
Harrison, Thomas Walz, Cryo-electron Tomography of Clathrin-coated Vesicles: Structural 
Implications for Coat Assembly, 892-899 (2007)(152), with permission from Elsevier. D) Cryo-
ET clathrin coat model with AP2 bound. From Science Advances, 6/30, Oleksiy Kovtun, Veronica 
K Dickson, Bernard T. Kelly, David J. Owen, and John A.G. Briggs, Architecture of the 
AP2/clathrin coat on the membranes of clathrin-coated vesicles, eaba8381 (2020)(225).!
Reprinted with permission from AAAS. 
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6.2 Methods 

6.2.1 Clathrin disassembly assays 

Disassembly assays were performed at 25 ºC on a FP-6500 fluorimeter (JASCO) 

via perpendicular light scattering (PLS), using 390 nm excitation and emission 
wavelength, 3 nm bandwidth, 485 PMT voltage, 0.5 s response time, and 1 s 

data pitch. Disassembly reactions consisted of 500 µM ATP with varying 

quantities of clathrin, auxilin and Hsc70 in Buffer C as previously 

described(118). Disassembly was initiated upon addition of 3 µl Hsc70. 

6.2.2 Cryo-ET sample preparation 

Glow-discharged lacey carbon supported 200 mesh copper grids were loaded 

with 3 µl aliquots of a clathrin disassembly reactions, containing of 10% 10 nm 

gold nanoparticles, 10 µM clathrin cages, 1 mM ATP, 10 µM auxilin and 20 µM 

Hsc70 in Buffer C. Clathrin disassembly reactions were proceeded for 80 s before 

single side blotting for 3 s at 50% chamber humidity, and plunge freezing in 
liquid ethane using a Leica Automatic Plunge Freezer EM GP2. Grids were 
screened on a 200 kV JEOL 2100 Plus (University of Warwick) fitted with a 

Gatan OneView IS camera at a nominal magnification of 20,000×. 

6.2.3 Cryo-ET data collection 

Cryo-grids were loaded into a JEOL 2200FS transmission electron microscope 

operated at 200 kV equipped with a Gatan K2 counting detector with a 30 eV 
energy slit in zero-loss mode. Tomographic tilt series between −50° and +50° 
were collected using SerialEM(231) in a dose-symmetric scheme with 3° angular 

increment. Images were collected at a nominal magnification of 20,000× and 
magnified pixel size of 1.9 Å/px, using a 2 μm C2 aperture. An electron dose of  
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2.1 e− A−2 sec−2 per tilt image was applied resulting in a cumulative dose of  
71.4 e− A−2 sec−2 over the whole tilt series. 

6.2.4 Tomography data processing 

Tilt images were aligned and reconstructed using Etomo from 
IMOD(v.4.11)(232). Frames underwent automatic x-ray replacement using CCD 

eraser and coarse alignment with Tiltxcorr. Fiducial model generation was 
conducted using Beadtracker before frames underwent fine alignment. Tilt 
series  with less than two trackable gold fiducials were discarded. No CTF and 
dose-weighting was conducted as this was a preliminary study. Tomograms 

were generated with 2x binning and a z thickness of 1500. Visualisation of 
frames and tomogram slices was conducted using 3dmod from 
IMOD(v.4.11)(232). Visualisation of cryo-ET maps was conducted in UCSF 

Chimera(176), with a gaussian filter of 30 and -1 scale applied.  
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6.3 Results 

6.3.1 Sample preparation 

PLS of clathrin disassembly was conducted to determine the most appropriate 

adaptor protein ratio and blot timings for the preparation of cryo-ET grids, with 
PLS traces for different adaptor quantities presented in figure 6.3.1 A. Overall 
a 1:1:2 ratio of clathrin, auxilin and Hsc70 and an 80 s reaction time were 

determined to be the ideal conditions for freezing disassembling clathrin cages 
for an initial attempt of Cryo-ET, as the ratio produced a disassembly speed that 
was deemed potentially fast enough to visualise disassembling clathrin cages, 
but not too fast so that there was enough time to freeze the samples. Carbon 

lacey grids were used for grid preparation due to continued problems associated 
with the quantifoil grids, which was previously discussed in section 5.3.2. The 
quality of grid ice thickness and sample quality is presented in figure 6.3.1 B 

and C respectively. 

 

Figure 6.3.1 – Preparation of cryo-ET grids with disassembling clathrin cages 

Preparation of cryo-ET grids of disassembling clathrin cages. A) PLS clathrin disassembly assay 
with different ratios of clathrin, auxilin and Hsc70. Red box highlights selected condition. B) Ice 
thickness variation across super-cooled lacey carbon supported 200 mesh copper grids 
containing clathrin, auxilin, Hsc70 and ATP. C) Presence of clathrin cages within super-cooled 
lacey carbon supported 200 mesh copper grids. 
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6.3.2 Tomogram generation and processing 

A selection of tilt images taken between -50 and 50 degrees is shown in figure 

6.3.2. These tilt series were taken forward for processing if there were more than 
two gold fiducials present in each tilt image. From these images we can see a 
wide variety of clathrin cages, and so it was hoped that generating 3D maps of 

these cages will reveal different states of clathrin disassembly. The gold 
fiducials that were selected for fine alignment of each tilt series is shown in 
figure 6.3.3. Upon completion of alignment, 3D tomogram maps were generated 
using back projection of tilt images, with slices for each tomogram shown in 

figure 6.3.4. From the tomogram slices we can see a range of clathrin cage sizes, 
with pentagon and hexagon arrangements being clear at the top and bottom of 
cages along the z axis. The contrast of these images is quite poor, however, which 

would make it very difficult to conduct map segmentation for each clathrin cage. 
It was therefore decided that extraction of a cage from each tomogram will be 
conducted to determine the overall quality of the cryo-ET 3D maps, with the 

selected cages identified in figure 6.3.5.  
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Figure 6.3.2 – Images taken at different angles for each tilt series 

Images of selected tilt series taken at -50°, -24°, 0°, 24° and 50°. Scale bar set to 100 nm.  

 
Figure 6.3.3 – Selected fiducials for tilt series alignment 

Location of fiducials (circled in red) used for alignment. Scale bar set to 100 nm. 
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Figure 6.3.4 – Tomogram slices 

Z-slices of processed tomograms with a box size of 750. Scale bar set to 200 nm.

Figure 6.3.5 – Extracted cage from each tomogram 
Extracted cages from each tomogram with a box size of 750. Scale bar set to 200 nm. Red squares 
denote positioning of extraction box in x and y for each tomogram. Extraction box size varied 
depending on the size of the extracted clathrin cage. 
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The extracted clathrin cage maps, shown in figure 6.3.6, unfortunately were 
poorly defined and noisy, with little structural information observed at the high 
angles; it was therefore not possible to determine any states of clathrin 

disassembly.  

Figure 6.3.6 – 3D maps of cryo-ET clathrin cages 

Front and side views of a clathrin cage map obtained from each tomogram. A gaussian filter of 
30 Å was applied to each cage to reduce noise. Scale bars set to 200 Å. 
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6.4 Discussion 

6.4.1 Study limitations and possible solutions 

The aim of this chapter was to conduct an initial study to assess the ideal cryo-

ET parameters required for obtaining high resolution maps of different clathrin 
cage disassembly states, however, the maps that were obtained were noisy and 
anisotropic and therefore hard to interpret, meaning no structural information 

on the different states of clathrin disassembly could be obtained at this time. 
Several issues and limitations will have led to these results, however, due to the 
success of other cryo-ET project like Kovtun et al. (2020)(225), an alternative 
approach when using cryo-ET may yield more favourable results. More time is 

therefore required in order to reach resolutions obtained by Kovtun et al. and 
others. Understanding the limitations and identifying areas for improvement is 
important for increasing the probability of success of future attempts of using 

cryo-ET for studying clathrin disassembly. Details of the study limitations and 
potential solutions are discussed below: 

6.4.1.1 Tilt series 

The range of angles used for the tilt series was between -50° and 50° rather than 

-60° and 60°, due to technical limitations associated with using 300 mesh grids. 

The reduced range of angles however resulted in poor structure reconstruction 
for areas of clathrin cages viewed at the high tilt angles (i.e., side views), limited 
structural information for these regions were obtained. To further improve the 

reconstruction of clathrin cages from tomograms, a higher range of angles is 
therefore needed so that more structural information can be obtained at the high 

tilts (233). Most tomography studies have used an angle range of -60° to 60°, as 

this is the maximum tilt limit for the majority of TEMs (233). In addition to the 
range of angles, the tilt increment value should also be addressed. Having a 

larger tilt increment of 3° throughout the tilt series as opposed to a smaller tilt 
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increment means there are less images taken overall per tomogram, but the 
speed of data acquisition increases as less images need to be taken for a 

tomogram. By decreasing the tilt increment to 2° or 1° the number of images 

taken per tomogram will increase by 2 or 3 times respectively, thereby allowing 

higher resolution tomograms to be obtained as more images can be used to 
reconstruct the 3D structure of clathrin cages (233).  By increasing the range to 

-60° and 60°, and by reducing the angle increment to 1° or 2°, it is therefore 

hoped that upon reconducting and processing clathrin disassembly tomograms, 
the 3D structures produced will be of a high enough resolution that separation 

of clathrin triskelia from clathrin cages can be identified. 

6.4.1.2 High electron dosage 

A high electron dose was used during data collection to improve the contrast of 
tilt images, however, the electron dosage was too high causing burning of the 
sample, as can be seen in figure 6.3.2 from the presence of white bubbling along 

the carbon film once the midpoint of data collection was reached. Radiation 
damage of samples tend to occur at an accumulated dose of  
120-160 e-/Å2 (233,234). To prevent burning of the sample in future, the total 

electron dose applied to the entire tomogram should be reduced, as burning of 
the sample appeared to occur after half of the tomogram was imaged. If the 

suggested advice for the tilt series range and increments is applied (i.e., -60° and 

60° with 2° increments to produce 61 tilt images), the electron dose per image 

should therefore not exceed 1.9 e-/Å2. Although a lower electron dose will reduce 
the contrast of images, preventing the burning of samples is more important as 

burning leads to loss of high resolution features, such as through 
decarboxylation of side chains for example (235). In addition to altering the dose 
applied per tomogram, acquiring accurate dose information for electron dose 
weighting during data processing is also required. By conducting the initial 

study, several technical limitations and solutions have therefore been identified 
to help tackle issues associated with high electron dosage. To further ensure 
accurate dose weighting of tomograms during data processing in future 
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attempts of visualising clathrin disassembly with cryo-ET, dose weighting files 
should be obtained during tomogram collection so that an accurate dose 
weighting can be applied for each tilt image during data processing in Etomo 

(232). 

6.4.1.3 CTF measurements 

CTF correction was not applied to tomograms as the CTF is not uniform across 

tilt images, except for the 0° tilt image, as the defocus value will change along 

the tilt axis (233).  CTF correction, however, is important for extracting high-
resolution information from TEM images. To overcome this challenge, Etomo 

contains a CTF plotter function that requires a stack of noise images to 
determine the CTF values across a tilt image (232,236). Future attempts to 
acquire clathrin cage disassembly tomograms should therefore ensure a stack of 

noise files are acquired during collection, so that CTF plotter can be used during 
the processing of tomograms, thereby enabling high resolution information to 
be extracted. These noise files could be obtained from taking a tomogram in an 

area with empty ice (i.e., no clathrin cages or contaminations present).  

6.4.1.4 Low number of fiducials 

To ensure accurate alignment of tilt images, the presence of more than 2 
fiducials within all tilt images is required (233). By having more than two gold 
fiducials present in the tomogram, there are more references within the sample 

to ensure an accurate alignment of the tilt images, enabling accurate 3D 
reconstructions of each gold fiducial and the clathrin cages present within the 
tomogram. If there are fewer gold fiducials present within the sample, then 

there will be more error in the angular assignments of each tilt image, resulting 
in lower resolution 3D structures. Although the tomograms that were taken had 
few gold fiducials present, some areas of the sample grid had an abundance of 

gold fiducials. By ensuring sufficient mixing of the sample before applying to 
grids during grid preparation, it is hoped that the spread of gold fiducials across 
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the grid will be more even, and thereby ensure more tomogram areas are present 
that contain more than two gold fiducials. 

6.4.1.5 Producing interpretable reconstructions 

The maps that were obtained from the cryo-ET study were noisy and anisotropic 

and therefore hard to interpret. As there are only a limited number of tilt images 
that can be obtained per tomogram, obtaining high resolution maps is very 
difficult. One method to increase the resolution of tomograms is by using 

subtomogram averaging. Subtomogram averaging employs a similar method to 
SPA but instead of combining particle images, tomograms are combined to 
increase the global resolution (225). As the disassembling clathrin cage sample 

would be very heterogenous however, not only due to the presence of different 
sized cages but also due to an unknown number of intermediate states of 
disassembling cages, subtomogram averaging would not be suitable. As such, 

other methods capable of improving the interpretability of the reconstructions 
by reducing noise would be required, such as employing binning and filtering. 
Binning enables a reduction of noise within the tomograms by combining 
adjacent pixels to improved signal to noise ratios, however, this is at the expense 

of a reduced spatial resolution (260). Filtering can further improve the signal to 
noise ratio, however, this is at the expense of blurring particle features (260). 
Future attempts should therefore try a range of filtering techniques such as 

standard linear filtering and anisotropic nonlinear diffusion filtering, to 
determine the most suitable filtering technique for improving the 
interpretability of reconstructions (260).  

6.4.2 Conclusion 

Despite being ultimately unsuccessful in the production of high-resolution 3D 
maps of clathrin disassembly states using cryo-ET, the project enabled 

additional knowledge on and gave useful insights into the application of cryo-
ET for characterisation of clathrin disassembly, including information on CTF 
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plotter, the desired number of fiducials per image, and the ideal angle range, 
angle increment, and electron dosage applied during data collection. Time and 
budget did not permit further pursuit of the project, however, the work described 

in this chapter demonstrates the potential for use of cryo-ET in elucidating 
disassembling clathrin cages. This new knowledge will be key for future clathrin 
cryo-ET projects, as it will increase the possibility of success in obtaining high 

quality tilt images during data collection and will aid the data processing step 
to ensure CTF correction and electron dosage are accounted for. 
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Chapter 7:   

Interactions Between Clathrin 

and Adaptors 

 

 

 

 
 

 

 

 
 

Chapter Overview 

This chapter details the development and functionality of fluorescently labelled 
disassembly adaptor protein for measuring the kinetics of clathrin-adaptor 

interactions via fluorescence anisotropy (FA) and perpendicular light scattering 
(PLS). 
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7.1 Background to Fluorescence Anisotropy 

Although the attempt to visualise how clathrin cages disassemble using  
cryo-ET was unsuccessful, alternative methods can be utilised to acquire 
information on clathrin-adaptor interactions which may shed light on 

mechanisms of action. The fourth aim of this thesis is to assess the kinetics of 
clathrin-adaptor interactions, and the impact other adaptors may have on 
clathrin-adaptor interactions, using FA and PLS. The remainder of section 7.1 

will go into further detail on what FA is, how FA works, and why anisotropy is 
an ideal technique for measuring clathrin-adaptor interactions. 

7.1.1 How does fluorescence anisotropy work? 

FA uses polarised light and fluorescently labelled probes to acquire information 
on probe motion, dynamics, and diffusion from the rotational correlation time  
(237,238). In the FA technique, a pulse of linearly polarised light irradiates 

fluorescent probe molecules in solution, causing them to become excited and 
emit fluorescence with the same dipole orientation as the polarised light (237–
240). The fluorescence passes through a polarisation filter oriented either 

parallel or perpendicular to the incident polarised light, before hitting the 
detector, allowing the intensity of fluorescence emission parallel to the vertically 
polarised light (𝐼𝐼∥) and perpendicular to the vertically polarised light (𝐼𝐼⊥) to be 

measured (238–240). Steady-state anisotropy (r) is therefore defined as the 

difference between the vertical (𝐼𝐼∥) and horizontal (𝐼𝐼⊥) polarised fluorescence 

emission divided by the total fluorescence emission, with the anisotropy 
equation defined in formula 1  (237,238,240).  

(1)            𝑟𝑟 =
𝐼𝐼∥ − 𝐼𝐼⊥
𝐼𝐼∥ + 2𝐼𝐼⊥
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As FA and polarisation are interrelated the equations for calculating the two 
are very similar, with the equation for determining polarisation (p) presented in 
formula 2 (238–240). 

(2)            𝑝𝑝 =
𝐼𝐼∥ − 𝐼𝐼⊥
𝐼𝐼∥ + 𝐼𝐼⊥

 

Over time the fluorescent probe molecules will shift by rotational diffusion and 
brownian motion, causing the fluorophore dipole to rotate (see figure 7.1.1) 
(237,238,240). As stated in the Perrin equation and Stokes-Einstein-Debye 

equation, defined in formulas 3 and 4 respectively, FA, therefore, is directly 
related to the rotational correlation time (𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟) of the fluorophore, which is in 

turn related to the hydrodynamic volume (V) of the fluorescent probe molecule 
(238–240). 

(3)            
𝑟𝑟0
𝑟𝑟

= 1 +
𝜏𝜏
𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟

= 1 + 6𝐷𝐷𝜏𝜏 

(4)            𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟 =
𝜂𝜂𝜂𝜂
𝑘𝑘𝐵𝐵𝑇𝑇

 

 

FA thus provides a value between 0 and 1 in relation to the motion dynamics of 
the fluorescent probe molecule, where 1 is a completely static molecule, and 0 is 

a completely mobile molecule (237,238,240). If the labelled molecule (e.g., a 
labelled CME adaptor) increases in size due to ligand binding (e.g., binding to 
unlabelled clathrin cages), the total anisotropy value will increase as the level 

of rotational diffusion will decrease due to an increase in volume and resistance 
(238–240). The presence of unlabelled molecules (e.g., clathrin) would not 
impact the FA value unless binding occurred, as the unlabelled molecules would 

not produce polarised fluorescence emission. 

Key 
𝜃𝜃rot = Rotational correlation time 
r = Anisotropy 
r0 = Fundamental anisotropy 
V = Molecular volume 
η = Viscosity 
τ = Fluorescence lifetime 
D = Diffusion constant 
kB = Boltzmann’s constant 
T = Temperature 
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Figure 7.1.1 – Photoselective excitation of fluorophores by polarised light 

Fluorophores are indicated by spheres, with their dipole transition moment indicated by double 
ended arrows. Fluorophores emitting vertical polarised emission are coloured in green. Figure 
adapted from Lakowicz (2006) (241). 

Differences in the data collection efficiency of anisotropy equipment, however, 
cause errors in steady-state anisotropy (237). By using time-dependent 

measurements of anisotropy, as defined in formula 5, the anisotropy 
measurement can consider the fundamental (𝑟𝑟0) and limiting (𝑟𝑟∞) anisotropy 

values, as well as the rotational correlation time (𝜃𝜃), reducing the error in 

anisotropy values and preventing a non-zero anisotropy value from occurring if 
the angular motion of the fluorescent probe is hindered (237,240).  

(5)            𝑟𝑟(𝑡𝑡) = ∑ 𝑟𝑟0𝑗𝑗𝑗𝑗 𝑒𝑒�−𝑡𝑡/𝜃𝜃𝑗𝑗�+𝑟𝑟∞ 

When measuring either steady-state or time-resolved anisotropy it is important 
to consider the lifetime of the fluorophore (𝜏𝜏) (237,239). If the fluorescence 

lifetime is too short then the fluorophore will be unable to rotate sufficiently 
between absorption and emission, causing the r value to be high and approach 

fundamental anisotropy (239). On the other hand, if the fluorescence lifetime is 
much longer than the rotational time, where 𝜏𝜏 ≫ 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟, then r will end up low as 

depolarisation will occur before emission ends (239). Ideally the fluorescence 
lifetime will equal the rotational time, where 𝜏𝜏 = 𝜃𝜃𝑟𝑟𝑟𝑟𝑟𝑟, for the best sensitivity 

and correct r value (239). Other factors can also impact the r values including 
the shape of the fluorophore, linker length and flexibility, fluorophore 

brightness, light scattering, spectral range, temperature, polarity, pH, and ionic 
strength (239).  

Polarised Rotational 
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7.1.2 Biologic MOS-450 anisotropy measurements 

In addition to the section 7.1.1 method, there is another alternative method for 

measuring anisotropy which is used for the Biologic MOS-450 instrument 
(242,243). In conventional fluorescence anisotropy measurements, two 
photomultiplier tubes are placed perpendicular to one another which 

simultaneously measure the parallel (𝐼𝐼∥) and perpendicular (𝐼𝐼⊥) emitted 

fluorescence light in relation to the polarised excitation beam (244). Anisotropy 
is therefore measured by fluorimeters using formula 6: 

(6)            𝑟𝑟 = (𝐼𝐼∥ − 𝐺𝐺 × 𝐼𝐼⊥)/(𝐼𝐼∥ + 2 × 𝐺𝐺 × 𝐼𝐼⊥) 

A factor of 2 is applied within the formulae as once there has been vertically 

polarised excitation, there are two equivalent orthogonal horizontal directions 
in existence (242). A correction factor (G) is also applied to the formulae to 
account for differences in detection sensitivity of the two photomultipliers for 

each polarising direction (242). The correction factor is calculated using formula 
7 where the excitation polariser is placed into a horizontal position, however, 
the correction factor can potentially introduce other errors into measurements, 

which occurs from the displacement of excitation beam during polariser rotation 
(242,243). 

(7)            𝐺𝐺 = 𝐼𝐼⊥/𝐼𝐼= 

The modified procedure used by Biologic does not require a correction factor, as 
it uses a simpler detection system with only one photomultiplier tube without a 

polariser (242,243). Instead, a photoelastic modulator alters the polarised light 
between vertical and horizontal, with both polarisers detected simultaneously 
on the emissions side (242,243). The anisotropy can therefore be measured using 

formula 8, which does not include a correction factor: 

(8)            𝑟𝑟 = (𝐼𝐼∥ − 𝐼𝐼⊥)/(𝐼𝐼∥ + 2 × 𝐼𝐼⊥) 
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7.1.3 Measuring the dissociation constant using 
anisotropy 

Because anisotropy is influenced by mobility of the fluorophore, we can often 
use it to monitor binding interactions. By conducting binding assays through 
measuring changes in the r value of fluorescently labelled adaptors while 

varying clathrin, it is possible to measure the interactions between adaptors and 
clathrin, and how the presence of other adaptors can impact these interactions. 
Formula 9 defines a basic reversible biomolecular binding reaction between two 

molecules (𝐴𝐴 & 𝐵𝐵), where collision of molecule 𝐴𝐴 and molecule 𝐵𝐵 leads to the 

production of a complex (𝐴𝐴𝐴𝐴) (245).  

(9)            𝐴𝐴 + 𝐵𝐵 ⇆ 𝐴𝐴𝐴𝐴 

The simplest biological reactions have a 1:1 stoichiometry between the reactant 

molecules, and so because there are two reactants involved in the formation of 
complex 𝐴𝐴𝐴𝐴, the reaction should be a second order reaction (245). As there is a 

binding spot for auxilin on the clathrin terminal domain and there is one 
terminal domain per clathrin heavy chain, it is likely auxilin and clathrin 

binding follows a 1:1 stoichiometry. The 1:1 auxilin to clathrin binding 
stoichiometry is further backed by the presence of one auxilin per terminal 
domain on the clathrin auxilin map obtained in chapter 4. Formula 10 defines 

how the rate of a second order reaction is determined using the association rate 

constant (𝑘𝑘𝑎𝑎), with units of M-1⋅s-1, and the reactant concentrations (245). 

(10)            𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑘𝑘𝑎𝑎[𝐴𝐴][𝐵𝐵] 

For the reverse reaction of equation 10, the reaction should be a first order 
reaction as there will be only one reactant. Formula 11 defines how the first 

order rate is determined from the dissociation rate constant (𝑘𝑘𝑑𝑑), with units of 

s-1, and the concentration of 𝐴𝐴𝐵𝐵 (245). 
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(11)            𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑘𝑘𝑑𝑑[𝐴𝐴𝐴𝐴] 

The association and dissociation rate constants can be used to determine the 
probability that the complex will assemble or disassemble respectively in a unit 
of time (245). A reaction may be considered to have reached equilibrium when 

the rate constants are equal. (245,246). The equilibrium constant (𝐾𝐾𝑒𝑒𝑒𝑒)  can be 

determined from formula 12 and has the units of M-1 (245).  

(12)            𝐾𝐾𝑒𝑒𝑒𝑒 =
𝑘𝑘𝑎𝑎
𝑘𝑘𝑑𝑑

=
�𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒�

�𝐴𝐴𝑒𝑒𝑒𝑒��𝐵𝐵𝑒𝑒𝑒𝑒�
 

The larger the value of the 𝐾𝐾𝑒𝑒𝑒𝑒 the greater the proportion of associated 

complexes (245). Formula 13 is the reciprocal of equation 12 and describes the 
dissociation equilibrium constant (𝐾𝐾𝑑𝑑), which has the units of M (238,245,246). 

(13)            𝐾𝐾𝑑𝑑 =
𝑘𝑘𝑑𝑑
𝑘𝑘𝑎𝑎

=
�𝐴𝐴𝑒𝑒𝑒𝑒��𝐵𝐵𝑒𝑒𝑒𝑒�
�𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒�

 

As the 𝐾𝐾𝑑𝑑 is the reciprocal of the 𝐾𝐾𝑒𝑒𝑒𝑒, a smaller 𝐾𝐾𝑑𝑑 value denotes a stronger 

binding reaction with a greater proportion of associated complexes (245,246). 
For binding experiments, the 𝐾𝐾𝑑𝑑 can be determined from the equation for 

specific binding (𝐵𝐵), shown in formula 14, which is determined from the ligand 

concentration ([𝐿𝐿]), and maximum specific binding (𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚) (247). 

(14)            𝐵𝐵 =
𝐵𝐵𝑚𝑚𝑚𝑚𝑚𝑚 × [𝐿𝐿]
𝐾𝐾𝑑𝑑 + [𝐿𝐿]  

By using FA and formula 14, it is therefore possible to measure clathrin-adaptor 

interactions, by measuring the anisotropy value of fluorescently labelled 
adaptor with varying clathrin cage concentrations to determine the 𝐾𝐾𝑑𝑑 value.  
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7.1.4 Why anisotropy as opposed to other methods? 

There are a variety of methods that can be used to study molecular interaction 

including dialysis, nitrocellulose filter binding, gel electrophoresis, capillary 
electrophoresis, high performance liquid chromatography, fluorescence 
intensity, FA, UV-vis absorption, circular dichroism, surface plasmon 

resonance, and isothermal titration calorimetry (248). FA’s main strengths over 
other techniques include high sensitivity and reproducibility of measurements 
with small sample volumes, and simple and rapid operation allowing for a high 
throughput of measurements (238,249,250). Due to FA only requiring relatively 

small sample volumes, and as there is a limited quantity of clathrin and 
adaptors obtained from purification (purifications shown in chapter 3), it was 
decided that FA would be an ideal method for measuring clathrin-adaptor 

interaction kinetics. 

By using FA to measure the anisotropy of fluorescently labelled adaptors, 
addition of clathrin cages should cause an increase in anisotropy due to the 

larger size of clathrin auxilin complexes compared to auxilin. Changes in 
anisotropy can be measured to determine the Kd of labelled adaptors binding to 
clathrin, allowing a greater understanding of the strength of clathrin-adaptor 

interactions, and allowing measurement of clathrin disassembly rates, 
providing a better understanding of both reaction mechanisms and the order of 
adaptor binding. In addition, anisotropy may also be used to determine whether 

adaptors compete with one another for clathrin binding sites by comparing the 
Kd of adaptors binding to clathrin, or the rate of clathrin disassembly, in the 
presence and absence of other adaptor proteins. The remainder of this chapter 

shall therefore look at whether FA is a functional method for measuring 
clathrin-adaptor interactions and clathrin disassembly kinetics, and if FA can 
be used to measure possible competition between adaptors.  
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7.2 Methods 

7.2.1 PLS 

Clathrin disassembly assays were performed at 25 °C on an FP-6500 fluorimeter 

(JASCO), using an excitation and emission wavelength of 390 nm. A band width 
of 3 nm for both excitation and emission was used alongside a PMT voltage of  

485 V, with a response time of 0.5 seconds and a data pitch of 1 second.  
Buffer C pH 7 used as a blank. Measurements were conducted for a maximum 
of 1800 seconds to ensure the disassembly reaction had completed. The 

disassembly reaction consisted of 0.09 µM  clathrin cages, 500 µM  ATP, 0.1 µM 

auxilin and 2 µM  Hsc70 in 200 µl Buffer C pH 7 (118). Two controls were 

performed to ensure both Hsc70 and auxilin were required for clathrin cage 
disassembly to occur, which consisted of a premixed solution of clathrin cages 

with ATP, followed by addition of either auxilin or Hsc70 with the other adaptor 
added later. The remaining disassembly reactions were performed using a 
premixed solution of clathrin cages, ATP and auxilin with a final volume of  

197 µl, followed by addition of 3 µl Hsc70 once a baseline was reached.  

7.2.2 DLS 

Dynamic light scattering (DLS) analysis was performed alongside PLS analysis 
to confirm clathrin cages had disassembled by determining the particle size 

distribution by number. DLS analysis was performed on a Malvern Nano-series 

DLS system using a nano series ultra-micro quartz cell with 45 µl volume 

capacity. Measurements were conducted over 10 minutes at 25 ºC. Three 

controls were performed which consisted of a 0.09 µM clathrin cage sample, a 

0.1 µM auxilin, 2 µM Hsc70 and 500 µM ATP sample, and a 0.09 µM clathrin 

cage, 0.1 µM auxilin and 2 µM Hsc70 sample, all of which were in 50 µl  

Buffer C pH 7. The disassembly reaction consisted of 0.09 µM clathrin cages, 

500 µM ATP, 0.1 µM auxilin and 2 µM Hsc70 in 100 µl Buffer C pH 7. 
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7.2.3 Fluorescent labelling of cysteine residues 

Cysteine mutants of auxilin were prepared previously by Dr Michael Baker 

before the start of the project. Each cysteine mutant was formed from an auxilin 
construct with cysteine to serine mutations, followed by a single serine to 
cysteine (SC) mutation. The mutants available had a single cysteine remaining 

at sites 427, 438, 835 and 899. To selectively label auxilin mutants SC427, 
SC438, SC835, and SC899, 1mM Alexa Fluor 488 C5 maleimide (AF488) 
(Thermofisher Scientific) was added. The mixture was incubated for 1 hour on 
ice and protected from light. Excess label was removed via gel filtration using 

Zeba spin desalting columns (Thermofisher Scientific) washed with Buffer C. 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels 
were conducted to confirm Alexa Fluor 488 labelling of adaptors. 

7.2.4 Anisotropy 

Anisotropy measurements were performed at 25 ºC on a FP-6500 fluorimeter 

(JASCO), using 500 nm excitation and 520 nm emission wavelength, 5 nm 
bandwidth, 570 PMT voltage, 0.1 s response time, and 0.5 s data pitch. Reactions 

consisted of 0 - 2 µM clathrin cages, 500 µM ATP, and 0.2 µM AF488-labelled 

auxilin in Buffer C pH 6.0, in the presence or absence of 0.2 µM of either epsin 

1, ARH, ap180 or β2-adaptin. Measurements were averaged over 60s. 

7.2.5 Stopped flow PLS 

Stopped flow PLS was performed using a Biologic MOS-450 fitted with an SFM-
400. The SFM-400 was set up with four 10 ml syringes, with syringe A 

containing 4 µM clathrin and 8 mM ATP, B containing 0.8 µM wild type (WT) 

auxilin and 8 µM Hsc70, C containing either Buffer C pH7 only or 0.8 µM of 

either AP180, epsin, β2-adaptin or ARH, and D containing Buffer C pH 7. 

Injection of 50 µl per syringe at 1 ml/s into an FC-15 cuvette with a 1.5 mm light 
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path was conducted to initiate the clathrin disassembly reaction, with a final 

reaction volume of 200 µl, total flow rate of 4 ml/s, and estimated dead time of 

9.2 ms. The final disassembly reaction consisted of 1 µM clathrin cages, 2 mM 

ATP, 0.2 µM auxilin and 2 µM Hsc70 in Buffer C pH 7, either in the presence or 

absence of 0.2 µM of another adaptor (i.e., AP180, ARH, β2-adaptin or epsin). 

PLS of clathrin disassembly assays was measured at room temperature with an 

excitation wavelength of 390 nm and 2 mm slit width, using a PMS-450 detector 

set to 90° from the light path with a PMT voltage of 700 V. Measurements were 

conducted over 800 seconds, with a data acquisition of 50 ms between 0 – 200 s 
and 500 ms between 200 – 800 s. Data acquisition was started at 10ms before 
the stop.  

7.2.6 Stopped flow anisotropy 

Stopped flow anisotropy was performed using a Biologic MOS-450 fitted with an 
SFM-400. The SFM-400 was set up with four 10 ml syringes, with syringe A 

containing 4 µM clathrin and 8 mM ATP, B containing 0.8 µM AF488 SC247 

auxilin and 8 µM Hsc70, and C and D containing Buffer C pH 7. Injection of  

50 µl per syringe at 1 ml/s into an FC-15 cuvette with a 1.5 mm light path was 

conducted to initiate the clathrin disassembly reaction, with a final reaction 

volume of 200 µl, total flow rate of 4 ml/s, and estimated dead time of 9.2 ms. 

The final disassembly reaction consisted of 1 µM clathrin cages, 2 mM ATP,  

0.2 µM auxilin and 2 µM Hsc70 in Buffer C pH 7. Anisotropy of clathrin 

disassembly assays were measured at room temperature with an excitation 
wavelength of 500 nm and slit width of 2 mm, using a PMS-450 detector set to 

90° from the light path with a PMT voltage of 500 V. Measurements were 

conducted over 800 seconds, with a data acquisition of 500 µs between 0 – 3 s 

and 500 ms between 200 – 800 s. Data acquisition was started at 10ms before 
the stop.   
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7.3 Confirming the Activity of Hsc70 and Auxilin 

7.3.1 Clathrin disassembly assays 

Clathrin disassembly assays were conducted using PLS, with changes in 

scattering intensity over time shown in figure 7.3.1. As clathrin cages 
disassemble the scattering intensity decreases since clathrin cages scatter more 
light in comparison to clathrin triskelia, triskelia having a smaller molecular 

size. The disassembly controls in figure 7.3.1 A showed addition of both Hsc70 
and auxilin alongside ATP was required for the clathrin cages to disassemble 
into triskelia, as was expected based on previously published results (75,76,106–
115,118). The fast rate of disassembly was causing the start of disassembly 

reactions to be missed. Stopped flow capabilities would be beneficial to use in 
future studies to capture the start of the disassembly reactions. As the aim was 
to see if auxilin mutants were functional, no alternative conditions were used 

for this experiment. 

Disassembly assays of WT and cysteine mutant combinations of Hsc70 and 
auxilin were tested to ensure the mutations did not impact clathrin disassembly 

activity. The rate of disassembly did not appear to change when the mutants 
were used in comparison to the WT versions of Hsc70 and auxilin, based on 
results presented in figure 7.3.1 B, as all reactions went from the max to min 

signal within a similar timescale. Disassembly of cages was further backed by 
DLS analysis of clathrin cages after the disassembly reaction had completed, as 
shown in figure 7.3.2. DLS analysis of particles by number showed a drop in 

particle size from 100 nm to around 10 nm only when clathrin cages were in the 
presence of auxilin, Hsc70 and ATP, which matches the clathrin cage 
disassembly results from PLS. Thus, we can conclude that the cysteine 

mutations of auxilin and Hsc70 have little to no impact on the ability of the 
mutants to disassemble clathrin cages into triskelia.  



 

 173 

 
Figure 7.3.1 – Clathrin disassembly analysed via perpendicular light 

scattering 

The scattering intensity of clathrin cages using perpendicular light scattering at  
380 nm. These are initial experiments to confirm the functionality of auxilin and hsc70, 
therefore, repeats for these experiments were unrequired. Disassembly reactions consisted of 
0.09 μM clathrin cages, 500 μM ATP, 0.1 μM auxilin and 2 μM Hsc70 in 200 μl Buffer C pH 7 
at 25 °C. A) Disassembly controls showing that both auxilin and Hsc70 are required for clathrin 
cage disassembly. B) Clathrin disassembly reactions using different auxilin and Hsc70 
combinations. Scattering of clathrin cages mixed with ATP and auxilin (197 μl) was measured 
before addition of 3 μl Hsc70, indicated by a black arrow. 
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Figure 7.3.2 – Clathrin disassembly analysed via dynamic light scattering 

DLS size distribution analysis of clathrin mixed with Hsc70 and auxilin. Graphs represent the 
size distributions of particles by number. Three controls were performed shown at the top of the 
figure to confirm the size distribution of clathrin cages and adaptor proteins before disassembly, 
and the requirement for ATP in the disassembly process. Measurements were conducted over 
10 minutes at 25 ºC. Clathrin sample consisted of 50 μl of 0.09 μM clathrin cages in Buffer C pH 
7. Auxilin, Hsc70 and ATP sample consisted of 50 μl of 0.1 μM auxilin, 2 μM Hsc70 and 500 μM 
ATP in Buffer C pH 7. Clathrin with adaptors sample consisted of 50 μl of 0.09 μM clathrin cage, 
0.1 μM auxilin and 2 μM Hsc70 in Buffer C pH 7.Clathrin with adaptors and ATP sample 
consisted of 0.09 μM clathrin cages, 500 μM ATP, 0.1 μM auxilin and 2 μM Hsc70 in 100 μl 
Buffer C pH 7. These are initial experiments to confirm the functionality of auxilin and hsc70, 
therefore, repeats for these experiments were unrequired.  

7.3.2 Fluorescent labelling of constructs 

To enable anisotropy measurements to be performed, SC835 auxilin and SC603 

Hsc70 mutants were labelled with Alexa Fluor 488 C5-maleimide (AF488), with 
SDS-page gels presented in figure 7.3.3. 

Disassembled cages 

Cages Adaptors only 

Cages 
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Figure 7.3.3 – SDS gels of AF488 labelled S835C auxilin and S603C Hsc70 

SDS gels of AF488 labelled S835C auxilin (top) and AF488 labelled S603C Hsc70 (bottom) 
imaged with white light (left) and UV light (right). The green, blue and yellow arrows indicate 
labelled auxilin, labelled Hsc70 and excess AF488 C5-maleimide respectively. 

PLS of clathrin disassembly using the labelled components, AF488 SC835 
auxilin or AF488 SC603 Hsc70, showed that labelled mutants are capable of 

disassembling clathrin cages (see figure 7.3.4 A), however, AF488 SC835 auxilin 
showed a reduced rate of clathrin cage disassembly. PLS of clathrin disassembly 
was thus conducted for auxilin mutants and compared to WT auxilin to 

determine if cysteine labelling affected auxilin functionality, as shown in figure 
7.3.4 C. Only AF488 SC835 auxilin showed reduced functionality, with AF488 
labelled SC427, SC438, and SC899 showing similar initial disassembly rates to 

WT auxilin.  
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Figure 7.3.4 – Assessing the use of AF488 labelled adaptors for anisotropy 

Different experimental assessments used to confirm the suitability of AF488 labelled auxilin 
and Hsc70 for use in anisotropy experiments of clathrin disassembly and clathrin binding. All 
samples contained ATP. These are initial experiments to confirm the functionality of labelled 
auxilin and hsc70 for anisotropy of disassembling clathrin cages, therefore repeats for these 
experiments were unrequired. A) Clathrin disassembly experiments showing scattering 
intensity changes over time when clathrin is in the presence of either WT auxilin and AF488 
S603C Hsc70 (left) or AF488 S835C auxilin and WT Hsc70. Black arrow indicates addition of 
Hsc70. Disassembly reactions consisted of 0.09 μM clathrin cages, 500 μM ATP, 0.1 μM auxilin 
and 2 μM Hsc70 in 200 μl Buffer C pH 7 at 25 °C. B) Box plot showing the anisotropy reading of 
AF488, AF488 labelled auxilin in the presence and absence of clathrin, and AF488 labelled 
Hsc70 in the presence and absence of clathrin and auxilin. Error bars represent sd. Reactions 
consisted of 0.2 μM AF488-labelled adaptor and 500 μM ATP in Buffer C pH 6 at 25 °C. 2 μM 
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clathrin cages were included in AF488-adaptor + clathrin samples only. C) Clathrin disassembly 
experiments showing the change in scattering intensity over time when clathrin is in the 
presence of either WT auxilin or the AF488 labelled auxilin mutants S427C, S438C, S835C, and 
S899C. Disassembly reactions consisted of 0.09 μM clathrin cages, 500 μM ATP, 0.1 μM AF488-
labelled auxilin and 2 μM Hsc70 in 200 μl Buffer C pH 7 at 25 °C. D) Anisotropy value of AF488 
S427C auxilin (left) and AF488 S603C hsc70 (right) over time. Black arrow indicates addition 
of clathrin cages. Reactions consisted of 0.2 μM AF488-labelled adaptor and 500 μM ATP in 
Buffer C pH 6 at 25 °C. 2 μM clathrin cages were injected into the samples at 120s. 

We then performed fluorescence anisotropy analysis of labelled auxilin and 
Hsc70 in the presence and absence of clathrin cages, as shown in figure 7.3.4 B, 
to determine if the anisotropy output values were of a suitable distance to allow 
for binding analysis of adaptors to clathrin cages using both single point 

measurements and time-course measurements. AF488 auxilin exhibited a 
median anisotropy value of 0.148 and range of 0.138 - 0.168, which rose to a 
median anisotropy value of 0.212 and range of 0.194 – 0.224 when in the 

presence of 1 µM clathrin cages, with the rise in anisotropy value clearly visible 

during time-course measurements, shown in figure 7.3.4 D, upon injection of 
clathrin cages at 120 s. AF488 Hsc70, however, exhibited a median anisotropy 
value of 0.185 and range of 0.172 - 0.199, which rose only to a median anisotropy 

value of 0.211 and range of 0.187 – 0.223 when in the presence of WT auxilin 

and 1 µM clathrin cages, with the rise in anisotropy value being difficult to 

visualise during time-course measurements, shown in figure 7.3.4 D,  upon 
injection of clathrin cages at 120 s. We therefore concluded that further 
anisotropy measurements should be conducted using AF488 labelled mutants 

only, with scope for testing and production of other cysteine hsc70 mutants in 
the future. 
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7.4 Measuring Binding with Anisotropy 

7.4.1 Equilibrium binding of auxilin to clathrin cages 

We conducted equilibrium binding analysis of addition of clathrin cages to 

AF488 auxilin mutants to determine the quality of anisotropy measurements 
for analysing clathrin-adaptor interactions (see figure 7.4.1 A), with measured 
Bmax and Kd values presented in figure 7.4.1 B.  

 
Figure 7.4.1 – Equilibrium binding of clathrin to AF488 labelled auxilin 

mutants 

Equilibrium binding measured from changes in anisotropy value upon varying clathrin 
concentration. Reactions consisted of 0 - 2 μM clathrin cages, 500 μM ATP, and 0.2 μM AF488-
labelled auxilin in Buffer C pH 6.0 at 25 ºC. Three measurements were taken per point, and 
each measurement was averaged over 60s. A) Binding curves obtained using AF488 labelled 
auxilin mutants S427C, S438C, S835C, and S899C. Error bars presented as 95% confidence 
intervals. B) Bar charts presenting the different Bmax and Kd values of clathrin binding to 
AF488 labelled auxilin mutants S427C, S438C, S835C, and S899C. Error bars presented as 
SEM. 

Saturation binding curves were used to analyse the data as the saturation 
binding curve equation describes the equilibrium binding of clathrin to auxilin 
as a function of increasing clathrin concentration. Of the four mutants, AF488 
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SC427 auxilin presented the smallest Kd value of 0.21 ± 0.02 µM. Bmax values 

for all auxilin mutants were very similar between 0.044 – 0.051. Overall, we 
were able to successfully measure binding of clathrin cages to AF488 auxilin. 

7.4.2 Determining competition between adaptors 

As the SC427 auxilin mutant presented the lowest Kd value, we conducted 
equilibrium binding analysis of addition of clathrin cages to AF488 SC427 
auxilin in the presence of other CME adaptor proteins (figure 7.4.2 A), with 

measured Bmax and Kd values presented in figure 7.4.2 B. The R2 values of the 

models for ARH, epsin and β2-adaptin are smaller compared to the R2 value for 

SC427 auxilin, which will lead to higher error values in Bmax and Kd values, 
however, the R2 values are greater than 0.9 indicating a high level of confidence 

within the Bmax and Kd values. Epsin, β2-adaptin and ARH overall caused a 

small increase in the Bmax value (0.054 ± 0.005, 0.056 ± 0.001, and 0.066 ± 0.005 

respectively), and AP180 caused a large increase in Bmax (0.118 ± 0.007) when 

compared to SC427 auxilin alone (0.047 ± 0.001). Epsin, β2-adaptin and ARH 

also caused a small increase in Kd (0.67 ± 0.17 µM, 0.48 ± 0.03 µM, and  

0.75 ± 0.12 µM respectively), and AP180 caused a large increase in Kd  

(2.81 ± 0.29 µM) compared to SC427 auxilin alone (0.21 ± 0.02 µM). This 

suggests all adaptors are competitive inhibitors of clathrin-auxilin interactions. 
How competition between auxilin and other CME adaptors impacts the rate of 
clathrin disassembly, however, still needs to be assessed. The increase in 

maximum anisotropy also suggests either an increase in size of the complex or 
an increase in fluorophore rigidity in the presence of the other adaptor proteins. 
An increase in the size of the complex could potentially be due to binding of the 

competitive adaptors, which may cause conformational changes in the clathrin 
complex causing it to expand. Additional experiments using labelled versions of 

AP180, M1 ARH, epsin and β2-adaptin would enable further validation of the 

anisotropy maximum increase and may also provide additional details on the 
cause of this increase. 
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Figure 7.4.2 – Competition between different adaptors for clathrin binding 

Equilibrium binding measured from measuring changes in the anisotropy value of AF488 
labelled S427C auxilin upon varying clathrin concentration. Reactions consisted of 0 - 2 μM 
clathrin cages, 500 μM ATP, and 0.2 μM AF488-labelled auxilin in Buffer C pH 6.0, in the 
presence or absence of 0.2 μM of either epsin 1, ARH, ap180 or b2-adaptin, at 25 ºC. Three 
measurements were taken per point, and each measurement was averaged over 60s. A) Binding 
curves obtained using auxilin on its own or in the presence of either AP180, ARH, β2-adaptin or 
epsin, with an auxilin to adaptor concentration ratio of 1:1. Error bars presented as 95% 
confidence intervals. B) Bar charts presenting the different Bmax and Kd values of clathrin 
binding to AF488 labelled S427C auxilin either on its own or in the presence of either AP180, 
ARH, β2-adaptin or epsin. Error bars presented as SEM. 

7.4.3 Stopped flow PLS studies 

To acquire the rate of disassembly from the point of sample mixing, use of a 
fluorimeter with stopped flow capabilities is required to ensure data is captured 
immediately upon mixing of components. PLS measurements of clathrin 

disassembly, shown in figure 7.4.3, were obtained to assess the impact of 
competitive adaptor presence on WT auxilin binding and clathrin disassembly. 
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Figure 7.4.3 – PLS of clathrin cage disassembly with competitive adaptors 

PLS stopped flow measurement intensities of clathrin cage disassembly over time in the 
presence and absence of competitive adaptors. Errors are reported as 95% CI in grey. 
Disassembly reactions consisted of 1 μM clathrin cages, 2 mM ATP, 0.2 μM auxilin and 2 μM 
Hsc70 in Buffer C pH 7, either in the presence or absence of 0.2 μM of another adaptor (i.e., 
AP180, ARH, b2-adaptin or epsin), at 25 ºC. N=3. 

For all traces, an initial rise in PLS intensity is seen which may indicate the 
adaptors binding to clathrin cages. When a competitive adaptor is present the 

PLS intensity during the initial rise and at the end of the disassembly reaction 
is higher compared to the control reaction. Whether the higher level in PLS 
intensity is due to any leftover clathrin cages unable to disassemble because of 
the competitive adaptor, or from the presence of a competitive adaptor in the 

sample, will need to be verified. The initial maximum rate of clathrin 
disassembly can be measured from the PLS data despite the higher PLS 
intensity levels for the competitive adaptor containing experiments, by fitting a 

linear regression line against the initial downward slope of the PLS curve (see 
figure 7.4.4). Comparison of the rates of disassembly show both expected and 
conflicting results when considering the Kd measurements presented previously 

in figure 7.4.2. The initial maximum rate of clathrin disassembly in the presence 

of β2-adaptin and ARH decreased from 9.4 × 10−3 to 2.6 × 10−3 and 4.2 × 10−3 
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respectively, which is expected if β2-adaptin and ARH are affecting auxilin 

binding, as predicted by the higher Kd values. Epsin, however, caused no 
significant change (from 9.4 × 10−3 to 9 × 10−3) to the initial maximum rate of 

clathrin disassembly despite causing a higher Kd value, and AP180 caused the 
initial maximum rate of disassembly to increase from 9.4 × 10−3 to 11.6 × 10−3 

despite also increasing the Kd. This conflicting data suggests other CME 
adaptors can possibly both promote or inhibit clathrin disassembly. How CME 

adaptors switch between promoting and inhibiting clathrin disassembly could 
be due to local adaptor concentrations, and so further experiments should look 
at how CME adaptor concentrations impact the initial maximum clathrin 

disassembly rate and the Kd of auxilin clathrin interactions.  

 
Figure 7.4.4 – Competitive adaptors reduce maximum clathrin disassembly 

rate 

Fitting of linear regression lines (dashed black lines) against PLS curves for clathrin 
disassembly in the presence and absence of competitive adaptors, to determine the initial rates 
of clathrin disassembly. Comparison of determined initial rates presented as a bar chart on the 
bottom right, with error bars reported as se. Disassembly reactions consisted of 1 μM clathrin 
cages, 2 mM ATP, 0.2 μM auxilin and 2 μM Hsc70 in Buffer C pH 7, either in the presence or 
absence of 0.2 μM of another adaptor (i.e., AP180, ARH, b2-adaptin or epsin), at 25 ºC. N=3. 
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7.4.4 Stopped flow anisotropy studies 

In addition to PLS, use of stopped flow anisotropy (r) measurements is another 

possibility for determining clathrin disassembly rates, and allows visualisation 
of adaptors binding to and dissociating from clathrin cages. Characterisation of 
anisotropy with stopped flow controls for measuring clathrin disassembly was 

conducted, with results presented in figure 7.4.5. The traces obtained from 
anisotropy measurements (see figure 7.4.5 A) were consistent and produced an 
inverse sigmoidal curve. The maximum rate of auxilin dissociation was 
measured by fitting a linear regression line against the slope (see figure  

7.4.5 B), with the rate of auxilin dissociation determined to be 0.37 × 10−3 r s-1. 

In addition to measuring the maximum dissociation rate, binding of auxilin to 
clathrin cages was also captured allowing the rate of auxilin association to be 
determined also by fitting a linear regression line against the starting slope (see 

figure 7.4.5 C), with the association rate of auxilin to clathrin cages determined 
to be 1.58 r s-1. 

 
Figure 7.4.5 – Characterising anisotropy for measuring clathrin disassembly 

Characterisation of anisotropy for measuring clathrin disassembly rates and identifying timings 
of clathrin-adaptor interactions. Disassembly reactions consisted of 1 μM clathrin cages, 2 mM 
ATP, 0.2 μM auxilin and 2 μM Hsc70 in Buffer C pH 7 at 25 ºC. N=3. A) Change in anisotropy 
of AF488 SC427 auxilin over time during clathrin cage disassembly, with stopped flow 
mechanics used for sample preparation. Errors reported as 95% CI in grey. B) Fitting of a linear 
regression line (dashed black line) against the anisotropy curve (blue line) where the rate of 
clathrin cage disassembly reaches maximum. C) Fitting of a linear regression line (dashed black 
line) against the anisotropy curve (blue line) data obtained between 0 – 25 ms after sample 
injection, identifying the potential rate of auxilin binding to clathrin cages. 
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7.5 Discussion 

7.5.1 Anisotropy for studying clathrin-adaptor 
interactions 

Several key research questions have yet to be answered on the kinetics of 
clathrin-adaptor interactions and clathrin disassembly, and whether adaptors 
compete with one another for clathrin binding sites (1,118). Comparison and use 

of AF-488 labelled auxilin constructs for clathrin disassembly enabled the 
evaluation of FA as a functional method for determining equilibrium binding of 
adaptors to clathrin cages, with the AF488 labelled SC427 auxilin construct 

maintaining clathrin disassembly functionality when in the presence of clathrin 
cages, ATP and Hsc70.  

Literature on clathrin-adaptor interactions has yet to measure binding affinity 

and clathrin disassembly and assembly rates, with only the affinity of Hsc70 for 
ATP measured so far by Rothnie et al. (2011)(118). Use of FA for measuring 
equilibrium binding will thus allow the possibility of measuring the strength of 

clathrin-adaptor interactions, the rate of clathrin assembly and disassembly 
reactions, and allow competition between adaptors to be evaluated. In addition, 
the effect of adaptor mutations on binding affinity and clathrin assembly and 
disassembly rates can also now be measured and compared with WT adaptors, 

allowing the importance of residues for clathrin-adaptor interactions to be 
measured. By having more details on clathrin-adaptor interactions and adaptor 
competition for clathrin binding within the scientific literature, there will be a 

greater understanding of the mechanisms of clathrin coat assembly and 
disassembly, which will be beneficial for understanding why changes in adaptor 
protein expression levels or mutations within adaptors lead to disease states 

(see section 1.3 for examples). 
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FA was used to measure the Kd of clathrin binding to auxilin, as well as for 

determining competition between auxilin and AP180, epsin, β2-adaptin, and 

ARH, via comparison of Kd measurements. Comparison of Kd measurements 

showed AP180, epsin, β2-adaptin, and ARH reduced the strength of auxilin 

binding to clathrin cages, with AP180 having the greatest effect, indicating that 

AP180, epsin, β2-adaptin, and ARH are competitive inhibitors of clathrin-auxilin 

interactions. PLS was used to measure clathrin disassembly rates in the 
presence and absence of the competitive adaptors as an additional method of 

measuring competition between AP180, epsin, β2-adaptin, and ARH with 

auxilin, using the same adaptor concentrations used for Kd measurements. The 

results obtained from PLS, however, are not consistent with the results obtained 

from the binding assays. Although ARH and β2-adaptin caused a decrease in the 

rate of clathrin disassembly, as was expected, the rate of clathrin disassembly 
in the presence of AP180 and epsin was not reduced when compared to clathrin 

disassembly with auxilin, Hsc70 and ATP only. The effect of AP180 was the most 
surprising as AP180 caused the greatest increase in Kd but also produced an 
increase in the rate of clathrin cage disassembly. As AP180 also caused a 
significant increase in Bmax it is possible that binding of AP180 causes changes 

in clathrin cage conformation that not only causes the cage to expand, but also 
reduces the energy requirements needed for disassembly. Further investigation 
is therefore required to clarify the effects of the four competitive adaptor 

proteins on clathrin-auxilin interactions and clathrin disassembly. As the Kd 
experiments were performed on different days to the PLS experiments, 
repeating the experiments so they are performed on the same day would add 

additional reliability to the results. 

The results for β2-adaptin do however align with results from the literature, as 

both auxilin and β2-adaptin contain a clathrin box motif which binds to the 

clathrin box on the terminal. Recent papers from Smith et al. (2021)(208), 
Paraan et al. (2020)(224) and Kovtun et al. (2020)(225), have also identified 

three different binding modes of β2-adaptin to the clathrin terminal domain, 

with some causing similar changes to the terminal domain and ankle domain 
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positioning as observed in the clathrin auxilin structures developed and 
presented in chapter 5 and Fotin et al. (2004)(107), when compared to the 
clathrin hub structure developed and presented in chapter 4. In addition, the 

location of β2-adaptin in the Smith et al. and Kovtun et al. models overlap the 

positioning of auxilin in both the Fotin et al. model and the developed clathrin 
auxilin model shown in chapter 5. It is therefore expected that further analysis 

of β2-adaptin effects on clathrin disassembly will find that β2-adaptin is a 

competitive inhibitor of clathrin-auxilin interactions. 

Investigations assessing the effect of varying concentrations of the competitive 

adaptors on the rate of clathrin disassembly and the Kd of clathrin auxilin 
binding, will not only confirm the results we have seen so far, but also provide 
greater insight into competitive adaptor interactions with clathrin cages. It may 

also be beneficial to utilize FA for measuring the rates of clathrin disassembly 
in the presence of competitive to see whether using this method will provide 
results consistent with the PLS results. Although PLS allows measurements of 

initial rates of clathrin cage disassembly, the measurements also show the lag 
phase of clathrin disassembly caused by the binding of Hsc70 to clathrin, which 
is represented as an initial increase in intensity before intensity decreases as a 
consequence of clathrin disassembly. Due to Hsc70 scattering interference from 

PLS measurements, it can be difficult to determine when clathrin cage 
disassembly begins.  

Conducting stopped flow kinetics with FA could be another suitable alternative 

for measuring the disassembly rate of clathrin cages, as FA will only measure 
labelled auxilin binding to clathrin. A decrease in FA will therefore show 
dissociation of auxilin from clathrin as clathrin cages are disassembled. The rate 

of clathrin disassembly determined by FA compared with the initial rate of 
clathrin disassembly measured by PLS were very similar, measuring  
2 × 10−3 s-1 and 2.4 × 10−3 s-1 respectively. In addition, the FA measurements 

produced a sigmoidal curve as opposed to the exponential decay curve produced 

from PLS measurements, allowing a more accurate measurement of the 
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disassembly rate to be acquired by using linear regression on the FA sigmoidal 
curve slope. On top of the benefits of FA stopped flow kinetic measurements for 
clathrin disassembly, FA was also able to identify the rate of auxilin binding to 

clathrin cages. Being able to visualise the binding of adaptor proteins to clathrin 
cages would be beneficial for understanding mechanisms of action, as it would 
allow determination of the order and speed of adaptor protein binding to clathrin 

cages. 

7.5.2 Study limitations 

Despite successfully developing a FA method for measuring the Kd of  

clathrin-adaptor interactions and clathrin disassembly rates, limitations of the 
study will have impacted the overall result. Details of the study limitations and 
their potential solutions are discussed below. 

7.5.2.1 Fluorescent labelling 

Labelling adaptor proteins so that only one fluorescent probe is attached per 
protein molecule provides one of the greater challenges and limitations of the 
FA project. Not only does the fluorophore need to be bright so that it can be 

detected, but the fluorophore also needs to have a fluorescence lifetime long 
enough to allow changes in FA to be measured (251). These requirements 
therefore caused a limitation on what fluorophores could be used; the chosen 

fluorophore was AF488 C5-maleimide which has a fluorescence lifetime of 4.1 ns 
and an excitation and emission max of 494 nm and 520 nm respectively 
(252,253). Other maleimide fluorescent probes that could have been used that 

also fit the criteria included AF555 C2-maleimide with a fluorescence lifetime of 
4 ns and an excitation and emission max of 554 nm and 570 nm respectively 
(253,254), Fluorescein-5-maleimide with a fluorescence lifetime of 4 ns and an 
excitation and emission max of 495 nm and 517 nm respectively (253,255), 

BODIPY® TMR C5-maleimide with a fluorescence lifetime of 5.4 ns and an 
excitation and emission max of 544 nm and 570 nm respectively (253,256). 
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AF488 was used over the other fluorescent probes due to its substantial 
difference in the excitation and emission max. It would be interesting to see if 
the type of fluorescent probe used had an impact on clathrin-adaptor interaction 

measurements, due to the different sizes and chemistry of the fluorescent probes 
(252,254–256). An experiment comparing the Kd or clathrin disassembly rate 
measurements of mixtures containing AF488 labelled adaptors with 

Fluorescein, AF546, and BODIPY TMR labelled adaptors would also be 
beneficial for determining whether other probes would be more suitable for 
future FA experiments. 

In addition to the limitations regarding the types of fluorescent probes available, 
the labelling of adaptors could also impact the study due to the need for cysteine 
to serine mutations within the adaptor protein. Mutations to adaptor protein 

can have an impact on their structure and functionality, which can be further 
impaired upon labelling with a fluorescent probe (251). This can be observed in 
figure 7.3.4 C, where the SC835 auxilin mutant was found to have reduced 

clathrin disassembly functionality upon labelling, suggesting the fluorescent 
label inhibited and weakened the binding of auxilin to clathrin cages. The 
reduction in disassembly rate with SC835 auxilin also highlights auxilin residue 

835 as important for clathrin or Hsc70 binding. Understanding the structure of 
the adaptor proteins and the location of key clathrin interaction sequences will 
be beneficial for aiding the decision of where mutations should be placed within 

adaptors, however, several versions of single cysteine adaptor mutants will still 
need to be created and compared before the reliability of FA clathrin-adaptor 
interaction measurements can be justified (251). 

7.5.2.2 Limited library of adaptor constructs 

Due to the success of using FA for measuring clathrin-auxilin interactions and 

adaptor competition, it would be advantageous to develop constructs of all 
clathrin interacting adaptor proteins in their WT state and with different 
cysteine mutations so additional clathrin interaction studies using FA can be 



 

 189 

performed. To develop the adaptor library 33 adaptors would need to be cloned 
by reverse transcriptase polymerase chain reaction (PCR), as the adaptors are 
produced from post-spliced mRNA within eukaryotic cell, which is mRNA that 

has had the intron sequences removed. The PCR template would therefore need 
to be developed by reverse transcription of mRNA, which produces a 
complementary DNA strand. The PCR product would then need to be inserted 

into a suitable vector so that the protein can be expressed upon transformation 
into E. coli cells. Mutagenesis of each construct would then be required to 
remove each cysteine from the construct and add a single cysteine into the 

desired location, with some adaptors having more than 10 cysteines within their 
structure.  

On top of the PCR and mutagenesis, testing of protein overexpression, protein 

purification optimisation, and functionality testing of each construct would also 
need to be conducted before clathrin interaction studies using FA could be 
performed. This work falls outside of the scope/remit of this thesis and will need 

to be completed by another funded researcher in the future if further 
investigation of clathrin-adaptor interactions with FA is desired. 

7.5.3 Conclusion 

Development and use of FA has provided greater insight of clathrin-adaptor 
interactions and competition between adaptors, by enabling the measurement 
of Kd of adaptor binding to clathrin cages, as well as the effect of adaptors on the 

rate of clathrin disassembly. We have identified β2-adaptin and ARH as 

potential competitive inhibitors of clathrin-auxilin interactions and clathrin 

disassembly, suggesting their interactions with clathrin overlap with auxilin’s 

interactions with clathrin. The competitive nature of β2-adaptin can be seen 

from recent literature produced by Smith et al. (2021)(208), Paraan et al. 
(2020)(224) and Kovtun et al. (2020)(225), where they show that the binding 

location of β2-adaptin overlaps with the auxilin binding site identified by the 
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new clathrin auxilin hub model in chapter 5 and the Fotin et al. (2004)(107) 
clathrin auxilin cage model.   

We also identified AP180 and epsin as competitive inhibitors of clathrin-auxilin 

interactions but not clathrin disassembly rates, suggesting further 
experimentation is required to confirm whether AP180 and epsin are indeed 
competitive inhibitors. If results of further experiments produce the same 

results, it is possible that AP180 and epsin occupy some binding sites on clathrin 
cages that overlap with auxilin binding sites, but the overlap is not sufficient to 
prevent auxilin binding thereby inhibit clathrin cage disassembly. Overall, 

results produced from FA of clathrin-adaptor interactions not only shed light on 
the strength of adaptor binding, but also the relationship between and 
mechanisms of action for different adaptor proteins. 
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Chapter 8:   

Overall Conclusions 

 

 

 
 
 

 

 

 

 
 
 
 
 

Chapter Overview 

The final chapter of this thesis will summarise and discuss the impact of the 
project outcomes and suggest further research opportunities that can be 
conducted. 
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8.1 Overview 

The current understanding of clathrin-adaptor interactions is limited to  
low-resolution cryo-EM structures and crystal structures of the clathrin 
terminal domain with bound peptides derived from adaptor proteins, despite the 

wealth of data on the role of adaptor proteins within endocytosis. There are also 
still many questions with regards to how multiple adaptor proteins interact and 
bind to clathrin cages to enable controlled clathrin coat assembly and 

disassembly. This project aimed to gain a greater understanding of how adaptor 
proteins interact with clathrin, and the impact these interactions have clathrin 
cage disassembly.  

The initial focus was placed on using cryo-EM to determine the structure of a 
clathrin cage hub with no adaptor proteins bound and terminal domains 
resolved, providing new insights into clathrin-clathrin interactions between the 

terminal domain and ankle region in the absence of adaptor proteins. This was 
followed by cryo-EM of clathrin cages with auxilin bound to acquire higher 
resolution details on auxilin binding to clathrin cages, which revealed a more 

complex and varied mode of binding in comparison to the Fotin et al. (2004)(107) 
structure. Finally, effects of clathrin-adaptor interactions on clathrin 
disassembly were further analysed using fluorescence anisotropy (FA), 

providing insights into adaptor competition for clathrin binding. In this chapter 
the implications of cryo-EM and FA analysis results will be discussed, including 
whether the questions and aims outlined in chapter 1.6 were achieved, how the 

results impact the current understanding of the CME process, and what further 
research could be conducted considering the results.  
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8.2 Impact of Research 

8.2.1 Updating the model for clathrin disassembly  

The variable orientation of the auxilin J-domain when bound to clathrin cages, 

the changes in terminal domain position caused by auxilin binding, and the 
possible interactions between auxilin and CLC’s, provide additional clues into 
how the clathrin uncoating reaction may occur. As previously discussed in 

section 1.2.4, there are two main proposed models for clathrin coat disassembly 
called the steric wedge/Brownian ratchet model and the entropic pulling 
model/collision pressure (1). In the steric wedge/Brownian ratchet model, 
binding of auxilin and Hsc70 on the inner face of the clathrin coat increases the 

excluded volume below clathrin coat vertices, producing a strained clathrin coat 
conformation (107,123). Upon ATP hydrolysis, Hsc70’s Brownian motion will 
increase causing collisions with the clathrin coat to further weaken clathrin-

clathrin interactions (79,107,123). As chapter 5 showed that binding of auxilin 
caused the terminal domains to shift and link together through auxilin 
interactions, and Hsc70 likely binds in the space between the terminal domains 

and the QLMLT motif in the trimerisation domains, it is unlikely that binding 
of Hsc70 increases the excluded volume under the clathrin vertices to a point 
that strains clathrin-clathrin interactions. Further evidence against the steric 

wedge/Brownian ratchet model is provided by Sousa et al. (2016)(79), where 
they showed persistence of clathrin disassembly even when Hsc70 has been 
displaced to relieve direct steric clashes. It is still possible however for Brownian 

motion to weaken clathrin-clathrin interactions, as the Hsc70 would be trapped 
in the space between the terminal domains and clathrin vertices, thereby 
increasing the possibility of Hsc70 collisions with clathrin. 

In the entropic pulling/collision pressure model ATP hydrolysis by Hsc70 
dissociates auxilin from clathrin and tightens Hsc70 binding to clathrin, which 
in turn restricts Hsc70 movement (127–129). Now that Hsc70 is bound to the 
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unstructured and flexible clathrin C-terminus, it can move away from clathrin 
vertices to increase entropy and freedom of movement, creating a directional 
force that  pulls on the clathrin carboxy domain to break clathrin proximal-distal 

interactions (127–129). The likely positioning of Hsc70 under the clathrin 
vertices as observed in figure 5.6.1 D, provides support for the entropic 
pulling/collision pressure model. Additional evidence from Sousa et al. 
(2016)(79) shows Hsc70 binding increases the rigidity of cages and increases the 
likelihood of cages experiencing catastrophic deformations. Figure 8.2.1 
developed by Sousa et al., demonstrates the steps of the entropic 

pulling/collision pressure model for clathrin coat disassembly. 

 
Figure 8.2.1 – Entropic pulling/collision pressure model 

The entropic pulling/collision pressure model developed by Sousa et al. (2016)(79). 1) Auxilin 
loads Hsc70 onto the clathrin QLMLT motif where there are strong entropic pulling and pushing 
forces. 1b) If clathrin resists the forces, then more Hsc70 will be loaded by auxilin. 2) Hsc70 
collides with and repels against the clathrin cage, causing Hsc70 to move away from the clathrin 
cage in order to increase entropy, pulling the clathrin c-terminus in the process. Movement 
however will stall with increasing distance due to reduced collisions and forces. 3) Hsp110 
removes Hsc70 from clathrin, allowing auxilin to load another Hsc70 closer to the clathrin cage 
vertex so that the cycle can repeat until the cage disassembles. Reprinted by permission from 
Springer Nature: Nature Structural and Molecular Biology. Sousa R, Liao HS, Cuéllar J, Jin S, 
Valpuesta JM, Jin AJ, Lafer EM. Clathrin-coat disassembly illuminates the mechanisms of 
Hsp70 force generation. Nat Struct Mol Biol. 2016;23(9):821–9. DOI: 10.1038/nsmb.3272 (79). 
Copyright licence number: 5193050468761. 
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The initial stage of the model, however, is likely to be more complex than the 
model shown in figures 1.2.3 and 8.2.1 as CLCs are likely to play a role in the 
uncoating reaction. The presence of potential clathrin-auxilin interactions 

observed in chapter 5, and the results from published literature showing a 
reduction in the rate of clathrin disassembly when CLC’s are missing (41,125), 
suggests CLC’s play an important role in the clathrin disassembly process that 

has yet to be identified. A new model hypothesis of the entropic pulling model 
has therefore been developed suggesting how CLC’s could be involved within the 
clathrin disassembly process if CLC’s do interact with auxilin via the CLC  

N-terminus. 

The schematic of the entropic pulling model hypothesis is presented in figure 
8.2.2. In this model, binding of auxilin to clathrin cages causes changes in 

clathrin cage structure to increase cage stability, including rotation and binding 
of the terminal domains via auxilin interactions to provide space underneath 
clathrin vertices for Hsc70 binding, and binding of the CLC to the CHC ankle 

region caused by auxilin interactions to further increase cage stability. Binding 
of ATP bound Hsc70 to auxilin may cause auxilin to pull on the CLC if 
interactions do indeed occur between them, thereby breaking CLC and CHC 

interactions. ATP hydrolysis by Hsc70 then leads to binding of Hsc70 to the 
QLMLT motif in the clathrin trimerisation domain, and dissociation of auxilin 
from the clathrin coat and Hsc70. Dissociation of auxilin from the complex will 

provide more space for Hsc70 under the clathrin vertex, promoting entropic 
pulling of the clathrin C terminus via Hsc70. ATP hydrolysis also causes a 
change in Hsc70 conformation that causes pulling of the CHC trimerisation 

domain via entropic pulling, reducing the stability of the clathrin cage leading 
to coat disassembly. Further investigations looking into CLC and auxilin 
interactions and their effect on clathrin disassembly are required to further 
validate the proposed model, of which will be discussed in section 8.4.2. 
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Figure 8.2.2 – Proposed model for initial clathrin uncoating steps 

Schematic of proposed model for the initial clathrin uncoating steps developed from the chapter 
5 results and published literature on the entropic pulling/collision pressure model (1,127–129). 
Diagram is not to scale. 

8.2.2 CME adaptors are competitive by nature 

The presence of competition between different adaptor proteins suggests 

regulation of adaptor protein concentrations at sites of CME may be vital for 
ensuring a functional CME process. Several disease states are associated with 
changes in CME adaptor protein expression levels. Parkinson’s disease models 
show a reduction in auxilin expression levels produce Parkinson’s disease 

symptoms (136). A depletion of PICALM in the brain has been found to reduce 
levels of intracellular amyloid precursor protein, which could be beneficial for 
slowing or preventing Alzheimer’s disease (141). In addition to neurological 

diseases, overexpression of HIP1 and epsin, and loss of Dab2 is associated with 
a variety of cancers (257). 

As competitive inhibition of clathrin disassembly was observed in chapter 7, and 

changes in adaptor protein expression levels lead to disease states, it is likely 
that regulation of adaptor protein expression and local concentrations during 
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CME causes shifts in the adaptor protein equilibrium to enable different stages 
of CME to occur. The shift in adaptor protein concentrations could prevent 
clathrin coats from assembling or disassembling by blocking the binding of 

adaptor proteins required for the next CME stage, thereby preventing the 
import of proteins and molecules into cells. As interactions between auxilin, 
clathrin and Hsc70 are vital for clathrin disassembly to occur, as indicated in 

figure 8.2.2, binding of competitive adaptors to clathrin could prevent auxilin 
and hsc70 from establishing the necessary interactions with clathrin required 
for disassembly to take place. In addition, binding of adaptors like AP180 for 

instance which increase the Kd of auxilin binding to clathrin but also increase 
the rate of disassembly, could cause changes in the structure of clathrin coats to 
aid the disassembly process, possibly by reducing clathrin-clathrin interactions.  

Further experiments assessing how adaptors interact with clathrin and the 
level of competition between adaptors, will enable a greater understanding of 
the effects of altered adaptor expression levels within cells.  
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8.3 Future Research Prospects 

The outputs of the project have not only enhanced the understanding of the 
CME process but have also created additional questions and hypotheses. 
Possible further research prospects will now be discussed. 

8.3.1 Further clathrin adaptor complex structures 

After successfully producing maps and models of clathrin auxilin complexes that 

revealed different modes of auxilin binding and provided further information on 
auxilin effects on clathrin conformation and clathrin-clathrin interactions, it 
would be beneficial to produce other clathrin adaptor complex structures using 
cryo-EM to gain insights into how other adaptors bind to clathrin and the effects 

they have on clathrin structure. To date, only structures of the clathrin auxilin 

complex and the clathrin β2-adaptin structure have been produced to a high 

enough resolution to accurately determine the location and modes of adaptor 
binding (107,208,224,225), with the mode of Hsc70 binding in the clathrin 

auxilin Hsc70 complex still under debate (123,258). It would therefore not only 
be beneficial to produce cryo-EM maps of clathrin auxilin Hsc70 complexes, but 
also of clathrin complexed with other known clathrin interacting adaptors such 

as epsin, AP180, Dab2, ARH, β-arrestin, OCRL1, amphiphysin, CALM, GAK, 

Hip1, Hip1R, AAK1, Hrb, connecdenn, and Ack (20). In addition, it would also 

be beneficial to acquire structures of clathrin complexes with multiple adaptors 
bound to simulate the structure of clathrin at different stages of CME, which 
would provide further structural insight into CME mechanisms and how 

adaptors may work together to either assemble or disassemble clathrin coats. 

8.3.2 Assessing interactions between auxilin and CLC 

The possibility of CLC N-terminal interactions with auxilin warrants additional 

investigation, particularly due to mounting evidence suggesting CLC auxilin 
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interactions impact the uncoating and stability of clathrin coats. By performing 
GST pull down experiments of CLC N-terminal mutants with GST-labelled 
auxilin, and CLC with GST-labelled auxilin J-domain mutants, the location of 

residues important for auxilin CLC interactions can be identified. As binding of 
CLC to labelled auxilin will likely produce minimal differences in FA due to the 
small size of CLCs in comparison to clathrin cages, isothermal titration 

calorimetry could be used instead to obtain accurate measurements of Kd, 
reaction stoichiometry, enthalpy and entropy (248). In addition to measuring 
binding interactions between CLC and auxilin, if clathrin cages can be 

developed that have mutant CLCs bound FA can be conducted to measure the 
effects of mutations in auxilin and CLCs to verify which interactions are 
valuable for clathrin coat stability and uncoating reactions.  

8.3.3 Anisotropy for assessing competition and 
interactions 

Further studies of clathrin-adaptor interactions are needed to fully understand 
the kinetics of clathrin-adaptor interactions and the level of competition 
between adaptor proteins. This would require the development of a library of 
adaptor proteins using PCR, with both WT and cysteine mutant versions of the 

adaptors for use in FA. By using FA, the Kd for clathrin adaptor binding could 
be measured for all clathrin interacting proteins including auxilin, hsc70, epsin, 

AP180, β2-adaptin, Dab2, ARH, β-arrestin, OCRL1, amphiphysin, CALM, GAK, 

Hip1, Hip1R, AAK1, Hrb, connecdenn, and Ack (20). By using combinations of 

adaptors of varying quantities, the competitiveness between adaptor proteins 
and the effects of competition on clathrin assembly and disassembly can be 
determined. In addition, by inserting point mutations into adaptor protein 

constructs it will be possible to measure the importance of adaptor protein 
residues for clathrin binding, as well as the importance of adaptor protein 
residues for adaptor mechanisms of action. By uncovering information of 
adaptor protein competition and interactions, a greater insight into the role of 
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adaptor proteins in CME and how adaptors cause or contribute to clathrin coat 
assembly and disassembly will be obtained. This will be invaluable information 
for understanding why changes in adaptor protein expression levels in different 

disease states, like Alzheimer’s and Parkinson’s disease, lead to a disruption of 
CME in cells and may also pave the way for the development of new treatments 
for these diseases. 

8.3.4 Production of clathrin cages from E. coli 

Although native full length clathrin triskelia can be obtained from source  
(i.e., pig brains), it is not possible to acquire mutants of clathrin using this 

method. To further analyse clathrin-adaptor and clathrin-clathrin interactions, 
it would be beneficial to obtain plasmids of CHC and CLCb that can be expressed 
and purified from E. coli to form clathrin cages. A previous study by Rapoport 

et al. (2008)(122) successfully expressed full length CHC and CLCb in insect 
cells, however, due to the large CHC gene size, studies using E. coli for 
expression have so far only expressed partial length versions of CHC (156,259). 

By generating plasmids that can successfully express functional CHC and CLCb 
in E. coli, it will be possible to generate mutants of clathrin to allow the 
importance of specific clathrin residues for both clathrin-clathrin and clathrin-

adaptor interactions to be measured. Assessment of the impact of mutations 
could be conducted by measuring clathrin assembly and/or disassembly rate 
using FA or PLS analysis, Kd measurements using FA analysis, and cage 

structure using negative staining and cryo-EM or cryo-ET analysis. By locating 
the key residues important for clathrin-adaptor interactions and clathrin-
clathrin interactions, the residues can be aligned with structural data to shed 

light on how adaptor proteins bind to clathrin cages.  
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8.4 Final Remarks 

Overall, structures of the clathrin cage complex and the clathrin auxilin complex 
have been successfully produced which not only validate previous studies, but 
also provide information on how auxilin interacts with clathrin during clathrin 

disassembly, enabling further development of the entropic pulling model for 
clathrin coat disassembly. The FA technique has been developed and assessed 
as a suitable method for measuring clathrin-adaptor interactions and clathrin 

disassembly rates, which enabled competition between adaptor proteins auxilin, 

AP180, epsin, ARH and β2-adaptin to be identified. These results have opened 

new opportunities for further research including the potential for other clathrin 
adaptor structures, and the identification of key residues for clathrin-adaptor 
interactions using FA, which will be of benefit for understanding adaptor 

protein mechanisms of action during CME, and how mutations and change in 
expression levels cause or contribute to disease states. 
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