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ABSTRACT 

 

Cancer cells are known to exhibit a phenomenon typically known as centrosome 

amplification (CA), which is responsible for multipolar spindle formation during 

mitosis. This severely impairs cytokinesis and could hence prove fatal to the cells. 

However, in these cancer cells, a specific microtubule-associated motor protein 

KIFC1 (also known as HSET) which has the ability to cluster centrosomes is 

overexpressed, thereby resolving the spindle multipolarity and facilitating bipolar 

mitosis. Recent studies have revealed that HSET knock-down renders the CA-

positive cancer cells non-viable, while having no effect on the viability of non-

cancerous cells. This specificity makes HSET an attractive target for anti-cancer 

drug discovery. 

HSET is a minus-end directed motor and a member of the kinesin-14A family. It 

has a N-terminal cargo-binding domain followed by a long coiled coil stalk 

connected to a C-terminal catalytic motor domain. While a crystal structure of the 

motor domain of HSET bound to ADP has been reported, the inherent flexibility 

of the coiled coil and cargo-binding domains has rendered crystallization attempts 

of the full-length protein unsuccessful. Thus, little is known about the global 

structural changes that result from the communication between the three 

domains of HSET.  

My aim is to determine a full-length structure of HSET in its Apo and ADP-bound 

forms using cryo electron microscopy combined with complementary biophysical 

characterization. Here I report 3D reconstructions of the Apo- and ADP-bound 

full-length HSET at a resolution of 20 Å using negative stain EM. An ADP-HSET 

structure was determined at a resolution of 8.5 Å by cryo EM using a Volta Phase 

Plate. The maps provide the first structural insight into the HSET homodimer and 

show the motor domains in an asymmetric arrangement with respect to the coiled 

coil stalk. The maps highlight two unique conformations of Apo-HSET and a 

single conformer of HSET in its ADP-bound form. 
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1. INTRODUCTION 

 

1.1 The Puzzle of Intracellular Movement 

Perhaps one of the most intriguing puzzles in the field of cell biology was centred 

around the phenomenon of movement inside a cell, i.e.  intracellular motility. In a 

review from 1976, MA Bisby stated that the very geometry of a nerve cell makes 

it susceptible to problems in communication, maintenance, and distribution of 

materials (Bisby 1976). In 1975, the process that achieves these tasks- was first 

shown to involve particle movement towards the synapse as well as towards the 

cell body (Sjostrand and Frizell 1975). Over the next 20 years, this process was 

further investigated by employing radio-labelled macromolecules and crushed 

nerve endings (Droz, Koenig et al. 1973).  

1.1.1 ATPases- The Mode of Transport 

By the early 1980s, it was successfully established that large membranous 

organelles and vesicles exhibited saltatory motion with average velocities of a 

few hundred millimetres/day, not affected by any electrical activity in the cell 

(Grafstein and Forman 1980). In 1982, with the advent of the video-enhanced 

Contrast - differential interference-contrast (AVEC-DIC) microscopy, Robert T. 

Allen’s team managed to gain a visual understanding of the process in the giant 

axon of a squid (Allen, Metuzals et al. 1982). They reported a variety of particles, 

moving in one of the two possible directions within the axon, at a range of average 

velocities that increased with decreasing size of the particles. The axonal 

transport of smaller particles (30-50 nm) that comprised small vesicles and dense 

membranous bodies, seemed to be a continuous process that reached speeds 

of up to 5 µm/s, in contrast to the slow, intermittent transport of medium-sized 

(0.2-0.6 µm) and large particles (0.8-5 µm) such as mitochondria. 

Further exploration of the mechanism behind these movements required 

either a change in ionic conditions or the introduction of chemical agents into the 

cytoplasm, both of which were prevented by the presence of a plasma 
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membrane. Future studies sought to eliminate this obstacle either by working on 

the extruded axoplasm (Brady, Lasek et al. 1982) or by permeabilising the plasma 

membrane with detergents (Forman, Brown et al. 1983). In one such 

permeabilization experiment with the detergent saponin, David Forman’s team 

observed a loss in axonal transport, which could subsequently be revived by the 

addition of 1mM ATP. This rescue was also observed with other nucleotides. 

However, titration studies showed a significantly lower requirement for ATP when 

compared to the other nucleotides, thus providing the first evidence that fast 

axonal transport is ATP-dependent. Forman confirmed these results by inhibiting 

axonal transport using vanadate, a known ATPase inhibitor. The rapid and 

reversible nature of the inhibition by vanadate was characteristic of a dynein or a 

dynein-like ATPase (Forman, Brown et al. 1983). 

 

1.1.2 Microtubules- The Road for Transport 

Although most studies focussed on the mode of intracellular transport, certain 

studies decided to take an alternative approach and focus on the road of transport 

instead. By 1985 it was well known that the vesicles were transported on 

cytoskeletal filaments (Schliwa 1984). While endeavouring to determine the exact 

nature of the filaments, BJ Schnapp noted that two vesicles transported in 

opposite directions on the same path crossed each other without colliding. This 

could only be possible, he reasoned, if there were several tracks longitudinal to 

each other around the circumference of the filament, i.e., a complex of several 

units. Using AVEC-DIC microscopy on the extruded axoplasm of a squid, he was 

able to determine the diameter of the filaments as approximately 20-27 nm. 

Substructures of the filament showed a linear array of subunits with a repeat 

every 5.5 nm in a row and up to 3 nm between rows. Furthermore, replicated 

transport filaments appeared splayed or split at the ends, which on further 

investigation revealed regular oblique striations on the inner surface, 4 nm apart. 

All these observations were indicative of microtubules (MTs). He confirmed this 

by an immunofluorescence assay using an anti-a tubulin antibody, which was 

found to bind a protein that co-migrated with a-tubulin on an SDS polyacrylamide 
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gel. Thus, it was ascertained that the fast axonal transport of vesicles is achieved 

by a force-generating dynein/dynein-like translocator on MTs. Another important 

observation that Schnapps made was that the protofilaments of the MTs have the 

same directionality. Hence, the direction of transport must be determined by the 

vesicle or the translocator itself (Schnapp, Vale et al. 1985). 

 

1.1.3 The Translocators: Captured and Christened 

Using this knowledge, Ronald D. Vale made a breakthrough in the field by 

developing a strategy to purify the translocator in question from squid optic lobes 

and a bovine brain. He adopted an affinity-based approach, whereby the protein 

co-sedimented with MTs. The translocator migrated in two bands- a larger 110-

120 kDa heavy chain and a smaller 60-62 kDa light chain. Subsequent size 

exclusion chromatography showed a peak corresponding to an object of 

approximately 600 kDa, suggesting that the translocator was a multimeric protein 

composed of the heavy and light chain subunits (Vale, Reese et al. 1985). A few 

years later, the translocator was confirmed to be dimeric complex by a 

sedimentation equilibrium experiment (Kuznetsov, Vaisberg et al. 1988). 

Furthermore, the purification had been carried out in the presence of a non-

hydrolysable ATP analog-AMPPNP, as the binding to MTs was lost upon adding 

ATP. This behaviour was the opposite to what would be expected from a dynein. 

Combining this with the clear difference between the molecular weight of the 

protein complex and that of dynein, Vale proposed that this was indeed an entirely 

new class of ATPase translocators. He coined the term “kinesin” for the protein, 

from the Greek “kine” meaning movement. His work set the precedent for the 

isolation of kinesins from different organisms and opened the door to the 

biochemical exploration of the translocation process (Vale, Reese et al. 1985). 

Vale had also performed two types of motility experiments on the purified 

kinesin in the presence of ATP. In one of these, the kinesin was immobilised onto 

glass coverslips and brought about the movement of MTs over the surface of the 

coverslip. The other involved adsorbing kinesins onto carboxylated latex beads 
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and demonstrated the unidirectional movement of these beads on immobilised 

MTs, opposite to the movement of MTs in the previous experiment. Based on 

these observations, Vale’s team reported that kinesin molecules successfully 

hydrolysed ATP to in the presence of MTs, despite showing basal levels of 

ATPase activity on their own. This result sparked a series of studies exploring the 

kinetics of kinesin's ATP hydrolysis reaction, which served as the first attempts at 

modelling the movement of the protein. Kuznetsov and Gelfand, for instance, 

confirmed that microtubule-binding stimulated the ATPase activity of the kinesin 

by a nearly sixty-fold increase, compared to basal activity levels (Kuznetsov and 

Gelfand 1986). Further kinetic studies undertaken by David Hackney in 1988 to 

dissect the steps of kinesin’s ATPase reaction reported that the purified kinesin 

fractions showed a near absence of ATPase activity at low concentrations of ATP. 

Additionally, the binding constant of the kinesin-ADP complex was found to be 

less than 5 nM, which was greater than the affinity constant for ATP by a factor 

of two. Taken together, these two observations led Hackney to propose that 

purified kinesin might exist in the ADP-bound state and thus, ADP release could 

be the rate-limiting step of kinesin’s ATPase reaction (Hackney 1988). This 

hypothesis was proven experimentally by a luciferase reporter assay that 

colorimetrically tested the presence of ATP in the purified extracts as well as a 

centrifugation-gel permeation chromatography to separate the free nucleotides 

from those that were bound to kinesin. In this manner, another step of the 

kinesin’s mechanochemistry had been uncovered- the existence of bound ADP 

which inhibited its ATPase activity at lower concentrations of ATP and the 

absence of MTs. 

 

1.1.4 The first look at the shape of kinesins 

Vale's strategy of extracting and purifying kinesin from the cell opened the door 

to the first studies to visualise the structure of kinesin translocators, reported by 

Linda A. Amos in 1987. She managed to purify a kinesin from a pig’s brain using 

Vale's protocol and imaged it in detail by negative staining electron microscopy. 

The protein appeared to be shaped like a flexible rod of about 100 nm in length, 
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with a diameter of 2-4 nm. One end of the rod had a tiny fork that was shown to 

bind MTs in the presence of AMP-PNP, while the other end was large and 

branched, to bind organelles or vesicles (Amos 1987). 

Further insight into the domain architecture of kinesin was obtained a year 

later, when Joy T. Yang successfully isolated the gene coding for the kinesin 

heavy chain (KHC) in Drosophila. Using an in vitro translation system, Yang’s 

team managed to synthesize the heavy chain peptide which had the same 

nucleotide-dependent microtubule binding ability as the intact kinesin 

complex. This observation suggested that the nucleotide and microtubule binding 

sites were located in the heavy chain. They then proceeded to locate these sites 

through proteolytic experiments. Changes in conformation produced by the ATP 

and microtubule binding events exposed different parts of the kinesin heavy chain 

to proteolysis, resulting in fragments of different sizes. Yang's team studied these 

fragments and were able to narrow down the binding sites to a 50 kDa domain 

near the amino terminal of the heavy chain (Yang, Saxton et al. 1988). 

 

 

 

Figure 1.1 Domain Architecture of Kinesin Heavy Chain 

Schematic showing the domains of the kinesin heavy chain and the locations of the binding sites 

based on experiments performed by Amos, L.A., 1987 and Yang, J.T. et al., 1988. 

 

In conjunction with the sequence analysis and the electron microscopy performed 

by Amos, Yang's team delineated the entire primary structure of the kinesin heavy 

chain, as shown in fig 1.1. The chain consisted of a small globular N-terminal 

head domain of around 60 kDa that contained the ATP and microtubule binding 
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sites. Extending from the head was a 50-60 kDa alpha-helical stalk domain (fig 

1.1) with a length of 56 nm, which fell well within the 50-70 nm range that had 

been measured by electron microscopy (Amos 1987). The alpha-helix was 

proposed to dimerize into a coiled coil configuration with the adjacent subunit to 

form the complex. The presence of proline and glycine residues towards the 

centre of the stalk made the region a flexible hinge, corroborating the findings of 

Amos in 1987. C-terminal to the stalk, the kinesin has a small 45 kDa tail domain 

at the C-terminal (fig 1.1), that was said to interact with the light chain to form 

branched structures that would hold vesicles that the protein was transporting 

(Yang, Laymon et al. 1989). Thus, in just a decade since its discovery, the 

translocator responsible for fast axonal transport had been isolated and its 

domain architecture had been characterized. 
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1.2 A Family of Kinesins- Where There’s One, There’s Many 
More 

By the end of the 1980s, most of the studies on kinesins narrowed down to 

dissecting the mechanism of action of the KHC. However, these left many 

unanswered questions about the function of kinesins. When Linda Amos imaged 

porcine kinesin in 1987, she reported the existence of several cross-links 

between two MTs, suggesting that both ends of the protein bound to MTs (Amos 

1987). This ability of kinesins to cross-link MTs had also been noticed by Ronald 

Vale a couple years earlier (Vale, Reese et al. 1985). Furthermore, Amos noticed 

that the cross-bridges differed in size, but the physiological relevance of these 

structures could not be ascertained. Interestingly, a plethora of similar cross-

bridges had been observed five years earlier, before the first sighting of kinesins, 

in Nobutaka Hirokawa's electron micrographs (Hirokawa 1982). Evidently, the 

presence of a single type of kinesin couldn't justify the multiple cross-bridges that 

were observed. This demonstrated that intracellular transport is indeed highly 

sophisticated and indicated the potential existence of an entire family of kinesins 

within the cell. The search for the various sub-types of kinesins would create a 

branch of its own in the field of kinesin research. 

1.2.1 A seemingly limitless display of diversity 

The first two variants of kinesin were discovered in sea-urchin oocytes by two 

independent teams. Jonathan Scholey’s team had managed to isolate a 134 kDa 

translocator whose behaviour during gel filtration, vanadate-mediated inhibition 

assays and in vitro motility assays were strikingly similar to that of the 110 kDa 

squid kinesin (Dinenberg, McIntosh et al. 1986). In addition, immuno-blotting 

experiments indicated that the anti-110 kDa antibodies recognised the 134 kDa 

protein, and the converse was true as well. All the evidence led Scholey's team 

to conclude that this translocator was indeed a kinesin. However, an 

immunoperoxidase-stained light microscopy experiment showed that the kinesins 

localized in the nucleus and bound to mitotic spindles. They concluded that this 

kinesin could be involved either in translocating chromosomes, moving proteins 

to and from the chromosomes, or sliding the mitotic spindles over each other. A 
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year later, Christine Collins and Richard Vallee discovered another type of kinesin 

in sea-urchin oocytes using sucrose gradient co-sedimentation studies. Apart 

from the presence of dynein and Scholey's kinesin, the sedimentation profile 

showed a peak corresponding to 10S, that increased sharply upon the addition 

of MTs. This protein showed an ATP dependence and yet was not inhibited by 

vanadate. Moreover, it remained bound to MTs despite the addition of ATP, 

indicating the existence of both ATP-dependent and independent modes of 

binding to MTs (Collins and Vallee 1986). 

The advent of molecular genetics brought along a new method to identify 

potential kinesin family members by the complementation of mutant phenotypes 

that were observed in different organisms (Hartwell and Weinert 1989, O'Farrell, 

Edgar et al. 1989). In 1990, Annmarie Enos and Ronald Morris isolated a mutant 

strain of A. nidulans which was unable to carry out spindle-pole body 

segmentation and nuclear division. This was caused by a mutation in the bimC4 

gene, which encodes a protein with a sequence of 400 amino acids from the N-

terminus that show an identity of 42% to KHC. Although the central domain of 

bimC4 was predicted to be alpha-helical, the absence of a heptad repeat implied 

that it wasn't a coiled coil. Considering the homology between the motor domain 

sequences and the absence of any similarity in the rest of the protein, Enos and 

Morris concluded that bimC4 could represent a sub-family of structurally different 

kinesins that slide mitotic spindles over each other (Enos and Morris 1990). In the 

same year, a mutation that disrupted nuclear division and delayed doubling of S. 

cerevisiae was mapped to the kar3 gene by Pamela Meluh and Mark Rose. The 

Kar3 protein contained a C-terminal motor domain with 62% homology to KHC, 

contrary to the N-terminal motor of bimC4. In addition, Kar3 showed heptad 

repeats indicating a coiled coil structure for its central domain and had yet another 

unique cargo-binding domain that was shown to bind MTs, independent of ATP 

(Meluh and Rose 1990). 
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1.2.2 Initial attempts at kinesin classification 

The first attempts at a kinesin classification system came from PCR screens of 

the Drosophila genome by two independent teams. Although incomplete, the two 

screens collectively managed to isolate 11 genes coding for unique kinesin-like 

proteins (KLPs), including homologs of previously reported kinesins. They 

classified them by assigning arbitrary numbers, usually based on the serial 

numbers of the primers used in the screens. However, to develop a more robust 

and consistent system, Isabelle Vernos’s team decided to explore the functional 

basis for this diversity.  Specifically, they were interested in whether the kinesins 

were expressed in a cell-type dependent basis, or if they were differentially 

regulated within a cell. They managed to identify four novel KLP transcripts in 

Xenopus oocytes, two of which were temporally regulated during embryogenesis. 

However, expression patterns couldn't achieve a successful segregation of these 

structurally and functionally distinct kinesin (Vernos, Heasman et al. 1993). An 

alternative attempt by Vale and Fletterick proposed a hierarchical approach to the 

classification. The first step was to classify them by the location of the motor 

domains in the sequence: N-terminal, C-terminal or inter domain. This was 

followed by a sub-categorisation based on the best-known features of the kinesin, 

i.e., oligomeric state, location within the cell, directionality of motion, and so on. 

While this did serve as a convenient initial basis for segregation, this convenience 

was its inherent flaw. The inconsistency of the sub-categories meant that that not 

all kinesins in one class would share the same properties and not all kinesins that 

share the same properties would be in the same class (Vale and Fletterick 1997).  

The failures of each of these different approaches highlight the challenge 

that was at the core of the kinesin classification problem- the inconsistency in the 

information available for each newly discovered kinesin.  
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1.2.3 A promising solution to the consistency conundrum 

A solution to this situation would involve a system that does not rely on structural 

and functional data, such as a phylogenetic analysis. Sharyn Endow, a pioneer 

in studying the diversity in the kinesin superfamily, arrived at the earliest 

consistent classification strategy. Endow's team analysed the amino acid 

sequences of the motor domains from the 34 different kinesins known at the time 

(Goodson, Kang et al. 1994). The sequences were used to construct phylogenetic 

trees with distance matrix algorithms such as CLUSTAL V (Higgins, Bleasby et 

al. 1992) and the maximum parsimony program PAUP (Wilgenbusch and 

Swofford 2003). This analysis resulted in five classes of kinesins: 

a) The first class, known as the DmNcd (Drosophila melanogaster non-claret 

disjunction) class, comprised kinesins with motor domains at the C-terminal (or 

more simply, C-terminal kinesins) such as Ncd and Kar3. As both proteins were 

known to localise at the spindle poles, the other members in this class such as 

murine HSET were predicted to have the same properties.  

b) The second class- MmKif2 (Mus musculus Kinesin family member 2) consisted 

of two central motor kinesins, namely MmKif2 and RnKrp2. Unlike the C-terminal 

kinesins, this class showed no similarities in their architecture or the amino acid 

sequence of the motor domain. The lack of information for this class of kinesins 

makes it difficult to establish their hallmarks, especially because they appear to 

share more similarities with kinesins in other classes than themselves. The fact 

that not all central motor kinesins are part of the same class confirms that the 

location of motor domains is not an evolutionarily consistent classification on its 

own. 

c) The third class- AnBimC (Aspergillus nidulans Blocked in mitosis C) also 

comprised spindle-associated motors, akin to the DmNcd class. However, their 

cargo domains show no significant sequence similarities. Through mutant 

phenotype studies and antibody localisation experiments, it was established that 

this class of kinesins is required to maintain spindle bipolarity, hinting at a 
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molecular tug-of-war during spindle assembly, between the DmNcd and AnBimC 

classes of motors. 

d) The fourth class contained kinesins that share a heterotrimeric state, quite 

unlike the conventional kinesin model of two heavy chains, two light chains and 

a coiled coil that mediates dimerization. For instance, the SpKRP85-KRP95 

heterodimer (Strongylocentrotus purpuratus Kinesin Related Protein 85), can be 

isolated in complex with a third, non-kinesin protein (Cole, Chinn et al. 1993). This 

heterotrimer SpKinesinII, is thought to be the functional form and could potentially 

serve as a means of coordinating two different but related microtubule activities. 

Other members include C.elegans Osm3 and M.musculus Kif3. 

e) The fifth class is known as the kinesin-1 class. Members of this class, such as 

DmNod are typically known to have less than 5% probability of possessing a 

coiled coil domain, as estimated by secondary structure prediction software. 

These kinesins are thought to function as monomers. 

Although incomplete, this phylogenetic classification seemed more robust 

compared the previous attempts. Five years later, SA Endow and AJ Kim 

expanded the existing scheme to accommodate newly discovered kinesins. 

Rather than collapsing with the additional details, the model was able to assign 

the new kinesins into existing classes and in some cases, create new classes as 

well (Kim and Endow 2000). 

 

1.2.4 A standardised nomenclature 

The availability of a consistent and robust kinesin classification scheme for the 

kinesin superfamily certainly helped to define a standardised kinesin 

nomenclature. However, over the years, there were several independent 

attempts to override the customised names, each with their own minute 

discrepancies due to outlier kinesins (Hirokawa 1998, Kirchner, Woehlke et al. 

1999). It was only in 2004, that a special interest subgroup of the American 
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Society of Cell Biology established a single, universal nomenclature (Lawrence, 

Dawe et al. 2004). The attendees successfully outlined a detailed list of rules for 

naming and classifying kinesins. A total of 14 kinesin families were defined, each 

being further divided into sub-families. Rather than using functionally derived 

names such as the human kinesin HSET, or prefixes like KLP (Kinesin-like 

Protein) or KIF (Kinesin Family), it was decided that the proteins would be 

referred to using the prefix ‘Kinesin family’. For instance, the protein HSET 

mentioned above would be referred to as Kinesin family 14 member HSET. Any 

sub-classes would be depicted by letters following the family number, such as 

‘Kinesin family 14A’. This system has successfully avoided much of the confusion 

and redundancy surrounding the names of different kinesins and paved the way 

for a methodical incorporation of future members of existing families as well as 

new families (Lawrence, Dawe et al. 2004). As of today, sixteen years later, 

kinesins are still being discovered and named using the criteria listed in the 

standardised nomenclature of 2004. 
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1.3 A Divergence in the Direction of Kinesin Research 

 

1.3.1 An opposing minority in the superfamily 

The discovery and characterisation of the increasing number of kinesins 

highlighted the similarities between them that would reinforce the defining traits 

of this superfamily of motors. One of the most important properties that defined a 

kinesin was the direction of their motion, which was found to be towards the 

growing end i.e., plus-end of the MTs for most of the kinesins across different 

families (Dinenberg, McIntosh et al. 1986, Enos and Morris 1990, Vernos, 

Heasman et al. 1993). The fact that this opposed and thus balanced the role of 

the well-known minus-ended dynein family of MT-based translocators further 

satisfied the logic behind kinesins being defined as a family of plus-ended motor 

proteins. However, the 1990s saw the discovery of a minority in the superfamily 

that diverged from this norm. For instance, the claret locus in Drosophila was 

known to encode a product that played a key role in chromosomal segregation. 

Mutation studies indicated that the protein likely mediated chromosomal 

interaction with the spindle MTs, to prevent mitotic non-disjunction. Sequencing 

further revealed that this product of the claret non-disjunction locus showed 

homology to a kinesin motor domain, indicating that proper chromosomal 

segregation was dependent on the force generated by a kinesin (Endow, Henikoff 

et al. 1990). However, this theory implied that the kinesin possessed a trait that 

was not considered possible previously- a minus-ended polarity. Thus, the non-

claret disjunction protein Ncd, was the founding member of a family of minus-

ended kinesins- the kinesin-14 family (Goodson, Kang et al. 1994). The same 

year, Pamela Meluh and Michael Rose reported the identification of kar3p from 

S. cerevisiae, which was also involved in spindle-chromosome interactions (see 

section 1.2.1, Page 7). Four years later, kar3 was also found to be minus ended, 

similar to Ncd (Endow, Kang et al. 1994). It thus seemed that members of the 

kinesin family 14 were minus-end directed motors that localised within the 

nucleus. A detailed analysis of the structural and functional commonalities among 

the kinesin-14 members is presented below.  
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1.3.2 Domain architecture of the kinesin-14 family 

The discovery of minus-ended kinesins like Drosophila melanogaster Ncd and 

Saccharomyces cerevisiae Kar3 paved the way for the discovery of homologs in 

different organisms, such as Aspergillus nidulans KlpA and Homo sapiens HSET, 

among others mentioned in table 1.1. The systematic classification of the kinesin 

superfamily in 2004 established this family of kinesins as kinesin family 14. The 

family is further divided into the subfamilies kinesin-14A and 14B (Lawrence, 

Dawe et al. 2004). While the mitotic kinesins such as Ncd, HSET and the others 

mentioned in table 1.1 belong to the kinesin-14A subfamily, the less-known 

kinesin-14B subfamily comprises members such as Mus musculus KIFC2, that 

are known to localise at late endosomes in the cytoplasm (Hirokawa and Noda 

2008). Due to the unavailability of information about kinesin-14B members, I will 

describe the structural features and functional relevance of kinesin-14A. Table 

1.1 shows the similarity between members of the kinesin-14A sub family by 

comparing the sequence identity shared by some kinesin-14A members and the 

founding member of the family, DmNcd. 

 Aside from being the only family of kinesins exhibiting minus-ended 

motion, kinesin-14s are also the only family with C-terminal motor domains 

(Hirokawa and Noda 2008) (fig 1.2). The motor domains are preceded by a 

sequence of heptad repeats, that are characteristic of a coiled coil and thus points 

to dimerization (fig 1.2). The heptad repeats are interrupted towards the N-

terminus by a proline residue that typically kinks or breaks helices (Endow, 

Henikoff et al. 1990), thereby indicating the start of a third domain- the N-terminal 

tail that is rich in basic residues and presumably involved in binding cargo (fig 

1.2). Despite the common domain architecture, kinesin-14 members show a 

significant degree of intra-class dissimilarity. As table 1.1 shows, the amino acid 

sequences in the motor domains of Ncd and Kar3 show less than 50% identity, 

while the other domains are only 17% identical. AnKlpA, the protein in the list that 

is most similar to Ncd is still only 20% identical to Ncd in its non-motor regions. 

Such a marked divergence is bound to lead to some functional distinctions as 

well. For instance, while proteins like Ncd were found to be homodimers, Kar3 
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was found to be heterodimeric, with the ability to bind to two candidate proteins- 

Cik1 or Vik1 to carry out its mechanical cycle (Manning, Barrett et al. 1999).  

 

Kinesin-14A members % Motor Identity % Non-Motor 

Identity 

DmNcd AnKlpA 49.8 19.9 

SpoPkl1 48.8 15.8 

ScKar3 46 17.6 

HsHSET 43.9 20.8 

 

Table 1.1 Sequence Homology in the Kinesin-14 Family 

The % sequence identity between the sequences of the motor domains and non-motor domains 

of some kinesin-14A members with the respective domains of Ncd, obtained from Clustal Omega. 

 

While the amino acid sequence of the domains varies significantly, their functions 

remain largely similar in all members of the family. For instance, the C-terminal 

motor domains of kinesin-14A members were shown to move MTs over glass 

coverslips in the presence of ATP (McDonald, Stewart et al. 1990, Endow, Kang 

et al. 1994), similar to the N-terminal motor domains of kinesin-1. Additionally, the 

basic N-terminal CBD of kinesin-14A was shown to interact with the acidic E-hook 

of tubulin on the MTs via electrostatic interactions (Furuta and Toyoshima 2008). 

In other words, kinesin-14A dimers are capable of binding MTs on both ends. 

This results in a phenomenon known as MT-bundling, first noted in 1990 

(McDonald, Stewart et al. 1990). The existence of a minus-ended kinesin family 

that can interact with two layers of MTs is antagonistic to the kinesin-5 family 

whose members move towards the plus-end while making similar contacts with 
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MTs in mitotic spindles. This scenario would thus lead to a tug of war between 

kinesin-5 and kinesin-14 members alluded to earlier (see section 1.2.1, Page 7), 

that could play a key regulatory role in spindle maintenance.  

 

 

Figure 1.2 Domain Architecture of a Kinesin-14 

Schematic representation of the domains that make up a typical kinesin-14A chain; C-terminal 

motor domain (green), central coiled coil dimerization domain i.e., coiled coil stalk (magenta) and 

N-terminal cargo-binding domain (blue).  

 

Thus, in addition to the reversed directionality of motion, kinesin-14A members 

also showed a divergence in the position of the domains within the amino acid 

sequence and the type of cargo that they interacted with. Having established the 

domain architecture of the family, the focus of a large part of the kinesin 

community now turned towards determining the source of the reversal in 

directionality in the kinesin-14 motor domains, which showed a significant degree 

of homology to the plus-end directed kinesin-1 motor domains.  
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1.4 Decoding The Motion of a Kinesin-14 

Perhaps the most intriguing feature of a kinesin motor protein is how the chemical 

reaction of ATP hydrolysis is coupled to the generation of mechanical output, that 

manifests as the transport of cargo within the cell. This cycle has been the subject 

of several biochemical and biophysical studies on kinesin-1 and kinesin-14A 

proteins. A decade after the discovery of the kinesin-1, Andrew Lockhart and 

Robert Cross proposed a model based on kinetic and mobility studies, to 

delineate the steps in its mechano-chemical cycle (Lockhart and Cross 1994). 

They suggested that one of the kinesin motor domains undergoes ADP release 

as it encounters a MT and establishes contact in this empty state. ATP-binding 

to the empty motor domain triggers a conformational change that locks the MT-

bound motor in an inflexible state and generates a force to propel the unbound 

motor domain forward. This generation of forward thrust is referred to as the 

power stroke of a kinesin (Lockhart and Cross 1994). The binding of the motor 

domain in the front, post-power stroke, is accompanied by the ATP hydrolysis in 

the motor behind, setting it up for the next propulsion. The concerted binding and 

unbinding of the two motor domains ensure that at least one motor domain is MT-

bound at any stage, a property that is referred to as the processivity of kinesin-1. 

Simply put, the motion of kinesin-1 can be regarded as walking on MTs. Lockhart 

and Cross also observed that the MT-bound modes of the empty motor domains 

in a plus-end directed kinesin-1 and a minus-end directed kinesin-14 were stereo-

chemically indistinguishable i.e., the directionality could not be determined by 

visualising the motor-MT interaction. What could this imply about the power 

stroke and the processivity of a kinesin-14?   

1.4.1 The processivity of kinesin-14 

The first hint about the processivity of kinesin-14 was derived from the initial 

motility experiments that immobilised the N-terminal of Ncd to a glass slide to 

study the ATP-dependent movement of MTs that is caused by the C-terminal 

motor domains (Stewart, Semerjian et al. 1998). One of the key findings of this 

study was the existence of a minimum density of kinesin molecules for the 

diffusion of the MTs. Specifically, a density of 20 Ncd motor molecules/µm2 or 
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less was insufficient to allow even the transient association of MTs to the Ncd in 

the presence of ATP. Binding was rescued by the replacement of ATP with its 

non-hydrolysable analog AMP-PNP, demonstrating that Ncd did indeed possess 

the ability to bind MTs, albeit reversibly. The apparent necessity of a threshold 

density of Ncd was accompanied by the observation that shorter MTs dissociated 

a more frequently than longer MTs on the addition of ATP. The threshold motor 

density, length-dependency and the reversible binding were crucial hints in 

arriving at the conclusion that the minus-ended kinesin Ncd is a non-processive 

motor (Stewart, Semerjian et al. 1998). The same non-processivity was also 

observed in Kar-3, and other Ncd homologs such as XCTK2 from Xenopus laevis 

(Walczak, Verma et al. 1997) and CHO2 in Chinese Hamster Ovary cells 

(Matuliene, Essner et al. 1999). In other words, the kinesin-14A subfamily 

appeared to possess yet another unique characteristic compared to the rest of 

the superfamily- the ability to "hop".  

 

1.4.2 The power stroke of kinesin 14 

The non-processive motion was also confirmed through stopped-flow 

measurements of the MT-dependent ATP hydrolysis of Ncd, which showed a 

stoichiometric pre-steady state burst, as opposed to the super-stoichiometric 

burst that is expected for a processive motor protein (Foster and Gilbert 2000). 

Such stopped-flow kinetic experiments that used fluorescent analogs of 

nucleotides such as methyl anthraniloyl ATP (mantATP) as well as equilibrium 

sedimentation were the most common approaches to characterise the multistep 

enzymatic cycle of a kinesin (Foster, Correia et al. 1998). In addition, single 

molecule studies proved extremely useful in characterising motor proteins in 

terms of the step sizes, periodicity and processivity of their motion. In one such 

experiment, a three-bead suspended MT was engineered by optical trapping to 

study the stepping mechanism of an immobilised Ncd motor (deCastro, 

Fondecave et al. 2000). The results showed that the MT was displaced from its 

mean position twice on the addition of ATP- the first was a combination of axial 

and lateral displacement of around 2-3 nm, while the following displacement was 
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axial with a magnitude of 6 nm after which the MT immediately returned to mean 

position. The initial tug was proposed to be the establishment of the motor-MT 

contact following the loss of ADP, which generates a mild torque as the empty 

motor domain locks on to the MT forming a rigor state. The second displacement, 

larger in magnitude and axial in direction, was thought to signal a power stroke 

which led to motor release from the MT based on the return of the MT to mean 

position. Reduction of ATP concentrations stalled the rigor state for longer 

durations, implying that unlike a kinesin-1 that generates power from ATP-

binding, the power stroke of a kinesin-14 was generated during ATP hydrolysis 

(deCastro, Fondecave et al. 2000).  

 

Figure 1.3 Reaction Mechanism of a Kinesin-14A 

Pathway depicting the steps of the enzymatic reaction of a kinesin-14 on MTs, as deduced by 

kinetic studies (Foster and Gilbert 2000). The reaction is initiated by (1) an Apo kinesin-14A 

approaching an MT and forming (2) an Apo kinesin-MT complex; this is followed by (3) ATP-

binding to the MT-bound kinesin-14A motor domains; ATP hydrolysis results in the formation of 

(4) ADP-Pi which triggers (5) detachment of the kinesin-14A from the MT followed by (6) the loss 

of Pi to result in ADP-bound kinesin-14A; the loss of ADP is the rate-limiting process that would 

regenerate Apo kinesin-14A and restart the cycle.   

 

(1)

(2)

(3)

(4)(6)

(5)



 20 

This was supported by the independent observation by Kelly Foster's group that 

Ncd sedimented with MTs in the presence of all nucleotides except Mg-ADP-Pi, 

which was the product of ATP hydrolysis. Moreover, stop flow measurements of 

MT-Ncd interactions with ATP or AMP-PNP revealed that ATP hydrolysis was 

necessary to promote the detachment of Ncd from the MTs, thereby establishing 

the biochemical basis for the kinesin-14A power stroke (Foster, Correia et al. 

1998). The enzymatic cycle of a kinesin-14A could thus be summarized as shown 

in fig 1.3. 

 

1.4.3 A tale of two motor domains 

A missing piece of the puzzle that could not be resolved from the above studies 

was the presence of the second motor domain of the Ncd dimer. This suggested 

that the two motor domains could either interact simultaneously with the MTs or 

take turns to generate the power stroke (deCastro, Fondecave et al. 2000). A key 

result that provided the first hint towards understanding this issue was obtained 

in the sedimentation experiment of Ncd-MT in the presence of Mg-ADP-Pi. While 

dissociation of Ncd from MT was observed, the dissociation seemed to increase 

as a non-Michaelis Menten sigmoidal function of the concentration of inorganic 

phosphate (Pi) (Foster, Correia et al. 1998). This curve was characteristic of 

cooperative binding and was thus the first evidence of the second motor domain's 

involvement in the mechanical cycle (Foster, Correia et al. 1998). Subsequently, 

ADP-release was shown to be the rate-limiting step of the entire reaction (Foster 

and Gilbert 2000).  

However, another observation about the ADP-release step would be made 

just a year later, that would provide a solution to the question about the second 

motor domain. In 2001, it was observed that the ADP release showed signs of 

being a two-step process. The first step was an exponential decay followed by a 

second significantly slower, linear decay. The second one could be 

unambiguously identified as the familiar rate-limiting ADP-release (Foster, 

Mackey et al. 2001). Considering the cooperativity between the motor domains, 
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the first step would also point to an ADP-release from a motor domain. The near 

700-fold difference in the rates of the two steps had the astounding implication 

that one of the motor domains had a weaker affinity for ADP than the other. In 

short, Kelly Foster’s team reported that kinesin-14A members are asymmetric 

homodimers (Foster, Mackey et al. 2001). This is where kinetic studies reached 

their limit. In spite of the chemically generated outline of the reaction, the 

mechanics of force generation was still an unsolved mystery. While biophysical 

studies could quantitatively estimate the force being generated, they could not 

provide an explanation about how force generation occurred. Further completing 

the story regarding the mechanism of kinesin-14s required the ability to visualize 

them. 

 

1.4.4 The mechanism of kinesin-14A in visual snapshots 

The first attempts at visualisation came in the form of crystal structures of the 

motor domain of ADP-bound monomeric Ncd at a resolution of 2.5 Å (Sablin, Kull 

et al. 1996). The organization of the secondary structure elements of Ncd closely 

resembled that of the kinesin-1 motor domain (Kull, Sablin et al. 1996), whose 

amino acid sequence shares a 40% identity to that of Ncd. The striking similarity 

extended to the MT-binding site, which suggested identical mechanisms for MT-

motor interactions in both families, thereby supporting the indistinguishable MT-

bound forms of both motors (Lockhart and Cross 1994). The structure of dimeric 

Ncd comprising the motor domain and a portion of the stalk was subsequently 

solved to a resolution of 2.5 Å a couple of years later, and showed a twofold 

symmetry about the axis of the stalk (Sablin, Case et al. 1998). Further 

information could be obtained from structures that provided the context of MT-

binding, which could not be achieved by crystallisation. This created a paradigm 

shift in the focus of structural studies on kinesin-14A towards cryo EM.   

The first cryo EM structure of MT-bound Ncd was solved by Keiko Hirose 

alongside Andrew Lockhart and Rob Cross in 1995, in the presence of AMP-PNP 

(Hirose, Lockhart et al. 1995). The map showed density at a resolution of 10 Å 
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and could be interpreted by fitting the crystal structure of Ncd. The fit showed that 

the motor domain that was not bound to the MT, pointed towards Ncd’s direction 

of motion- the minus-end. A similar MT-bound structure of kinesin-1 revealed the 

detached motor domain pointing towards the plus-end. On the other hand, the 

neck-linkers were shown to be tilted backward, pointing towards the plus-end in 

the case of Ncd and minus-end in the case of kinesin-1 (Hirose, Lockhart et al. 

1995). This observation suggested a level-arm mechanism for the neck linker, 

further supported by single molecule studies that demonstrated a change in the 

angle between the stalk and the motors accompanying the power stroke. Soon, 

additional nucleotide-bound and apo intermediates of the Ncd cycle were solved, 

sampling more of the lever-arm's rotation (Wendt, Volkmann et al. 2002, Endres, 

Yoshioka et al. 2006) to enable a better understanding of the power stroke.  

Moreover, the visualisation of different binding modes of the motor domain 

confirmed several observations that were reported in kinetic studies and 

answered questions that couldn't be resolved with biophysical measurements. 

For instance, a study that used unidirectional metal shadowing showed that Kar3 

and Vik1, the two homologous subunits of heterodimer bind to adjacent 

protofilaments of the MT in the presence of ADP (Rank, Chen et al. 2012). 

Considering that ADP-release from Kar3 is a rate limiting step as well as the fact 

that Vik1 exhibits nucleotide-independent binding to MTs, one could deduce that 

the first collision with the MT was through Vik1. The Kar3 motor domain soon 

follows by binding to an adjacent protofilament, accompanied by ADP-release. 

The subsequent ATP hydrolysis in the Kar3 motor domain triggers the release of 

Vik1, which now pointed towards the minus end with the neck domain pointing 

towards the plus end. The release of inorganic phosphate (Pi) leads to the power 

stroke, where the neck domain rotates 90° towards the minus end and the Kar3 

motor is finally detached (Chen, Porche et al. 2012). This model could be 

extrapolated to Ncd, where the motor domain with the weaker affinity to ADP 

plays the role of Vik1 and initiates first collision with the MT (Step-2, fig 1.4) 

(Zhang, Dai et al. 2015). This important feature of asymmetry between the motor 

domains also explains the time lag the binding of the second motor following rate-

limiting ADP release (Step-3, fig 1.4) and the detachment of the first motor 

following ATP hydrolysis (Step-5, fig 1.4).  
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Figure 1.4 The mechanochemical cycle of kinesin-14A 

Schematic depiction of the non-processive mechanism of a homodimeric kinesin-14A (Zhang, Dai 

et al. 2015), showing transition states that represent every binding mode of kinesin-14A on MTs, 

obtained through cryo EM and kinetic studies; both motor domains are depicted in different 

colours to highlight the asymmetry in the homodimer. The cycle begins with (Step-1) ADP-bound 

kinesin-14A approaching MTs; (Step-2) the subsequent loss of ADP from one of the motor 

domains initiates contact of the empty motor domain with the MT; (Step-3) ATP binding to the 

MT-bound empty motor triggers a conformational change that promotes ADP-loss and contact 

initiation between  the second motor domain and the MT; (Step-4) both motor domains are ATP-

bound and attached to the MT on adjacent protofilaments; (Step-5) one of the motor domains 

undergoes ATP hydrolysis to form ADP and Pi and (Step-6) detaches from the MTs with the 

liberation of the inorganic phosphate (Pi) while the second motor undergoes hydrolysis; (Step-7) 

both motor domains exit the MTs bound to ADP. 
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The great degree of similarity between the mechanisms of heterodimeric Kar3-

Vik1 and homodimeric Ncd reveals yet another property that ties the kinesin-14 

family together- an evolutionarily conserved power stroke mechanism (Zhang, 

Dai et al. 2015). Thus, from a concerted effort of several biochemical, biophysical, 

and structural studies spanning two decades, the mechanochemical cycle of 

kinesin-14 on MT was proposed to occur as depicted in the schematic diagram 

in fig 1.4. 
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1.5 Biological Significance of kinesin-14A 

The previous section discussed the mechanism underlying the biochemical 

function of the kinesin-14A subfamily. As mentioned in section 1.3.2 (Page 14), 

kinesin-14A members use the force generated by their motion to bundle 

microtubules in the mitotic spindle. What is the impact of the bundling on the 

processes of nuclear and cellular division? What are the circumstances that 

dictate the role of the kinesin-14A motors in the cell? These questions about the 

biological significance of the kinesin-14A subfamily will be addressed in this 

section.  

The absence of kinesin-14A members in cells contributed to a similar 

phenotype in the different organisms they were isolated from- a failure to 

segregate chromosomes effectively during mitosis or meiosis (Endow, Henikoff 

et al. 1990, Meluh and Rose 1990, O'Connell, Meluh et al. 1993). This is 

especially interesting when one considers the plethora of motor proteins such as 

dynein (Rieder and Alexander 1990) and other kinesin families (Theurkauf and 

Hawley 1992, Maney, Hunter et al. 1998), that are known to coordinate the 

movement of chromosomes in metaphase and anaphase (Brunet and Vernos 

2001). Among the several mitotic motors, kinesin-14A members are known to 

play a role in specific cellular contexts that are dictated by an organelle in the cell- 

the centrosome.  

1.5.1 Centrosomes and kinesin-14 

Centrosomes are non-membranous organelles (1-2 µm in diameter) within the 

nucleus, that primarily function as sites of nucleation for MTs. In other words, they 

are MT organising centers (MTOCs) (Fukasawa 2005) that direct the formation 

of spindles during mitosis. Typically, cells contain single centrosomes which 

duplicate during the S phase of the cell cycle and migrate to opposite ends of the 

nucleus during mitosis to form the spindle poles (Stearns 2001). The mitotic 

spindles tether to these poles on one end (minus-end) while gradually 

polymerising on the other end (plus-end) until they contact the chromosomes at 

the center of the nucleus. This facilitates an arrangement where the 
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chromosomes are pulled apart towards the two spindle poles, which is followed 

by cytokinesis. Thus, a bipolar segregation of chromosomes is critical to the 

accurate distribution of genetic material between the two daughter cells and is 

tightly regulated.  

The dysregulation of centrosome numbers within the nucleus leads to the 

existence of more than two spindle poles during mitosis- a phenomenon known 

as Centrosome Amplification (CA) (Brinkley 2001). This phenomenon can cause 

multipolar mitosis, which would result in genetic instability in the daughter cells, 

rendering them non-viable (Ghadimi, Sackett et al. 2000, D'Assoro, Lingle et al. 

2002). Interestingly, Ncd was shown to be essential for the viability of Drosophila 

cells that exhibited centrosome amplification (CA) (Skold, Komma et al. 2005). 

Despite the presence of another minus-end directed motor like dynein, Ncd 

mutants that were CA- positive showed a high degree of centrosomal mobility, 

indicating a possible role of Ncd in clustering centrosomes (Kwon, Godinho et al. 

2008). CA positive cells had been known to resort to centrosomal clustering that 

restructures the multipolar geometry of spindles and effectively results in a bipolar 

mitosis (Quintyne, Reing et al. 2005). A genome-wide RNAi screen revealed that 

the kinesin-14 gene was crucial to centrosome clustering, while dynein was not. 

Expression patterns in R. norvegicus, S. pombe, S. cerevisiae and humans also 

revealed an elevation in kinesin-14 expression during mitosis with too many or 

too few centrosomes (Kwon, Godinho et al. 2008). Thus, while seemingly 

redundant in a normal cellular environment undergoing bipolar mitosis, kinesin-

14s are important for the survival of cells exhibiting an anomaly in centrosome 

count.  

 

1.5.2 HSET: a kinesin-14 that promotes the sustenance of cancer 

Genetic instability is a characteristic of most cancers (Yao and Dai 2014). One of 

the leading factors that is proposed to destabilise the cancer genome is CA 

(Brinkley 2001, D'Assoro, Lingle et al. 2002). Several types of cancers including 

adenocarcinomas, triple negative breast cancer and ovarian cancers are 
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characterized by the presence of more than two centrosomes (Landen, Lin et al. 

2007, Pannu, Mittal et al. 2015). Similar to the other cell types discussed earlier, 

CA-positive cancer cells also exhibit the ability to bypass multipolar mitosis by 

clustering their centrosomes (Basto, Brunk et al. 2008). In fact, the phenomenon 

of centrosomal clustering was first observed in a cancer cell line forty years ago 

(Ring, Hubble et al. 1982). Cancer cells use the Spindle Assembly Checkpoint 

(SAC) to delay the progression of the cell cycle into mitosis, triggering a cascade 

that ultimately leads to the recruitment of the kinesin-14A member KIFC1 (She 

and Yang 2017) for the clustering process. Originally discovered in the human 

spleen, embryo, and testes, KIFC1 is commonly referred to as HSET (Ando, 

Kikuti et al. 1994).  

Due to its ability to cluster the spindle poles by crosslinking spindle MTs, 

HSET is known to have a significant effect on spindle morphology (She and Yang 

2017). For instance, the loss of HSET reportedly results broad spindles and 

unfocussed poles (She and Yang 2017). This is because the absence of the force 

generated by HSET leads to the prevalence of the forces exerted by other motors 

that move opposite to the direction of HSET on the MTs. The primary example of 

a motor that acts antagonistically to HSET on the mitotic spindles is the plus-end 

directed kinesin family 5 (Goodson, Kang et al. 1994). Like kinesin-14s, kinesin-

5 members have also been shown to crosslink spindle MTs in vitro (Kashina, 

Baskin et al. 1996). However, they differ from the homo or heterodimeric 

arrangements adopted by kinesin-14A proteins. Kinesin-5 family members adopt 

a homo-tetrameric dumbbell arrangement that allows them to interact with MTs 

through the pairs of motor domains on their opposite ends (Sawin, Mitchison et 

al. 1992). This generates an outward force to move the layers of parallel MTs 

apart and thereby counteracts the inward focussing action of the kinesin-14 

(Hentrich and Surrey 2010). The absence of kinesin-14 HSET results in an 

inability to focus spindle poles and form asters (a radiating array of microtubules 

arising from a centrosome in a dividing cell), while the cells that show an absence 

of kinesin-5 Eg5 exhibit poor pole separation (She and Yang 2017). Simply put, 

aster formation by parallel MTs at spindle poles is the result of the tug of war 

between the two kinesin families in question. The balance in the interplay 

between HSET and Eg5 has also been shown to play a role in regulating the 
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assembly, organisation, and cross-linking of antiparallel mitotic spindles in the 

prometaphase (Tao, Mogilner et al. 2006, Fink, Hajdo et al. 2009).  

In addition to its interaction with MTs, HSET has also been found to 

interact with unpolymerized tubulin in vivo (Hentrich and Surrey 2010) to form 

multimeric clusters that show a high degree of processivity (Reinemann, Norris 

et al. 2018). These heterogeneous clusters of HSET around soluble tubulin are 

known as asters and are evidence for the role of tubulin levels in the regulation 

of HSET's activity within the cell.  

 

1.5.3 HSET in Anti-Cancer Drug Discovery 

As discussed above, the biological significance of kinesin-14A members 

occupies opposite ends of a spectrum from being functionally redundant in cells 

that contain two centrosomes to being crucial for the survival of cells that exhibit 

CA (Park, Ma et al. 2017). In the case of HSET, this presents a valuable 

opportunity for therapeutic intervention. In 2012, Julia Kleylein-Sohn's team 

conducted an siRNA-based knock down of HSET in CA-positive cancer cells and 

non-cancerous cells. The cancer cells were unable to resolve the multipolarity of 

mitotic spindles and died, while the non-cancerous cells were remained 

unaffected (Kleylein-Sohn, Pollinger et al. 2012). This further highlighted the 

potential of HSET as a target for drug discovery.  

Over the course of the last decade, several HSET inhibitors have been 

identified within and outside the ICR based on high throughput biochemical and 

biophysical screens (Wu, Mikule et al. 2013, Myers and Collins 2016, Zhang, Zhai 

et al. 2016). The inhibitors are designed to target the motor domain, aiming to 

arrest HSET’s mechanochemical cycle and thereby preventing it from clustering 

centrosomes (Saint-Dizier, Matthews et al. 2023). The pharmaceutical company 

AstraZeneca reported the HSET inhibitor AZ82, that is proposed to target the MT-

motor domain interaction allosterically (Wu, Mikule et al. 2013). However, the 

detailed mode of action of any of these inhibitors is largely unknown due to the 
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absence of HSET-inhibitor structures. Multiple groups including Rob van 

Montfort’s Hit Discovery and Structural Design (HDSD) Team at the ICR have 

attempted to crystallise inhibitor bound HSET motor domains but have been 

largely unsuccessful (Park, Ma et al. 2017). The only available structure of HSET 

is that of the ADP-bound motor domain, solved to a resolution of 1.9 Å by Sharyn 

Endow’s team in 2017 (Park, Ma et al. 2017). This largely resembles the crystal 

structure of Ncd (Sablin, Kull et al. 1996) but lacks the neck linker. Structures of 

HSET in the unbound (Apo) form or bound to ATP analogs and MTs have also 

not been reported to date. Moreover, the poor conservation of amino acid 

sequence in the coiled coil stalk and N-terminal CBD of HSET as mentioned in 

table 1.1 implies that the generation of full-length structures through homology 

modelling are also not very reliable, despite the advent of deep-learning based 

tools like Alphafold (Jumper, Evans et al. 2021). A structural understanding of 

HSET inhibition and comparisons with the structures of various nucleotide-bound 

transition states of HSET could help to accelerate the drug discovery 

programmes.  
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1.6 The Aims of My PhD- a Future for HSET Drug Discovery 

As mentioned in the previous section, the dearth of HSET structures in its 

different states hinders the structural understanding of its molecular mechanism 

and of small molecule inhibition of HSET. In section 1.4.4 (Page 21) structural 

biology has been shown to play a pivotal role in deciphering the 

mechanochemical cycle of kinesin-14s. A full-length structure of the HSET dimer 

would provide clearer insight into the binding modes attained by HSET in different 

nucleotide or compound-bound states. Moreover, structures of HSET-MT 

complexes would build a complete picture of the mechanism of HSET inhibition.  

With a high throughput and the ability to yield structures of nearly atomic 

resolutions (< 2Å), X-ray crystallography would be the ideal candidate to obtain 

structures of the different states of HSET. However, attempts at crystallising full-

length HSET and obtaining compound-bound structures of its motor domain have 

been consistently unsuccessful. While kinesin-14 dimers have been successfully 

crystallized previously (Kozielski, De Bonis et al. 1999), the non-native state of 

the protein during crystallization may create structural features that are not 

entirely representative of physiological conditions. A key example of this is the 

symmetric appearance of the motor domains which were predicted to be 

asymmetric. Moreover, crystallography may not be suitable for large 

macromolecular complexes, such as an HSET-MT complex.  

1.6.1 Cryo EM- the solution to the HSET conundrum 

In contrast, cryo EM samples are aqueous solutions of proteins that are rapidly 

frozen to preserve their native state in suspended animation (Taylor and Glaeser 

1974, Dubochet, Adrian et al. 1988). Due to this reason, one can use cryo EM to 

obtain structures of full-length targets, flexible targets, nucleotide-bound targets, 

and large complexes. Therefore, cryo EM constitutes a complementary approach 

to obtain the information beyond the limits of X-ray crystallography. As is the case 

with EM maps prior to 2014, high resolution crystal structures were required for 

interpretation of the features in the density. However, since 2014, single particle 

cryo EM has undergone a rapid improvement in resolving power due to the 
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invention of sophisticated direct electron detectors that provide an improved 

signal to noise ratio particularly at high spatial frequencies. In addition, they can 

capture data as multi-frame movies rather than still images with a long exposure 

(Kuhlbrandt 2014). The long exposures were responsible for beam-induced 

motion in the sample, which resulted in loss of information in cryo EM data in 

previous decades. The high sensitivity of the cameras today enables the 

collection of short exposures, and the movie format provides a means to weight 

the frames according to the dose to retain the frames showing minimal radiation 

damage to the sample. This "resolution-revolution" (Kuhlbrandt 2014) 

accompanied by further advances in hardware over less than a decade have 

resulted in EM maps reaching resolutions as high as 1.7 Å, rivalling the resolution 

of crystal structures (Nakane, Kotecha et al. 2020). Over the last decade, the 

number of EM-based high-resolution structures being solved has exponentially 

increased, which includes numerous structures of MTs decorated with kinesin 

motor domains (Benoit, Asenjo et al. 2018, Cook, Roberts et al. 2021). However, 

despite the ability to obtain high resolution structures, there has been no report 

of a full-length structure from the kinesin superfamily, until very recently. 

Structural studies on kinesins have always focussed on the power stroke at the 

site of catalysis i.e., the motor domains. A structural insight into the mechanism 

of cargo-binding is lacking for most kinesin families. This is especially important 

for kinesin-14s as the interactions of the cargo-binding domain render the non-

processive proteins processive and cross-link MTs.  

 

1.6.2 The aims of this project 

Therefore, the goal of my PhD project is to obtain a structural understanding of 

the inter-domain crosstalk that drives the mechanical cycle of parts of the kinesin 

KIFC1 (HSET). In order to do so, I plan to determine the structures of full-length 

HSET in its Apo and ADP-bound forms using single particle cryo EM, aided by 

biophysical characterisation. Specifically, I plan to answer the following 

questions:  
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1. What is the oligomeric state of FL HSET and how does it change on ADP-

binding?  

2. How does ADP-binding affect the structural stability of FL HSET? 

3. Does either form of HSET exist in more than one conformational state?  

4. What is the structure of the N-terminal cargo-binding domain? 

In the long run, the direction of this project would proceed towards establishing a 

cryo EM-driven drug discovery pipeline for HSET at the ICR by the structural 

analysis of the following: 

1. Inhibitor-bound FL HSET 

2. MT-bound FL HSET (Apo and ATP analogs) 

3. Inhibitor-FL HSET-MT complex 
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2. MATERIALS AND METHODS  

 

2.1 Protein Production and Purification 

2.1.1 FL HSET Constructs 

The construct for His6-FLHSET was a gift to the ICR from Cancer Research 

Technologies, now known as Cancer Research Horizons (London, UK).  The 

construct was generated by inserting a PCR amplicon encoding residues 2 to 673 

of human HSET into the pFastBacHTb vector (Thermo Scientific, Waltham, USA) 

downstream of the sequence encoding the N-terminal His6 tag and TEV protease 

site. 

For the Strep2-FLHSET construct, a PCR amplicon encoding residues 2 to 

673 of human HSET was inserted into pFastBac vector that had been modified 

to encode an N-terminal double StrepII tag followed by a HRV3C protease site 

(courtesy of Dr Catarina Rodrigues). PCR was performed using the His6-FLHSET 

construct as a template and KOD Hot start polymerase (Merck, Darmstadt, 

Germany). Primers were designed to include fifteen nucleotide overhangs in 

accordance with the guidelines for In-Fusion cloning (Takara Bio, Boston, USA), 

and were based on the sequence of pFastBac following restriction digestion by 

the enzymes NdeI and EcoRI. Primers were purchased from Eurofins MWG 

Operon, Ebersberg, Germany. The primer sequences can be found in 

Supplementary Information S1C (Page 200). The thermal cycling protocol for the 

PCR was as follows: 15 cycles at 95 °C for 20 seconds, 65 °C for 10 seconds, 

and 70 °C for 41 seconds, using the ProFlex PCR System (Life Technologies, 

Thermo Fisher Scientific). The PCR amplicon was purified using the QIAquickÒ 

PCR Purification Kit (QIAGEN, Hilden, Germany). The pFastBac was prepared 

by digestion with NdeI & EcoRI enzymes (New England Biolabs, Ipswich, USA) 

and gel purification on a 1% w/v Agarose gel in 1x Tris-Acetate-EDTA buffer (pH 

8.0). The corresponding band was excised and purified using the QIAquickÒ Gel 

Extraction Kit (QIAGEN). The purified amplicon was inserted into the digested 

vector following the In-fusion HD cloning protocol (Takara Bio, Boston, USA). 10 
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μl of the In-fusion products was incubated with 90 μl of RapidTransÔ TAM1 

competent E. coli (Active Motif, La Hulpe, Belgium) in ice for 15 minutes following 

which the cells were heat-shocked at 42 °C for 45 seconds. The cells were 

subsequently cooled on ice, resuspended in 300 μl of SOC media, and incubated 

in a shaker culture at 37 °C and 240 rpm for an hour to recover. 50 μl of the 

culture was plated onto LB-Agar plates supplemented with 50 μg/ml ampicillin 

and incubated overnight at 37 °C. Single colonies were used to inoculate 5 ml 

cultures of LB broth containing 50 μg/ml ampicillin, which were grown overnight 

at 37 °C and 240 rpm. The plasmid DNA was isolated from the cultures using 

QIAprep spin MiniPrep kit (QIAGEN) and sequenced using the forward and 

reverse PCR primers at Source Biosciences to identify the bacterial colony that 

contained the successful construct.  

 

2.1.2 Protein Expression 

All insect cell cultures were performed at 27 °C using Sf9 cells (Invitrogen, 

Waltham, USA) and Sf-900™ III SFM supplemented with 30 μg/ml Penicillin and 

50 μg/ml Streptomycin (Gibco, Waltham, USA).  Shaking cultures were agitated 

at 120 rpm. 

The in-fusion constructs were used to generate recombinant 

baculoviruses according to the Bac-to-Bac Baculovirus Expression System 

(Invitrogen, Waltham, USA). Transfection supernatants containing recombinant 

virus were titrated by infecting small (50 ml) shaker cultures with 3, 10 or 30 μl 

virus per 107 cells, and measuring cell growth & viability at 24-, 48- and 72-hours 

post infection. Subsequently, large scale cultures (400 ml) were infected with 20 

μl virus which was found to be sufficient to cause growth cessation within 24 

hours. Cultures were harvested 72 hours post infection by centrifuging at 4,000 

rpm for 20 minutes using a JLA8100 rotor (Beckmann, Brea, USA) and cell pellets 

were stored at -80 °C.  The His6-FLHSET construct was expressed by Dr Craig 

McAndrew.  
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2.1.3 Protein Purification 

Purifications of all expressed constructs were carried out with the following 

procedures on an ÄKTA Pure (GE Healthcare Life Sciences, Buckinghamshire, 

UK) at 4°C, using UV absorbance at 280 nm to monitor protein elution. All 

chromatography columns were from GE Healthcare Life Sciences, and the 

columns for Size Exclusion Chromatography (SEC) were calibrated 

(Supplementary fig S2, Page 201) using Bio-Rad’s Gel Filtration Standard (Bio-

Rad Laboratories, California, USA). Eluted fractions were analysed by SDS-

PAGE on NuPAGE® Novex 12% Bis-Tris gels (Thermo Fisher) using a 

SeeBlue™ 2 Pre-stained Protein Standard (Invitrogen) and subsequent staining 

by InstantBlue™ Protein stain (Sigma Aldrich). The concentration of the protein 

samples was estimated using the NanoDrop UV-Vis Spectrophotometer. 

To prepare lysates, cell pellets were re-suspended in 60 ml of lysis buffer 

(20 mM HEPES pH 7.5, 500 mM NaCl, 1 mM TCEP and 5% v/v Glycerol), 

containing 1x complete Ultra EDTA-free protease inhibitor tablet (Roche, Welwyn 

Garden City, UK), 1 mM MgCl2 and 12.5 U/ml of Benzonase nuclease (Millipore 

Ltd., Hertfordshire, UK) and lysed by sonication (18 cycles of 5 seconds on, 55 

seconds off, at 50% Amplitude).  Lysed cells were then centrifuged at 21,500 rpm 

for 55 minutes at 4°C, using a Beckmann-JA25.50 rotor, to separate the insoluble 

material. The supernatant was then filtered through a 1.2 μm syringe filter prior 

to loading onto the Affinity Chromatography (AC) column. 

2.1.3.1 His-tagged FL HSET 

Filtered lysate containing His6-FLHSET was loaded onto a 1 ml HisTrap™ Fast 

Flow Immobilised Metal-ion Affinity Column (IMAC) pre-equilibrated in IMAC 

buffer A (20 mM HEPES, 500 mM NaCl, 1 mM TCEP, 5% (v/v) glycerol at pH 7.5) 

at 1 ml/min. Unbound components were washed off with 5 column volumes (CV) 

each of 8% and 16% IMAC buffer B (IMAC Buffer A containing 250 mM 

imidazole), and HSET was subsequently eluted with 5 CV of 100% IMAC buffer 

B. Peak fractions were pooled and concentrated to a final volume of 500 µl using 

30,000 MWCO Pierce™ PES protein concentrator (Pierce Biotechnology, 

Waltham, USA). Concentrated fractions were loaded onto a Superdex 200 
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10/300 Size Exclusion Chromatography (SEC) column pre-equilibrated in 

running buffer (20 mM HEPES, 200 mM NaCl, 1 mM TCEP and 5% v/v Glycerol), 

at 0.5 ml/min. Peak fractions were pooled and subsequently loaded onto a 1 ml 

Mono-S Ion Exchange Chromatography (IEC) column at 1.25 ml/min after 

equilibration in IEC buffer A (20 mM HEPES, 1 mM TCEP, 5% v/v Glycerol). 

HSET was eluted using a continuous gradient of 20% to 60% IEC buffer B (IEC 

Buffer A + 1M NaCl) over 20 CV. Purified fractions were selected by SDS PAGE 

and pooled, concentrated to 1 mg/ml and flash frozen for storage at -80 °C.  

2.1.3.2 2xStrep-tagged FL HSET 

In the case of Strep2-FLHSET, filtered lysates were loaded onto a 5 ml StrepTrap 

HP pre-equilibrated in Strep buffer A (20 mM HEPES pH 7.5, 500 mM NaCl, 1 

mM TCEP, 5% v/v Glycerol) at 1 ml/min, followed by a 5 CV wash at 3 ml/min in 

the same buffer and elution using 5 CV Strep-buffer B (buffer A with 3 mM 

Desthiobiotin) at 2 ml/min.  Eluted fractions were pooled and concentrated to a 

volume of 500 µl as previously explained prior to SEC.  SEC was initially 

performed using an Superdex 200 10/300 column before changing to a Superose 

6 Increase 10/300 GL which gave better resolution. 

To obtain Apo HSET, concentrated HSET was used with no added nucleotide, 

and the Apo-SEC running buffer constituted 20 mM HEPES pH 7.5, 400 mM 

NaCl, 1 mM TCEP and 5% v/v Glycerol. To obtain HSET bound to ADP, ADP 

and MgCl2 were added to a final concentration of 0.5 mM and the ADP-SEC 

running buffer comprised of 20 mM HEPES pH 7.5, 200 mM NaCl and 0.05 mM 

Mg-ADP.  Samples were loaded and run at 0.5 ml/min. The eluted fractions were 

analysed by SDS-PAGE and stored at 4 °C.  
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2.2 Biochemical and Biophysical Characterisation 

2.2.1 ATP Hydrolysis Assay 

The ATP hydrolysis activity of HSET was studied using the ADP-Glo™ Max 

Assay system (Promega, Southampton, UK) which was performed by Dr. Harry 

Saville in a PROXIPLATE 384 PLUS WHITE plate (PerkinElmer, 

Buckinghamshire, UK). Each well contained a total assay volume of 20 µL made 

up of 5 µL reaction components (HSET, Microtubules and ATP), 5 µL ADP Glo 

Reagent and 10 µL Kinase Detection Reagent. Concentrations of His6-FLHSET 

and Strep2-FLHSET-I in the 5 µL reaction mixture were varied from 0.8 nM to 100 

nM in two-fold increments in a buffer composed of 40 mM HEPES pH 6.8, 20 mM 

MgCl2, 0.5 mM EGTA, 0.2 mM Triton X-100 and 2 mM DTT. ATP hydrolysis was 

carried out in the presence of 100 μM ATP and 0.07 mg/ml microtubules 

(Cytoskeleton Inc, Universal Biologicals). The reaction was stopped by the 

addition of ADP-Glo reagent in separate wells every 10 minutes for an hour. 

Fluorescence was observed by the addition of Kinase Detection reagent and 

measured using an Envision 2013 MultiLabel Reader (PerkinElmer) with an 

excitation wavelength of 340 nm and emission wavelength of 450 nm. 

 

2.2.2 Differential Scanning Fluorimetry (DSF) 

The ability of FL HSET to bind ADP was studied by label-free Differential 

Scanning Fluorimetry, also referred to as nanoDSF, using the Prometheus NT.48 

(NanoTemper, München, Germany). 25 µM each of the pre-purified Apo and 

ADP-bound forms of Strep2-FLHSET-II were loaded into separate nanoDSF 

Grade Standard Capillaries (NanoTemper) that were subjected to a temperature 

increase in the Prometheus from 20°C to 95°C over 70 minutes, while monitoring 

and recording the intensities of fluorescence at 330 nm and 350 nm.  
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2.2.3 Size Exclusion Chromatography- Multi Angle Light Scattering (SEC-

MALS) 

The SEC-MALS of Apo- and ADP-bound Strep2-FLHSET-II was performed using 

an Agilent HPLC system coupled with a mini-DAWN Helios Light Scattering 

detector, measuring the diffusion of the light generated by a laser of wavelength 

658 nm, and an Optilab Refractive Index detector (Wyatt Technologies, Santa 

Barbara, USA). Each sample of 100 μl at a concentration of 22 μM was separated 

by a Superose 6 Increase 5/15 GL column (GE Healthcare) at a flow rate of 0.25 

ml/min. The running buffers contained 20 mM HEPES buffer at pH 7.5 and 200 

mM NaCl, with an additional 1 mM TCEP and 5% (v/v) Glycerol for Apo-HSET 

and 0.1 mM each of MgCl2 and ADP for ADP-HSET. The data was analysed by 

the adjoining ASTRA v7.3 software to calculate the molar mass at every position 

of the SEC chromatograms for both forms of HSET. 

 

2.2.4 Dynamic Light Scattering (DLS) 

Aggregation tendencies of Strep2-FLHSET-II were monitored by DLS using the 

SpectroLight 600 DLS system (Xtal Concepts GmbH, Hamburg, Germany). 2 μl 

of Apo-HSET or ADP-HSET at concentrations of 1 mg/ml each were loaded under 

paraffin oil in a 96-well Vapour batch plate (Douglas Instruments, Hungerford, 

UK). Scattering profiles were collected at 10 and 20 °C, with the plate equilibrated 

for ten minutes at each set temperature prior to acquiring measurements. The 

scattering data was processed by the Xtal Concepts instrument software. 

 

2.2.5 Mass Photometry 

Mass photometry measurements were carried out using the Refyn OneMP system 

(Refyn Ltd., Oxford, UK). Samples were added to wells that were formed by 

placing a 3mm x 1mm silicone casket (Grace Bio-Labs, Bend, USA) on top of a 
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Corning 24 x 50 mm glass coverslip (Corning, Inc. New York, USA). Buffer (13 

μl) was loaded into each well to focus the sample and optimise illumination 

settings. This was followed by the addition of 2 μl of sample that had been diluted 

to 200 nM. Binding of the sample to the surface of the coverslip was observed 

and recorded for 60 seconds using the AcquireMP software and around 900-1800 

binding events were collected per movie. Data was processed to obtain a 

distribution of binding event counts in DiscoverMP software. Counts were 

converted to molar mass (kDa) using the calibration that was performed on 

standards provided by Refyn, Inc. The different dilution buffers tested contained 

20 mM HEPES at pH 7.5, differing only in their salt content as follows: buffer-1 

(200 mM NaCl), buffer-2 (100 mM NaCl), buffer-3 (50 mM NaCl). 

 

2.2.6 Small Angle X-ray Scattering (SAXS) 

All measurements were conducted on the B21 beamline at Diamond Light Source 

(Didcot, UK), which generates 13 keV X-rays of wavelength 0.95 Å. The scattered 

photons were collected within a scattering vector (q) range of 0.0026-0.34 Å-1, on 

a detector that was positioned 3.7 m away from the sample. Apo and ADP-HSET 

samples of 50 μl each, that were concentrated to 3.0 mg/ml in Apo-SEC and 

ADP-SEC buffers respectively, were flown through a Shodex™ KW-404 SEC 

column (Shodex™, Munich, Germany) mounted on an Agilent 1200 HPLC, prior 

to entering a quartz capillary for X-ray exposure. The samples in the capillary 

were imaged at 4 °C, and a total of 619 exposures of one second each were 

collected for each form of HSET.  

The scattering data from each exposure were imported into the B21 

beamline’s custom software ScÅtter-3 to view the overall scattering profiles along 

the SEC chromatogram as a plot of intensity "log I(q)" vs scattering vector "q", 

from which the signal corresponding to the buffer was subtracted. For each 

separate exposure within the SEC peak of each HSET form, the Guinier region 

of the scattering curve (range of scattering data corresponding to low-q values) 

was carefully inspected to select the part of the peak giving consistent values for 
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the radius of gyration (Rg). The scattering curves for the selected exposures were 

then scaled and averaged. The averaged data were then imported into Primus 

from the ATSAS v3.2.1 suite (EMBL, Hamburg, Germany) (Manalastas-Cantos, 

Konarev et al. 2021) for further analyses. First, the radius of gyration (Rg) and 

scattering intensity at angle zero (I(0)) of the samples was determined using the 

Guinier analysis. The I(0) value was then used to calculate the molecular weight 

of the sample in a similar way to SEC-MALS. Subsequently, the scattering profile 

was used to calculate a dimensionless Kratky plot (normalised to I(0) and Rg) to 

assess the degree of structure of the two forms of HSET (Durand, Vives et al. 

2010). This was followed by the computation of an Indirect Fourier transform (IFT) 

to obtain a pair-wise distance distribution “P(r)” function that was adjusted to 

ensure a smooth drop-off of the function at the maximum dimension “Dmax” of the 

molecule (Konig, Svergun et al. 1992). Dummy atom 3D models were computed 

from the P(r) function using ten rounds of DAMIF software, followed by averaging 

using DAMAVER and refinement by DAMIN software to generate a single 

reconstruction for each form of HSET (Franke and Svergun 2009). 
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2.3 Negative Stain Electron Microscopy 

2.3.1 Sample Preparation 

Negative staining was performed on 300-mesh Copper Quantifoil grids- R1.2/1.3 

(SPT Labtech Ltd, Hertfordshire, UK) coated with a thin layer of carbon support 

film. Grids were glow-discharged at 0.26 mBar for 60 seconds using PELCO 

easiGlow™ (Ted Pella, Inc., Redding, USA) prior to sample application. The 

HSET sample (3 μl) was applied onto the glow-discharged grids and incubated 

for 60 seconds at room temperature. The grids were subsequently washed twice 

in distilled water and then stained twice in 2% uranyl acetate such that the second 

staining step lasted 30 seconds. Each step was accompanied by manual blotting 

with a Whatman™ No. 1 filter paper and the stained grid was air-dried before 

loading into the microscope. Negative stain EM was used for the purpose of 

characterisation of the different purification strategies of HSET as well as 

structural analysis of Apo and ADP-HSET. For characterisation experiments, 

Apo-HSET peak fractions from the different purification strategies were diluted to 

a concentration of 0.2 μM (0.016 mg/ml) in the respective SEC buffers, prior to 

application on the grids.  For structural analysis, samples of Apo and ADP-bound 

Strep2-FLHSET-II were each diluted in a two-step process as follows: buffer-A up 

to a concentration of 0.7 μM (0.05 mg/ml) followed by buffer-EM (20 mM HEPES 

pH 7.5, 100 mM NaCl) to a final concentration of 0.2 μM.  

 

2.3.2 Data Collection 

The negative stain grids were imaged on the FEI (Thermofisher Scientific, 

Waltham, USA) Tecnai F20 microscope at the Division of Structural Biology, the 

Institute of Cancer Research, Fulham Road, equipped with a field emission gun 

operating at 200kV, and a TVIPS F416 CMOS detector (TVIPS GmbH, Gauting, 

Germany). Images were collected 1 to 2 μm under focus at a magnification of 

50,000x (corresponding to a pixel size of 1.73 Å). Images were acquired with a 

dose rate of 35-45 electrons per Å2 with a 1-second exposure. Data was collected 
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as images in TIFF format manually using EM-Menu software (TVIPS) for the 

sample characterisation, while the collection was automated for structural 

analysis, using the EM Tools module.  

 

2.3.3 Data Processing 

2.3.3.1 Sample Characterisation 

TIFF images from the TF20 were converted to MRC format using the EM2EM 

tool in the IMAGICv110817 processing suite (van Heel, Harauz et al. 1996). The 

MRC micrographs were then imported into RELION v3.0 (Zivanov, Nakane et al. 

2018) for manual particle picking. Micrographs were low-pass filtered to 20 Å for 

manual-picking. Particles were picked with a diameter of 300 Å from each dataset 

and extracted with a box-size of 240 pixels which corresponds to 420 Å. The 

extracted particles were subjected to un-masked reference-free 2D classification 

in RELION-3.0 without correction of the Contrast Transfer Function (CTF), using 

default parameters for image alignment and a 20 Å limit in E-step resolution. The 

particles were also classified using ISAC2 from the SPHIRE v1.3 processing suite 

(Yang, Fang et al. 2012) with a diameter of 300 Å and a pixel-error-threshold of 

2.1 into classes containing 60-100 particles each.  

2.3.3.2 Structural Analysis 

Datasets for Apo and ADP-HSET were converted from TIFF to MRC format using 

the EM2EM tool in the IMAGIC processing suite. The converted micrographs 

were imported into RELION v3.1 to estimate CTF parameters using CTFFind 

v4.1.8 (Rohou and Grigorieff 2015). Particles were auto-picked with a diameter 

of 300 Å and a picking threshold of 0.3 in CRYOLO v 1.5.6 (Wagner, Merino et 

al. 2019) by a general picking model that was trained using a part of the dataset 

constituting 200 manually picked particles from a selection of twelve micrographs 

low-pass filtered in CRYOLO to a cut-off of 0.1. The picked coordinates were 

imported into RELION to extract the particles from the micrographs with a box 

size of 440 Å after down sampling by a factor of two. The extracted particles stack 

was subsequently used to test classifications in cryoSPARC v 3.0 (Punjani, 



 43 

Rubinstein et al. 2017), ISAC2 and RELION v3.1 as outlined below. In 

cryoSPARC, the particles were classified unmasked into 50 classes over the 

course of 20 online-EM iterations that marginalized over poses and shifts, while 

the ISAC2 classification utilised the parameters described in section 2.3.3.1 

(Page 42). In the case of RELION, a range of values were tested for the alignment 

parameters before applying the optimal values to the entire stack of particles. Ab-

initio models for each dataset were generated with C1 symmetry using initial and 

final subsets of 200 and 1000 particles respectively by applying 15º angular 

sampling and a 6-pixel translational search range in 2-pixel search steps in 

RELION. For 3D alignment, particles from successful 2D classes were classified 

in 3D into a single class using the ab-initio reference with 7.5º angular sampling 

and 5-pixel translational search range in single pixel steps. The 3D-aligned 

particles were subsequently reclassified in 2D without applying any in-plane 

image alignment to preserve the 3D alignments. Particles from successful 2D 

classes were subjected to further classification in 3D into two classes using the 

ab-initio reference and custom mask with the alignment parameters described 

above. The 3D class averages were refined with their respective stacks of 

particles and custom soft-edge masks in cryoSPARC v3.0's Homogeneous 

Refinement Legacy tool without windowing or masking the dataset (Punjani, 

Rubinstein et al. 2017). All 3D maps were viewed and analysed in UCSF Chimera 

(Pettersen, Goddard et al. 2004). To estimate the resolution, the refined models 

were low pass filtered to a series of thresholds in IMAGIC. 
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2.4 Cryo Electron Microscopy 

2.4.1 Sample Preparation 

A sample of 4 μl of Apo or ADP-HSET was applied onto glow-discharged grids in 

a FEI Vitrobot Mark IV (Thermo Fisher) which was maintained at 100% humidity 

and temperatures of 4 °C or 18 °C. The sample was allowed to incubate on the 

grid for a defined waiting period which was followed by blotting with specified 

settings of blot force and blot time, and then plunged into liquid ethane cooled by 

liquid nitrogen. A range of physical parameters such as temperature, blot force, 

blot time and wait time as well as chemical parameters such as concentration of 

protein and buffer composition were tested on the grids. The following types of 

unsupported grids were used: 300-mesh Ultra-Au-Foil and Cu/Au Quantifoil (SPT 

Labtech, Ltd.), and 400-mesh C-flat 4-Cu-T-50 (Protofilaments, Inc. Morrisville, 

USA); all grids were of dimensions R1.2/1.3. Support films on grids such as 

amorphous carbon, Graphene Oxide and Molecular Graphene (Electron 

Microscopy Sciences, Hatfield, USA) were also trialled.  

 

2.4.2 Data Collection 

2.4.2.1 Glacios 

Initial screening and data collection efforts on cryo-grids were carried out on the 

FEI Glacios TEM at the Division of Structural Biology, the Institute of Cancer 

Research, Fulham Road, equipped with a Falcon 4i direct electron 

detector. Movies were recorded in EER format with 183 frames at 0.5 to 0.7 μm 

under focus using a dose of 60 electrons per Å2 and an exposure time of 5.73 

seconds per movie. Imaging was performed at a magnification of 150,000x which 

corresponds to a pixel size of 0.94 Å using a Volta Phase Plate (VPP) whose 

activation time and periodicity of exposures was optimised. 

The data collection was automated, aided by the software EPU provided by 

Thermo Fisher Scientific.  
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2.4.2.2 Titan Krios 

Another batch of cryo-grids was imaged on the FEI Titan Krios at the London cryo 

EM consortium LONCEM at the Francis Crick Institute, equipped with a 

BioQuantum K3 direct detector and an in-column Energy Filter (Gatan, Inc., 

Pleasanton, USA). Three exposures were acquired for every foil hole at 0.5 μm 

under focus with a dose rate of 70 electrons per Å2 and a total exposure time of 

2.67 seconds. Movies contained 53 frames and were acquired in TIFF format in 

super-resolution mode at a magnification of 130,000x which corresponded to 

a pixel size of 0.335 Å. Imaging was performed using a VPP collecting 97-102 

exposures per position of the VPP. The collection was carried out using EPU 

software.  

 

2.4.3 Data Processing 

2.4.3.1 Pre-Processing 

Movies from the Glacios and Krios datasets were independently imported into 

RELION v3.1.2 where the beam induced motion in every frame was corrected 

using 4 by 4 patches and a B-factor of 150 in RELION's implementation of 

MotionCorr2. The Glacios data was grouped into fractions containing 30-50 

frames each and used unbinned for the motion correction while the Krios data 

was binned by a factor of 2 for the same. The corrected frames were dose-

weighted and combined into MRC micrographs, and CTF parameters were 

subsequently estimated by CTFFind v4.1.14. Micrographs were selected based 

on the following parameters - defocus range of -0.2 to -1.2 μm, phase shifts 

between 0.3 and 0.7π rad and an estimated resolution greater than 10 Å. 

Additionally, in the case of the Glacios dataset, the selection of micrographs was 

manually curated based on the power spectra to eliminate any whose CTF was 

incorrectly estimated by the program.  

2.4.3.2 Particle-Picking 

Particle picking was performed in CRYOLO v1.8.4. A small subset of 20 

micrographs from the Glacios and 36 micrographs from the Krios were used to 
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manually pick 200 and 400 particles constituting the respective training sets. In 

each case, the images were denoised by JANNI (Wagner, Merino et al. 2019) to 

train a picking model iteratively. The trained model was subsequently used to pick 

particles from all micrographs with a threshold of 0.3 and a picking diameter of 

250 Å. Default and customised denoising models were tested on the Krios 

dataset. The picked coordinates were imported into RELION where the particles 

were down-sampled and extracted from the CTF-based selection of micrographs 

with a box size of 300 Å in both datasets for further processing. The datasets 

were down sampled by a factor of 2 for the Glacios data and 3 for the Krios data, 

bringing the respective pixel sizes to 1.88 Å and 2.01 Å.  

2.4.3.3 2D and 3D Analysis 

The extracted particles were subjected to multiple rounds of reference-free 2D 

classifications by iteratively selecting the best classes from each round to 

reclassify in the next round. Following this, particles from both datasets were 

subjected to classification with the application of a circular mask of 200 Å 

diameter, while the Glacios dataset also tested the application of high pass filters 

to varying cut-off values. The ab-initio 3D reference was generated in C1 

symmetry with a small subset of 20,000 particles from the stack using the default 

15 º angular sampling and 6-pixel translational search range in 2-pixel steps with 

initial and final particle subsets of 200 and 1000 for both datasets. The reference 

was used to classify particles in 3D with a suitable custom soft-edge mask and 

alignment parameters of 3.7 º angular sampling, 10-pixel search range, and 1-

pixel steps for the Glacios datasets. Different values of the parameters for 

alignment and classification were tested during the 3D classification of the Krios 

dataset and the optimised parameters were used to refine the 3D class that 

showed the highest level of detail using RELION's 3D Refine. The 3D classes 

from the Glacios data were imported into cryoSPARC along with their respective 

masks and subsets of particles to be refined using the Homogeneous Refinement 

Legacy algorithm, without windowing or masking the dataset.  
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3. RESULTS 

 

3.1 Production and Purification of FL HSET 

The biophysical and structural characterization of FL HSET required a significant 

quantity of protein at a high level of purity. Thus, the first goal of my project was 

to develop a reproducible strategy to produce and purify FL HSET at the desired 

quality. I designed constructs that I cloned and expressed using the Baculovirus-

Sf9 expression system described in section 2.1.2 (Page 34). The expressed 

protein was purified using a sequence of chromatography steps. Each 

chromatography step was based on a unique property to separate the proteins in 

the lysate and were used in the following order: Affinity Chromatography (affinity) 

-> Size Exclusion Chromatography (size) -> Ion Exchange Chromatography 

(charge).   

3.1.1 His-tagged FL HSET 

The first construct I tested is shown in fig 3.1 and will be denoted as His6-

FLHSET. His6-FLHSET was first purified using a HisTrap FF IMAC column, 

followed by SEC with a Superdex 200 10/300 GL column and lastly, IEC using a 

Mono-S column (fig 3.2).  

 

 

Figure 3.1 Construct for His6-FLHSET  

The first construct used to express and purify recombinant FL HSET was designed with an N-

terminal Hexa-Histidine tag followed by a TEV protease cleavage site.  

 

6x Histidine tag
TEV

Sequence FL HSETN C
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3.1.1.1 Step-1: IMAC using HisTrap column 

The HisTrap column is composed of a Ni2+-NTA matrix which has a high affinity 

for the imidazole ring in the amino acid Histidine (Bornhorst and Falke 2000). For 

this reason, a buffer supplemented with 250 mM imidazole was used to bind 

competitively to the column and elute bound protein, as shown in the 

chromatogram (fig 3.2 a). The affinity chromatography proceeded in three 

phases: binding, washing, and elution. After loading His6-FLHSET, the column 

was washed with 8% and 16% buffer that corresponds to 20 mM and 40 mM 

imidazole (W1 & W2 respectively) before elution with buffer containing 250 mM 

imidazole. The SDS-PAGE analysis in fig 3.2 a showed that both washes 

contained a considerable number of contaminants whereas His6-FLHSET was 

only detected in the elution fractions. Although His6-FLHSET was the 

predominant band, there were still substantial contaminants at this stage.  Eluates 

A1 to A4 were pooled & concentrated for the next step- SEC. 

3.1.1.2 Step-2: SEC using Superdex 200 

Unlike IMAC which is based on preferential binding affinity (Schmitt, Hess et al. 

1993), the SEC columns use a porous matrix of spherical particles to separate a 

mixture of proteins based on their ability to pass through the inter-particle or intra-

particle spaces. This thus relates to the dimensions of the proteins, more 

specifically expressed by the hydrodynamic radius i.e., a combination of size, 

shape, and hydration state (Lindqvist and Storgårds, 1955). In a run that lasts for 

a single CV, the SEC resolves components of the injected sample with the 

smaller species eluting nearer to the end of the run. Using a standard mixture of 

proteins of known molecular masses, the SEC can be calibrated such that the 

elution volume of a protein can be used to roughly estimate its molecular weight 

(Kostanski, Keller et al. 2004).  
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Figure 3.2 Purification of His-tagged FL HSET 

His6-FLHSET was purified as follows- (a) IMAC on a Ni2+-NTA column (1 ml HisTrap™ Fast 

Flow), (b) SEC through a Superdex 200 10/300 column and (c) an IEC using a 1 ml Mono-S 

column. The left panel shows chromatograms for each step, absorbance in mAU (blue line) is 

shown on the left- Y-axis and where applicable, the respective eluant concentrations in mM (green 

line) is shown on the right-Y-axis, both are plotted against the volume in ml along the X-axis. 

Please note that the chromatogram for the Ni2+-NTA & Mono-S columns have been cropped and 

do not include the loading phase. The eluted fractions were analysed by SDS-PAGE and are 

shown on the right panel; the red dashed lines on the chromatograms depict where eluted 

fractions were loaded onto the gel. L- denotes the molecular weight ladder, I/P- Input (injected 

sample), F/T- flow-through, W1 and W2- washes. 
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The SEC profile for His6-FLHSET showed a large peak at a volume of 9.5 ml that 

begins eluting around the void volume of the S200 column (8 ml) followed by a 

shoulder peaking around 12 ml and two smaller peaks at around 18 and 23 ml. 

SDS-PAGE analysis indicated that the peak elution of His6-FLHSET occurs 

around 10.5 ml which corresponds to the region in between the void and the 

shoulder peaks. Based upon calibrations established in the laboratory 

(Supplementary fig S2, Page 201), the peak of His6-FLHSET has an estimated 

molecular weight (MW) between 400 and 500 kDa, which would be consistent 

with a hexameric species. Similarly, the large initial peak is consistent with very 

high MW species (>600 kDa) and can be referred to as the aggregate peak. 

Although SEC improved the level of purity of His6-FLHSET compared to 

the HisTrap eluates, it was still not pure enough for EM studies and required 

further purification. Furthermore, the elution profile of His6-FLHSET overlaps 

significantly with the initial aggregate peak which appears to contain a non-protein 

contaminant judging by the discrepancy between large mAU signal and lack of 

protein seen on SDS-PAGE. To improve the purity of His6-FLHSET, fractions C3 

to C12 were selected for IEC. 

3.1.1.3 Step-3: IEC using cation-exchange 

IEC separates proteins based on their net charge in the pH of the buffer being 

used (Adhikari, Manthena et al. 2010). The predicted isoelectric point (pI) of His6-

FLHSET is 9.1 (Supplementary Information S2B, Page 201) (Gasteiger, Gattiker 

et al. 2003) which means that it will have an overall positive charge in buffers with 

a pH below the pI. Based upon a predicted positive charge, a negatively charged 

cation IEC column was chosen. The binding & wash phases (not shown) were 

performed in the presence of 200 mM NaCl (20% buffer B). The starting 

concentration was chosen to match the salt content in the injected sample. A 

continuous gradient of NaCl from 200 - 600 mM was subsequently used for 

elution and a single peak of protein eluted between 300 mM and 450 mM NaCl. 

The gel reflects the broadness of the HSET peak from fraction C4 till it becomes 

undetectable in C10 (gel, fig 3.2 c). The purity appears to be the highest in the 

peak fractions C5 and C6, whose concentrations were found to be around 3 µM 

from the NanoDrop UV-Vis Spectrophotometer (Supplementary table S2, Page 
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203). A small sample from C5 was used for negative stain EM. Fractions C5 to 

C8 were subsequently pooled and concentrated to 10 µM for use in quality control 

assays. Overall, the His-trap strategy resulted in a total yield of 3.3 mg of HSET 

per Litre of Sf9 culture. 

Although it was possible to obtain His6-FLHSET with reasonable purity for 

EM purposes, it required a three-step purification which resulted in a significantly 

low yield of protein recovered. In order to simplify the purification, it was decided 

to try and replace the His6 tag with a more specific affinity tag that would improve 

the purity after the initial step of purification. 

 

3.1.2 Twin-StrepII-tagged FL HSET 

To improve the yield of HSET while ensuring a high level of purity, I produced a 

new construct with a 2xStrepII i.e., twin-Strep affinity tag, which encodes two 

repeats of a sequence of 8 amino acids that mimic the interaction site of biotin 

(Schmidt, Koepke et al. 1996). The matrix of the StrepTrap HP column contains 

the biotin-binding domain of Streptavidin and is known as Streptactin. In other 

words, the Strep tag- Streptactin column interaction is designed to mimic that of 

biotin to streptavidin. The specificity of this interaction along with the lack of 

biotinylated proteins in the lysate implies a higher probability of successfully 

purifying HSET from contaminants.  

 

 

Figure 3.3 Construct for Strep2-FLHSET 

The second construct used to express and purify recombinant FL HSET was designed with an N-

terminal 2xStrep tag followed by a downstream HRV 3C protease cleavage site.  

Twin Strep tag
HRV 3C

Sequence FL HSETN C
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As shown in fig 3.3, the position of the tag was the same as before but followed 

by an HRV 3C protease cleavage site because HRV 3C protease is more robust 

than TEV. This construct, referred to as Strep2-FLHSET was initially purified 

using a StrepTrap affinity column followed by a Superdex 200 10/300 GL SEC 

column. 

3.1.2.1 Step-1: Affinity Chromatography using StrepTrap 

In the case of the Strep2-FLHSET, the elution from the StrepTrap column was 

facilitated by the incorporation of 3 mM Desthiobiotin in the binding buffer, which 

was not used during the binding and washing phases, in contrast to the imidazole 

used to elute His-tagged FLHSET from the HisTrap column. Eluted fractions 

showed a marked reduction in the number of contaminant bands (gel, fig 3.4 a) 

compared to those from the HisTrap column (gel, fig 3.2 a). Furthermore, HSET 

was present in more fractions than in the HisTrap eluates (gel, fig 3.2 a). Thus, 

the use of the twin-Strep tag noticeably improved the recovery and purity of HSET 

compared to the His-tag. The eluates (A1 to A6) were pooled and concentrated 

for SEC.  

3.1.2.2 Step-2: SEC using Superdex 200 

Unlike the case of His6 -FLHSET that showed multiple overlapping peaks over a 

span of 8 ml of the column, the SEC for Strep2-FLHSET showed two peaks 

(profile, fig 3.4 b), both of which contained HSET (gel, fig 3.4 b). The first peak 

begins close to the void volume of the column and represents the higher MW 

species and aggregated proteins, including HSET. The second peak elutes 

around 10 ml, similar to the peak of HSET elution that was observed in the case 

of His6-FLHSET (profile, fig 3.2 b). From the SDS page gel (fig 3.2 b), most of the 

contaminants co-elute with the aggregate peak. Given the high level of purity of 

HSET in the second peak there was no need for a third chromatography 

procedure. The total yield was 12 mg HSET per litre of culture, which is four times 

higher than that of His6-FLHSET.  
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Figure 3.4 Purification of Twin-StrepII-tagged FL HSET 

The initial approach of purifying FL HSET from the filtered cell lysate involved the following two-

step strategy- (a) Affinity chromatography through a StrepTrap HP column, followed by (b) SEC 

through a Superdex 200 10/300 column. The left panel shows chromatograms for each step, 

absorbance in mAU (blue line) is shown on the left- Y-axis and the eluant concentrations in mM 

(green line) is shown on the right-Y-axis, both are plotted against the volume in ml along the X-

axis. Please note that the chromatogram for the StrepTrap HP column has been cropped and 

does not include the loading phase. The eluted fractions were analysed by SDS-PAGE as shown 

on the right panel; the red dashed lines on the chromatograms depict where eluted fractions were 

loaded onto the gel. L- denotes the molecular weight ladder, I/P- Input (injected sample), F/T- 

flow-through, W- wash. 

 

It is thus evident that changing to a twin-Strep tag showed a significant 

improvement in yield of HSET compared to the His6-tag. Due to the high 

concentration of HSET in each fraction, the samples were not concentrated prior 

to storage. 
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3.1.3 Optimising the twin-StrepII strategy 

Although switching to a twin-Strep tag significantly improved the yield and purity 

of HSET, further modifications to the purification were made. These are 

discussed below and the HSET fractions obtained from it are referred to as 

Strep2-FLHSET-II, while its predecessor as Strep2-FLHSET-I. 

3.1.3.1 Improving the resolution in SEC 

Although it was possible to resolve aggregated and non-aggregated HSET, the 

peaks were not fully resolved which could lead to heterogeneity in the sample.  

 

Figure 3.5 Comparison of SEC Columns - Superdex 200 10/30 vs. Superose 6 Increase 

10/30 

SEC of Strep2-FLHSET using (a) Superdex 200 10/30 GL column vs. (b) Superose 6 Increase 

10/30 GL column; the chromatograms of each step show absorbance in mAU (Y-axis) plotted 

against the volume in ml (X-axis). The eluted fractions were analysed by SDS-PAGE; the red 

dashed lines on the chromatograms depict the range of eluted fractions that were loaded on the 

gel. The remaining lanes represent the following: L- molecular weight ladder. 

SEC 

on S200 10/30 Column

SEC 

on S6 I 10/30 Column

b.a.
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To avoid this, I decided to change the SEC column from Superdex 200 to the 

Superose 6 Increase, which provides a higher resolution range for the same 

column volume (Hong, Koza et al. 2012). As shown in fig 3.5, the Superose 6 

column provides a much better separation between the two peaks of HSET 

compared to the S200 column. The SDS-PAGE analysis of the eluted fractions 

from the second peak showed a high level of purity (gel, fig 3.5 b). 

3.1.3.2 Preparation of ADP-HSET 

Another modification to the purification of Strep2-FLHSET was the plan to divide 

the pool of StrepTrap fractions into two halves to independently purify Apo-HSET 

and ADP-HSET. The aim was to generate a version of HSET that would be stable 

in low-salt, glycerol-free buffer to make the sample more suitable for cryo EM. 

ADP-binding was used to stabilise HSET in the absence of the above 

components of the buffer. 

To generate ADP-HSET, 0.5 mM each of Mg and ADP were added to half 

of the pool of StrepTrap fractions, which was subsequently concentrated for SEC 

using the Superose 6 Increase in the ADP-SEC running buffer (see section 

2.1.3.2, Page 36). The SEC profile for ADP-HSET shows a significant reduction 

in the contents eluting at the void volume compared to Apo-HSET (fig 3.6). The 

elution of HSET shows a peak of similar height and width and appears in the 

same position of the column as Apo-HSET. While the overall yield of 12 mg HSET 

per litre of culture remained the same as the earlier preparation of Strep2-

FLHSET, the concentration of HSET per fraction measured by the NanoDrop UV-

Vis spectrophotometer halved as expected (Supplementary table S2, Page 203). 
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Figure 3.6 Purification of Strep2-FL HSET-II 

Top panel shows the schematic of the improved alternative approach to purify twin-Strep-tagged 

FL HSET as follows- After affinity chromatography through a StrepTrap HP column, the eluted 

fractions were pooled together and split in two; ADP and MgCl2 were added to one half to a final 

concentration of 0.5 mM. Both samples were subsequently concentrated and independently 

resolved through SEC using a Superose 6 Increase 10/300 column; the chromatograms of each 

step show absorbance in mAU (Y-axis) plotted against the volume in ml (X-axis). The eluted 

fractions were analysed by SDS-PAGE; the red dashed lines on the chromatograms depict the 

range of eluted fractions that were loaded on the gel. The remaining lanes represent the following: 

L- molecular weight ladder, I/P- Input (injected sample). 
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In this manner, I made modifications to the initial pipeline to create a new version 

of Strep2-FLHSET showing a higher level of homogeneity in the fractions and the 

retrieval of two forms of HSET for cryo EM. Apo and ADP-HSET were compared 

biophysically to evaluate the differences in quality and thus determine their 

suitability for cryo EM. 
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3.2 Biochemical and Biophysical Characterisation of FL HSET  

In this section, I describe the results of experiments that were undertaken to study 

the stability, stoichiometry, size, and shape of HSET. Like many structural biology 

techniques, several of the methods I employed to estimate these parameters 

were based on the scattering of electromagnetic radiation by the sample. Light 

scattering is a versatile physical phenomenon that can provide a plethora of 

information about macromolecules in solution based on the design of the 

experiment and the ratio of the wavelength of light to the size of the molecule 

(Sahin and Roberts 2012, Stetefeld, McKenna et al. 2016). 

For instance, the stability or the lack thereof is a term that encompasses 

visual and biochemical information about the system. For instance, a less flexible 

structure is easier to visualise in structural techniques such as X-ray 

crystallography, cryo EM, or NMR spectroscopy. In addition, the heterogeneity of 

a sample due to its tendency to aggregate, denature or degrade, can refer to its 

biochemical stability as a function of time, temperature, and the presence of 

certain contaminants, buffer components, and cofactors. These experiments are 

crucial as they inform strategies for sample preparation for structural 

characterisation of a protein under study. Prior to any characterisation, it was 

imperative to ensure that the purified HSET sample I had obtained was 

biochemically active. Hence, I first performed a biochemical assay for quality 

control as explained in section 2.2.1 (Page 37). 

3.2.1 Confirming the functionality of HSET 

As HSET is known to hydrolyse ATP during its mechanical cycle, I decided to test 

its activity through an ATPase enzymatic assay, the ADP-Glo™ Assay (Promega, 

UK). As this assay was used to assess the activity of HSET rather than establish 

a kinetic study on the ATPase reaction, the concentration of ATP was maintained 

in a 1,000-fold molar excess of HSET to prevent the concentration of the 

substrate from limiting the rate of the reaction. The steps involved in the assay 

are delineated below. 
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3.2.1.1 Principle of ADP-Glo assay on HSET  

In a nutshell, the assay consists of three steps (Zegzouti, Zdanovskaia et al. 

2009)- reaction, depletion, and detection (fig 3.7). The first step is the ATPase 

reaction that occurs as HSET is exposed to a fixed concentration of pre-

polymerised microtubules in the presence of the substrate- ATP. The next step 

involves the addition of the ADP-Glo reagent, which stops the ATPase reaction 

and simultaneously depletes the unused ATP in the reaction mixture, leaving the 

product- ADP. Following this, the kinase detection reagent is added to commence 

the third step of the assay. This final step reconverts the ADP that remains in the 

reaction mixture to ATP, which is then utilised to drive a Luciferase/Luciferin 

reaction that generates a bioluminescent product. Hence, the amount of light 

generated by the product is proportional to the amount of ATP that has been 

hydrolysed by HSET. 
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Figure 3.7 Principle of ADP-Glo Assay 

The ADP-Glo Assay proceeds in three steps: Step 1- enzymatic reaction occurs, hydrolysing ATP 

and releasing ADP; Step 2- The reaction is stopped, and the unused excess substrate ATP is 

depleted; Step 3- The ADP is reconverted to ATP to be utilised by a Luciferase-catalysed reaction 

that emits light at a wavelength of 450 nm. 
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3.2.1.2 Confirmation of HSET’s enzymatic activity in the ADP-Glo assay 

Fig 3.8 shows the activity of the two HSET variants that were purified, as 

measured by ADP Glo assay. 

 

Figure 3.8 ADP-Glo Assay of FL HSET Constructs 

The ADP-Glo assay was used to confirm and compare the ATPase activity of the batches of (a) 

His6-FLHSET and (b) Strep2-FLHSET-I; the formation of bioluminescent product was measured 

in terms of the detected luminescence in Relative Luminescence Units (RLU) and plotted as a 

function of time in minutes; the protein was serially diluted to measure the enzymatic activity over 

the different concentrations displayed on the right. 

 

The plots show the recorded luminescence increasing linearly with time in both 

cases, indicating an accumulation of the product and therefore, turnover of 

His6-FLHSET

Strep2-FLHSET
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substrate over time. Moreover, the titration of HSET in both cases results in a 

trend wherein the slope of the luminescence plots increases consistently with 

increasing concentration of the enzyme HSET. However, there is a difference 

between the slopes of the two samples at each concentration. For instance, at a 

concentration of 0.8 nM, the slope of the plot for Strep2-FLHSET-I (fig 3.8 b) is 

twice that of His6-FLHSET (fig 3.8 a), indicating a greater ATP turnover in the 

case of the former. As the HSET concentration increases, the activity of Strep2-

FLHSET-I continues to overtake that of His6-FLHSET by a factor of 1.2-1.5. 

Overall, the positive slope of the plots along with the concentration-dependent 

response confirmed the presence of enzymatically active HSET from both 

purification strategies. Moreover, a higher protein activity was observed in the 

case of Strep2-FLHSET, which is further confirmation of the purity of the sample. 

 

3.2.2 Investigating ADP-binding through DSF of HSET 

To study the effects of ADP binding on the structure of HSET, I undertook 

different approaches. The first was to analyse the difference between Apo and 

ADP-HSET in terms of structural stability. As HSET transitions through several 

nucleotide-bound states in its mechanism as a kinesin (Foster and Gilbert 2000), 

a hierarchy in the relative stability of each state is likely to exist. Crystal structures 

of HSET and its homologs have only been obtained for the ADP-bound form, 

rather than the Apo form (Sablin, Kull et al. 1996, Kozielski, De Bonis et al. 1999, 

Park, Ma et al. 2017) . Based on this, I hypothesised that ADP binding could 

stabilise the structure of Apo-HSET, making it easier to visualise through 

structural studies. Thus, I chose to investigate the structural stability of HSET by 

subjecting it to thermal denaturation and observing any modification in its 

denaturation profiles upon nucleotide addition. This type of experiment is 

otherwise referred to as differential scanning fluorimetry (DSF) and is described 

below. 



 63 

3.2.2.1 Comparison of Apo and ADP-HSET by DSF 

DSF is a biophysical technique that typically uses a fluorescent dye, such as 

SYPRO Orange, to monitor the gradual unfolding of a protein structure by 

subjecting it to steadily rising temperatures (Semisotnov, Rodionova et al. 1991). 

Another type of DSF, usually referred to as nanoDSF (Alexander, Wanner et al. 

2014), is label-free, and this is what I performed using the Prometheus NT48 

(NanoTemper). Instead of using dyes, the Prometheus measures the intrinsic 

fluorescence of tryptophan (Trp) and to a lesser extent tyrosine (Tyr) residues 

(Alexander, Wanner et al. 2014) in the protein to obtain a denaturation profile. It 

can make precise measurements from capillary tubes that contain just 5 μL of 

sample at concentrations as low as 10 μM. These residues are typically buried in 

the hydrophobic core of the protein and become exposed to the aqueous 

environment as the structure unfolds. The denaturation profiles or melting curves 

follow the gradual exposure of these residues, which results in a reduction of the 

fluorescence intensity generated by Trp and Tyr residues at 330 nm, as well as 

a shift in maxima of emitted fluorescence from 330 nm to 350 nm for Trp residues 

(Ghisaidoobe and Chung 2014). To follow both changes, the Prometheus records 

the fluorescence intensities at each wavelength as a function of temperature and 

then plots the ratio of these intensities, which accounts for any variation in 

wavelength of the maximal fluorescence emitted by Trp residues. I thus used the 

Prometheus to study the effects of ADP binding on the thermal stability of HSET, 

as shown by the melting curves presented below. 

3.2.2.2 ADP-binding improves the thermal stability of HSET 

The curves in fig 3.9 have significantly different shapes depending on the 

presence or absence of ADP. The melting temperature- Tm shown in the figure is 

defined as the temperature at which half of the molecular population is unfolded 

(top, fig 3.9). The Tm in presence of ADP (Tm-ADP = 50 ºC, fig 3.9) is shown to 

be 18 degrees higher than the Tm of Apo HSET (Tm-Apo = 32 ºC, fig 3.9). In 

addition, there was a marked difference in the onset of unfolding between Apo- 

and ADP-HSET as well as the temperature range over which the denaturation 

was taking place, which translated into a steeper slope for ADP-HSET in the 

fluorescence ratio plot. This also manifests as a difference between the width and 
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height of the peaks in the first derivative plots of each sample- a broad, small 

peak for Apo-HSET and a narrow, tall one for ADP-HSET (bottom, fig 3.9). 

 Based on the difference in Tm (denoted DTm, fig 3.9) obtained for the two 

forms of HSET, it is evident that ADP binding increases the thermal stability of 

HSET. This confirms that HSET is effectively able to bind ADP. This represents 

another form of confirmation that my purified HSET is functional, in addition to the 

biochemical characterisation provided by the ADP-Glo assay. Moreover, the 

steeper transition for ADP-HSET vs Apo-HSET is a hallmark of a more 

homogeneous population of conformers for ADP-HSET (Gao, Oerlemans et al. 

2020). An important implication of these results was that ADP-HSET was given 

priority in subsequent structural studies compared to the apparently more 

unstable and conformationally heterogeneous Apo-HSET. 

 

Figure 3.9 Investigating the Thermal Stability of HSET by NanoDSF 

Top-Fluorescence ratio 350 nm/ 330 nm of Apo (green) and ADP-bound HSET (blue) is plotted 

to generate melting curves that follow the denaturation of the proteins as a function of 

temperature; Bottom- First derivative of the fluorescence ratio curves for Apo-HSET (green) and 

ADP-HSET (blue) as a function of temperature; melting temperatures (Tm) of both samples are 

marked by dashed lines and the difference in Tm is denoted by DTm. 
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3.2.3 Determining the oligomeric state of Apo and ADP-HSET 

My second approach in characterising the two forms of HSET was to determine 

their molar masses and hence their oligomeric states. These defining 

characteristics provide information that would serve as a valuable reference for 

visual molecular identification during cryo EM. Furthermore, any difference in 

oligomeric state of HSET subunits occurring due to ADP binding would give a 

better understanding of the dynamics involved in HSET’s mechanical cycle. One 

of the techniques I used was Size Exclusion Chromatography coupled to Multi-

Angle Light Scattering (SEC-MALS).   

3.2.3.1 SEC-MALS of HSET 

In this technique, the protein molecules in the sample are first separated through 

a size exclusion chromatography (SEC) column, followed by two types of 

detectors. The MALS detector enables measurement of the average intensity of 

the light scattered (also referred to as Static Light Scattering) by the sample at 

multiple angles, upon irradiation by a laser of wavelength (λ) 658 nm. As shown 

below in Eq.3.1, the intensity of the light (I(θ)) is proportional to the molar mass 

(M) of the sample, its concentration (c), the square of the specific refractive index 

increment (dn/dc, which has a value of around 0.1855 ml/g for proteins), and the 

angle between the directions of the incident beam and the scattered light (P(θ)) 

(Sahin and Roberts 2012).  
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𝑐	𝑀	𝑃(𝜃)    (3.1) 

NA	–	Avogadro’s	number,	

no	–	refractive	index	of	the	solvent.		

If the size of the analysed molecules is sufficiently less than the wavelength of 

the incident laser light, which is the case for HSET, then the intensity of the 

scattered light is the same at every measured angle, giving rise to the most 
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accurate results in the downstream molar mass analysis. The sample then goes 

through a differential refractive index (dRI) detector, which measures the 

concentration of the sample at every position of the SEC chromatogram (Striegel 

2017). Knowing the protein concentration makes it possible to calculate the molar 

mass at every point of the chromatogram from the measured intensity of 

scattered light. 

3.2.3.2 Apo and ADP-FL HSET are homodimers 

The light scattering (LS) profile in fig 3.10 a and b depicts the elution profile of 

HSET from the SEC column, which occurs at nearly identical positions in the 

chromatogram for Apo- and ADP-bound HSET. Apart from measuring the protein 

concentration, the dRI detector enabled the measurement of the specific 

refractive index increment (dn/dc) of both samples (Striegel 2017), which was 

showed a reading of 0.1895 ml/g. This was within the range of values that are 

representative of an aqueous protein solution devoid of any other type of 

macromolecule (Some, Amartely et al. 2019). The nearly horizontal appearance 

of the molar mass distribution across the HSET peaks indicates size homogeneity 

of both samples.  

 

Figure 3.10 Determining the Oligomeric State of HSET 

SEC-MALS analysis of (a) Apo-HSET and (b) ADP-HSET, showing the Light Scattering intensity 

(LS) of the sample as it elutes off a Superose 6 Increase 5/15 GL size exclusion column; The red 

and green lines show the molar mass distribution across the volume range of elution for Apo-

HSET and ADP-HSET respectively.  

a.     Apo-HSET b.        ADP-HSET
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The molar mass calculated for both HSET samples show a value close to 144 

kDa. On comparison with the molar mass predicted from the sequence 

(Supplementary Information S2B, Page 201) which is 77.5 kDa for the monomer, 

I concluded that HSET is present as a homodimer in solution, in both its Apo and 

ADP-bound forms.  

 

3.2.4 Monitoring HSET’s tendency for aggregation 

Having obtained information about the oligomeric state of HSET, I wanted to 

investigate the tendency of HSET to aggregate and was also curious about the 

distribution of molecular weights in the sample. This was especially important for 

cryo EM, which involves identifying individual particles of HSET in electron 

micrographs. Any tendency exhibited by HSET for non-specific association 

between molecules would lead to the occurrence of numerous molecular species 

in a spectrum of sizes. This heterogeneity within the molecular population of 

HSET would hinder the ability to isolate dimeric HSET while increasing the 

chances of including off-target molecules in the EM dataset. Moreover, the 

greater the aggregation, the fewer the individual HSET molecules available to 

solve the structure. Thus, I used another light scattering technique called 

Dynamic Light Scattering- DLS, to evaluate the level of size heterogeneity in the 

sample, referred to as polydispersity in DLS experiments, and its variation with 

temperature as described below. 

3.2.4.1 DLS of HSET 

Unlike its Static light scattering counterpart, SEC-MALS, which measures the 

average scattered intensity, DLS uses the evolution of the scattered signal with 

time to study diffusing macromolecules in solution. DLS works on the principle 

that the speed of diffusion of a solute molecule by Brownian motion (Tyndall, 

1868) is inversely proportional to its size, shape, and hydration, represented by 

the hydrodynamic radius (Stetefeld, McKenna et al. 2016). The instrument 

operates by irradiating a molecular sample with a laser and observing the 

evolution of the light scattered by the molecules over time. This is plotted as an 
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auto-correlation function, which is used to extract information about the 

distribution of hydrodynamic radii in the sample. Additionally, as big objects 

scatter light more efficiently than small objects, DLS is particularly sensitive to the 

presence of small amounts of aggregates in solution. I used DLS to study the 

polydispersity of freshly purified Apo- and ADP-HSET. Additionally, as 

temperature is a controllable parameter in cryo EM sample preparation, DLS 

measurements were made at 10 °C and 20 °C to assess if the temperature would 

influence the polydispersity of the samples. 

3.2.4.2 HSET displays temperature-dependent polydispersity 

The distribution plots in fig 3.11 a and b were obtained from DLS measurements 

on Apo- and ADP-HSET at two different temperatures- 10 °C and 20 °C. They 

provide information on the molecular species present in the sample. At 10 °C, the 

distribution plots of both samples resemble a straight line centred around a 

hydrodynamic radius of 10 nm (fig 3.11 a). This is accompanied by some 

scattering events on either side of the 10 nm line, mostly towards higher values, 

representing a tendency to multimerise or aggregate. However, based on the 

mass-weighted histogram shown in fig 3.11 c, majority of the species in both Apo 

and ADP-HSET have a radius of 10 nm, with a relatively narrow distribution 

around this value. As the temperature is increased to 20 °C, the distribution of 

both samples undergoes significant change, with the central peak shifting slightly 

higher than 10 nm (fig 3.11 b). 
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Figure 3.11 Studying the Evolution of Molecular Heterogeneity in Apo and ADP-HSET with 

temperature 

Analysis of HSET by DLS reveals 3D distribution plots showing the evolution of heterogeneity in 

the Apo and ADP-HSET represented by estimated particle radius (X-axis) with time (Y-axis) at a 

specified temperature of (a) 10 °C and (b) 20 °C; the colours represent the intensity of light 

scattered by the molecular species in the sample; mass-weighted histograms show the 

prevalence of molecular species of Apo and ADP-HSET at (c) 10 °C and (d) 20 °C. 

 

For both samples, one can observe a less narrow distribution of the species at 

20 °C, with a greater amount of signal at high radius corresponding to aggregates 

than was observed at 10 °C. Accordingly, one can observe a broadening of the 

peaks in the mass-weighted histograms for both samples, highlighting a higher 

polydispersity of the samples at 20 °C in comparison to 10 °C. In conclusion, DLS 

showed that the samples of Apo and ADP-HSET must always be kept at 

temperatures of 10 °C or below to avoid aggregation. 
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3.2.5 Determining the salt and glycerol requirement of HSET 

In addition to sample temperature, heterogeneity can occur due to inadequate 

concentrations of stabilising agents like salt and glycerol often used in 

recombinant protein preparations. Cryo EM is an inherently low-contrast 

technique and HSET is near the lower limit of the size range that can be clearly 

visualised in cryo-micrographs. The presence of salt and glycerol in sample 

buffers further reduces the contrast by contrast-matching, which hinders the 

visibility of HSET particles in the images (Drulyte, Johnson et al. 2018). To 

prevent this, it is common practice to dilute these components to the greatest 

possible extent during sample preparation. However, both components also play 

a pivotal role in keeping the protein stable in solution and thus the extent of their 

dilution must be decided based on HSET's requirements. 

3.2.5.1 Mass Photometry of HSET 

Mass photometry is a technique that is designed to determine the molar mass of 

macromolecules with light, using the process of scattering interferometry (Young, 

Hundt et al. 2018). In this technique, a light source is used to irradiate the 

molecular sample, which is placed on the other side of a reflective surface. The 

interference between the light that is scattered from the sample and the light that 

is reflected from the surface provides a detectable signal, which is proportional to 

the molar mass of the sample. Thus, a real-time count of the number of binding 

events generated by the molecules adhering to the surface is obtained as a 

histogram of ratio-metric contrast. On calibration, these values can be converted 

to obtain molecular mass distributions of the sample, as shown in fig 3.12.  

To determine the minimal concentrations of the buffer components that 

HSET can afford in its Apo and ADP-bound forms, I performed a series of mass 

photometry experiments. To study the response of HSET to salt-depletion, I 

performed dilutions of Apo and ADP-HSET to 200 nM in three buffers (see section 

2.2.5, Page 38) to obtain final NaCl concentrations of 200, 140 and 90 mM 

respectively (fig 3.12). However, it is important to note that Apo-HSET was 

purified in a buffer containing 5% v/v glycerol while ADP-HSET was purified 

glycerol-free (see section 2.1.3.2, Page 36). Thus, the plots obtained for Apo-
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HSET in fig 3.12 b, c and d reflect the response of the sample to salt-depletion in 

an aqueous environment that contains a small amount of glycerol (0.8% v/v) post 

dilution. On the other hand, the response of ADP-HSET to salt-depletion studies 

the stabilising effect of cofactor ADP as a substituent to glycerol.  

3.2.5.2 Apo-HSET tolerates a lower salt concentration than ADP-HSET 

The molar mass distributions obtained by mass photometry for the salt titration 

experiments on Apo and ADP-HSET are shown in fig 3.12. The first dilution for 

Apo-HSET was performed in its original Apo-SEC buffer (400 mM NaCl, 5% v/v 

glycerol) and the corresponding molar mass distribution shows the initial 

conditions of the sample (fig 3.12 a). In the case of ADP-HSET, the salt 

concentration of buffer-1 matched its original buffer (200 mM NaCl, no glycerol), 

thereby functioning as a representation of the initial conditions of the sample. 

Apo-HSET appeared completely stable in its original buffer, while ADP-HSET 

already showed noticeable signs of monomerization and higher order 

multimerization (right, fig 3.12 b). Moreover, the proportion of dimers in the 

population was also significantly less in the case of ADP-HSET when compared 

to an apparently homogeneous Apo-HSET.  

As both samples were exposed to progressively decreasing salt 

concentrations, the percentage of monomers and higher order oligomers 

increased for both forms of HSET and that of the dimer consequently decreased. 

The dimeric proportion in Apo-HSET dropped below 90% in buffer-3 (left, fig 3.12 

d) while ADP-HSET crossed that margin earlier in buffer-2 (right, fig 3.12 c). This 

indicated that the lowest concentration of salt that could be afforded by Apo-

HSET was around 140 mM, which is more tolerant than ADP-HSET that seemed 

to barely handle 200 mM of salt. In other words, while ADP binding might improve 

the structural stability of HSET, it cannot replace glycerol as a biochemical 

stabilizer.  
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Figure 3.12 Salt titration of Apo and ADP-HSET 

Mass photometry was used to determine the effects of NaCl depletion in the aqueous environment 

of HSET by observing its molecular size distribution when diluted to the following final salt 

concentrations (corresponding buffers within brackets) - (a) Apo-SEC buffer (400 mM), (b) buffer-

1 (200 mM), (c) buffer-2 (140 mM) and (d) buffer-3 (90 mM); Dilutions of Apo-HSET brought the 

glycerol content down to 0.8% v/v while ADP-HSET was glycerol-free from the start. Histograms 

of the molecular weights show the abundance of each of the following species in the diluted 

samples: M- monomer, D- dimer, H- higher order multimers.  

Buffer-1

Apo-HSET ADP-HSET

Buffer-2

Buffer-3

Apo-SEC

Buffer

D (100%)

D (70%)

M (10%)
H (18%)

D (95%)

 M (5%)

D (92%)

H (5%)

D (85%)

 M (5%) H (9%)

 M (4%)
H (6%)

D (90%)

D (80%)

H (12%)
 M (6%)

a.

b.

c.

d.

90 mM NaCl

140 mM NaCl

200 mM NaCl

400 mM NaCl

(0.8 % Glycerol) (0 % Glycerol)



 73 

3.2.5.3 Glycerol proves to be essential for ADP-HSET as well 

Despite having a population that contained 90% dimeric HSET in its original 

buffer conditions of 200 mM NaCl (right, fig 3.12 b), it was evident that ADP-HSET 

was more heterogeneous than its Apo counterpart in a buffer of equivalent 

salinity. I could already detect species whose molecular weights are greater than 

and less than the dimer when the sample was diluted in conditions that matched 

its parent aqueous environment (right, fig 3.12 b). I hypothesized that the 

difference in the stabilities of the two forms of HSET was due to the absence of 

glycerol in ADP-HSET. To test this, I decided to equalise the conditions used for 

both samples by incorporating an equivalent amount of glycerol to ADP-HSET.  

I managed to obtain a sample of diluted ADP-HSET with identical final 

conditions to Apo-HSET in buffer-2, namely 140 mM NaCl and more importantly, 

0.8% v/v glycerol. The result was a negligible level of multimerisation and 

denaturation accompanied by an increase in HSET dimers from 80% of the 

population in glycerol-free conditions (right, fig 3.12 c) to 96% (fig 3.13 a). I 

subsequently titrated the glycerol content in the ADP-HSET sample from 0.8%, 

while maintaining the salt concentration at 140 mM. Halving the glycerol content 

to 0.4% still resulted in a 90% HSET dimeric population (fig 3.13 c). Further 

attempts to titrate the glycerol down were associated with increased instability in 

the form of monomerisation rather than multimerisation (fig 3.13 c and d). This 

contrasted with the effect of the salt depletion experiments which showed a visible 

increase in both lower and higher molecular weight species.  

In summary, both forms of HSET require a final concentration of at least 

140 mM NaCl and 0.4% v/v glycerol to remain homogeneous in solution. If higher 

dilutions of HSET are necessary for cryo EM grid preparation, they will have to 

be achieved in more than one step to ensure that the final concentration of the 

two components does not drop below the limit mentioned above. 
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Figure 3.13 Glycerol Titration of ADP-HSET 

Study of molecular weight distributions in ADP-HSET at identical final salt concentrations of 140 

mM in the presence of varying glycerol content (a) 0.8 %, (b) 0.4 % and (c) 0.2 %; all percentages 

are represented in v/v. Histograms of the molecular weights show the abundance of each species 

in each diluted sample: M- monomer, D- dimer.  
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3.2.6 Observing the behaviour of HSET in solution 

Lastly, I compared the two forms of HSET in their native states in aqueous 

solution using Small Angle X-ray Scattering (SAXS), a scattering technique which 

unlike the earlier techniques, also provides information about the overall shape 

and dimensions of HSET molecules, as well as the compactness and rigidity i.e., 

the level of structure in HSET (Rambo and Tainer 2010). Simply put, SAXS could 

provide a low-resolution structural analysis of HSET without the restrictions 

imposed by structural techniques such as crystallization in X-ray crystallography 

and vitrification in cryo EM. While SAXS is inherently a low-resolution technique, 

the results obtained can in principle provide information about molecules in 

solution without any restriction of their mobility, bridging the gap between 

biophysical and higher resolution structural studies on HSET (Hammel 2012).  

3.2.6.1 Basic Principle of SAXS 

The operating principle of Small Angle X-ray Scattering (SAXS) has some 

similarities to MALS described in section 3.2.3 (Page 65), with some significant 

differences being the wavelength of the radiation used and the small angles at 

which SAXS measurements are made. X-rays used in SAXS typically have a 

wavelength of around 1 Å, more than 6000 times shorter than the red laser used 

in MALS, which tips the scales such that the molecular size is now significantly 

greater than the wavelength of incident light i.e., the light scattered by the sample 

is now anisotropic (Glatter and Kratky, 1982). As a result, SAXS can provide 

additional information about the shape, size, and level of structure in the sample 

compared to MALS.  

Similar to MALS, injecting the sample through a SEC column prior to 

performing the scattering measurement is a preferred option in SAXS, to avoid 

any heterogeneity in the sample (see methods section 2.2.6, Page 39), and to 

separate the molecules of interest from any aggregates that could “pollute” the 

scattering signal. It is important to note that a blank curve for the solvent must be 

measured and subtracted from the data obtained with the sample, to suppress 

the scattering contribution of the solvent. This data can then be transformed to 

obtain parameters related to size and shape such as maximum dimension (Dmax) 
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and radius of gyration (Rg) of the molecule. The transformations can be 

performed in real or reciprocal space, each revealing unique information about 

the sample apart from the Rg. These transformations and the results obtained 

from them are described below.  

3.2.6.2 Size of HSET from Fourier space approach 

The elution profile obtained by SEC of either sample shows two peaks- peak 1 

which corresponds to Apo-HSET (fig 3.14 a) and ADP-HSET (fig 3.14 b) and 

peak-2 which signals the end of the column volume.  

 

 

Figure 3.14 SEC-SAXS of Apo and ADP-HSET 

(a, b) Chromatograms show the elution of the two forms of HSET (peak 1) through a Shodex KW-

404 column during SEC-SAXS, the ratio of the signal scattered by the sample to the background 

is denoted in arbitrary units in the left Y-axis and the exposure number is shown in X- axis, the 

region used for buffer subtraction is shaded and delimited by dashed lines in both profiles; (c, d) 

A close-up view of the Rg distributions across the peak fractions in each case, Rg is depicted as 

blue dots and measured in Å, as shown in the right Y-axis. 

b.a.

d.c.

Apo-HSET ADP-HSET

0.317

0.312

0.307

0.302

0.297

0.292

0.287

0.317

0.312

0.307

0.302

0.297

0.292

0.287

0.317

0.315

0.313

0.311

0.309

0.307

0.305

0.317

0.315

0.313

0.311

0.309

0.307

0.305

0              100           200           300           400           500           600 0              100           200           300           400           500           600

340              346             352              358              364 338           344           350           356          362            368 

130

110

90

70

50

30

10

90

70

50

30

10

110

1

2 2

1

R
at

io
 o

f 
S

ig
n

a
l t

o
 

B
a

ck
g

ro
u

n
d

R
at

io
 o

f 
S

ig
n

a
l t

o
 

B
a

ck
g

ro
u

n
d

Sample

Sample

Sample

Sample

R
g

 (
Å

)

R
g

 (
Å

)



 77 

A notable feature of the SEC profiles is the absence of any peak corresponding 

to aggregates near the void volume which would occur upstream of peak 1, 

indicating a negligible presence of aggregated protein in the injected samples of 

HSET. The scattering signals represented by the shaded portion in fig 3.14 a and 

b were used for solvent subtraction. Based on the distribution of Rg across the 

eluted fractions estimated by SIGNAL PLOT in ScÅtter-3 

[http://www.bioisis.net/tutorial/9], the shaded regions in fig 3.14 c and d were used 

for the analysis.  

 

 

Figure 3.15 Guinier Analysis of Merged Apo and ADP-HSET Datasets, and Corresponding 

Full Scattering Plots 

Close-up view of the linear fit in the Guinier region of (a) Apo-HSET and (b) ADP-HSET; (c) 

Overlay of the intensity plots of the scaled and averaged data from the subtracted SEC fractions 

of Apo (gold) and ADP-HSET (green), the scattering intensity is depicted in logarithmic scale (Y-

axis) as a function of scattering vector q (X-axis). 
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Prior to merging the subtracted data from each fraction, the scattering data at the 

low-q region i.e., the Guinier region, were manually filtered to remove any outliers 

and select the portion of the peak giving the most consistent values of Rg, limiting 

the residuals to a range of -0.2 to +0.2. The absence of a sudden increase in 

slope closer to q = 0 Å-1 (angle of 0º) further confirmed the absence of aggregation 

in the sample (Serdyuk, Tsalkova et al. 1987). The filtered data was then merged 

by scaling followed by averaging to result in the logarithmic scattering intensity 

“log I(q) vs q” plots shown in fig 3.15 c.  

A closer look at the Guinier region of the individual plots of Apo and ADP-

HSET in fig 3.15 a and b shows that most of the values fit a linear distribution and 

the low value range of residuals are proof of the good quality of fit. The 

parameters of the linear regression that the data was fitted to were subsequently 

used to estimate the Rg and the I(0)- the scattering intensity at a scattering angle 

of 0°, in an approach that is popularly known as the Guinier approximation 

(Guinier and Fournet, 1955). In this approach, the variation of I(q) with q can be 

approximated to an exponential function at low-q values as shown in Eq 3.2, 

which can be linearized by converting to logarithmic scale in Eq 3.3.  

𝐼(𝑞) ≈ 𝐼(0)	𝑒
!"#$%#

& 	     (3.2)	

log 𝐼(𝑞) = log 𝐼(0) −	!
#"##

$
		 	 	 (3.3)	

Thus, the slope of the log I(q) vs q2 graph can be used to calculate the Rg, while 

the extrapolation of the data to find the Y- intercept yields the value of I(0)- the 

scattering intensity at a scattering angle of 0°. I(0) is proportional to the number 

of electrons in the sample (Orthaber and Glatter 2000) and can be used to 

calculate the molecular weight of the protein using the molar volume of the protein 

(Eq 3.4), albeit with a lower accuracy than SEC-MALS (Serdyuk, Tsalkova et al. 

1987).  
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𝑀𝑊 = 0 %
#

&"#
1
'
      (3.4)	

where	c	=	0.1231	and	k	=	1	for	proteins, 

𝑉	(𝑉𝑜𝑙𝑢𝑚𝑒) = ()#*(,)

∫ !	*(!)0!
'

(

      

In the case of both Apo and ADP-HSET, the Rg values obtained from the Guinier 

analysis are found to be between 95 and 100 Å (table 3.1). The molecular weights 

of both forms of HSET shown in table 3.1 were found to be close to the calculated 

value for a dimer, which confirms that the species being analysed here are indeed 

dimeric forms of Apo and ADP-HSET.  

  

Property (Method of 

Determination) 

Sample 

Apo-HSET ADP-HSET 

Rg (Guinier fit) 95.2 Å 99.8 Å 

MW calculated from I(0) (Guinier fit) 176.55 kDa 169.69 kDa 

Rg (Indirect Fourier Transform) 111.2 Å 111.8 Å 

Dmax (Indirect Fourier Transform) 368 Å 374 Å 

 

Table 3.1 SAXS Analysis of Apo and ADP-HSET 

The numerical parameters describing the shape and size of either form of HSET are obtained 

from the analysis of the X-ray scattering curves. 
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The other end of the plots for both samples is seen to get progressively noisier at 

high values of q i.e., at higher scattering angles (fig 3.15 c). This noise is an 

indication of low protein concentration and limits the analysis to low q-values 

terminating a little over 0.05, corresponding to a maximum resolution of around 

20 Å. 

3.2.6.3 Degree of structure in HSET 

The scattering data can be transformed to unravel unique information about the 

sample. One such transformation, called the Kratky analysis, involves plotting 

“I(q). q2” against “q” to study the level of structure in a polypeptide chain (Glatter 

and Kratky, 1982). The shape of the Kratky plot varies depending on factors such 

as the shape of the protein i.e., compact or elongated, the extent of folding and 

lastly, the size. To allow the comparison of proteins of different sizes and MW, 

the Kratky analysis can be made size-independent by normalising it using I(0) 

and Rg, now plotting “I(q)/I(0). (q.Rg)2” against “q.Rg”. The units of q (Å-1) and Rg 

(Å) are reciprocals of one another, which makes their product dimensionless 

(Durand, Vives et al. 2010) as shown in fig 3.16 a and b. The shape of this 

normalised plot can vary from a bell shape that is obtained for well-folded globular 

proteins to an exponentially increasing curve that is typical of an unfolded random 

coil (Receveur-Brechot and Durand 2012). However, the deviation from a bell 

shape is not sufficient evidence to suggest unfolding, as shown by the plateau in 

the orange curve in fig 3.16 a. This curve represents a protein made of more than 

one folded domain connected by flexible linkers, whose presence dominates the 

shape of the plot. Similarly, a bell-shaped curve does not imply a compact 

globular protein. An important distinction between the Kratky plots for globular 

and elongated proteins is the location of the peak. As shown in fig 3.16 a, globular 

proteins show a bell-shaped curve with a peak of 1.1 at qRg = √3, while elongated 

proteins peak further away from the crossover point (Receveur-Brechot and 

Durand 2012).   
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Figure 3.16 Kratky Analysis of Apo and ADP-HSET 

(a) typical dimensionless I(0) and Rg-normalised Kratky plots for different types of proteins, 

adapted from Receveur-Brechot, V. and Durand, D., 2012; (b) an overlay of the dimensionless 

Kratky plots that estimate the level of structure in Apo (gold) and ADP-HSET (green), in both 

images, transformed and normalised intensities (Y-axis) are plotted as a function of 

dimensionless quantity “q.Rg” (X-axis). 

 

Based on the occurrence of a peak and its location, both Apo and ADP-HSET 

appear to be well-folded and elongated (fig 3.16 b). The nearly complete overlap 

between the curves in fig 3.16 b shows an indistinguishable degree of structure 

to both forms of HSET at the experimental temperature of 4°C. The tendency of 

the distribution to tail upwards at higher values of qRg is an indication of inter-

domain mobility as illustrated in fig 3.16 a. 

3.2.6.4 Shape of FL HSET from real-space approach 

As described in the methods (section 2.2.6, Page 39), the next step was to 

perform a Fourier transform on the scattering data to determine the shape of the 

object. However, as SAXS measurements are obtained from molecules that are 

constantly tumbling in solution, the intensities observed are rotationally averaged 

values (Glatter and Kratky, 1982). Thus, the Fourier transform of the intensities 

provides a distribution of interatomic distances known as the P(r) function (Eq 

3.5), rather than an electron density map and is thus considered an indirect fourier 

transform (Guinier and Fournet, 1955). 
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𝑃(𝑟) = 	 1
#

()#
	∫ 𝑞(𝐼(𝑞)	234(!1)

!1

5

,
	𝑑𝑞  (3.5)	

Albeit not giving the exact shape of the molecule, the P(r) does contain 

information that can be used to determine the Rg and maximum dimension Dmax 

and infer its molecular envelope. The Dmax is defined as the value of distance 

"r>0" for which the P(r) function reaches zero. Prior to setting P(r = Dmax) at 0, the 

value of Dmax was manually adjusted to observe a smooth drop off to 0. The 

resultant P(r) curves for Apo and ADP-HSET in fig 3.17 a are largely similar in 

overall shape, sharing a tall peak at smaller interatomic distances, followed by a 

shoulder and a short third peak. Both curves drop off at a value in between 360 

and 380 Å, mentioned in table 3.1. The ADP-HSET curve shows an additional 

minor fourth peak around 350 Å and a slightly higher first peak (fig 3.17 a), 

indicating the higher frequency of occurrence of this range of distances in the 

ADP-HSET molecule. The P(r) functions for both forms of HSET are 

representative of a near cylindrical object, implying an elongated shape for FL 

HSET (Orun, Koch et al. 2003). The Rg values calculated from the P(r) curve of 

both forms of HSET agree with each other, while being higher than the value 

quoted by the Guinier-fit (table 3.1). This discrepancy is likely due to the 

increased precision of the P(r) method arising from the use of more data. The 

slightly higher Dmax values and increased frequencies of the interatomic distances 

in the ADP-HSET curve are consistent with a slightly more elongated HSET 

molecule when bound to ADP as compared to HSET. 

The P(r) data was used to generate 3D reconstructions by dummy atom 

modelling algorithms mentioned in the methods. The envelope obtained for both 

forms of HSET are elongated (fig 3.17 b and c) but possess different features. 

The biggest difference between the two envelopes is a protrusion at the bottom-

left of the Apo-HSET molecule which might be one of the motor domains. While 

further information about the feature will hopefully be visible at higher resolution 

through EM, it seems to hint at an asymmetry within the homodimer of Apo-

HSET.  
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Figure 3.17 Low Resolution 3D Modelling of FL HSET 

(a) Overlay of the pairwise intensity distribution P(r) functions of Apo (gold) and ADP-HSET 

(green) provide insight on the shape of HSET, the “P (r)” (Y-axis) is plotted as a function of 

interatomic distance “r” (X-axis); Dummy-atom 3D reconstructions of (b) Apo-HSET and (c) ADP-

HSET based on the P(r) function. 

 

Overall, SAXS demonstrated that FL HSET is a folded, elongated homodimer in 

its Apo and ADP-bound forms, with a total length of 365-375 Å in its longest 

dimension. The low-resolution envelopes generated for apo- and ADP-HSET hint 

at structural differences between the two forms.  
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3.3 Image Formation in Single Particle Transmission Electron 
Microscopy 

The characterisation of Apo and ADP-HSET described in earlier sections 

provided me with evidence that the samples were of sufficient quality to proceed 

with structural analysis by electron microscopy (EM). Single particle EM is a 

structural technique that images macromolecular samples at concentrations as 

low as 0.05 µM (Passmore and Russo 2016). It encompasses two main 

techniques- negative stain EM and cryo EM. In both cases, the specimen to be 

imaged is a thin film (below ~100 nm) (Glaeser and Taylor 1978) of 

macromolecular sample applied onto a surface known as a grid. The preparation 

of the sample in either EM technique will be discussed in the next sections. In 

this section, I will guide the reader through the physics of imaging a thin-film 

specimen by electron microscopy, as a prelude to my results.   

3.3.1 From object to image 

As mentioned in section 3.2.3 (Page 65), the ratio of the size of the object of 

interest and the wavelength of electromagnetic radiation used to irradiate it, 

dictates the type of information that can be obtained from a radiation-scattering 

experiment. Obtaining images that capture the atomic detail of objects in the 

order of a few hundred nanometres such as macromolecular complexes would 

theoretically require electromagnetic radiation whose wavelengths are less than 

a hundredth of a nanometre (Penczek 2010). A beam of electrons accelerated to 

200-300 keV approximately possesses a wavelength of 0.002 nm, which is more 

than capable of capturing the structural detail within proteins or protein 

complexes. An electron microscope is a complex system of electromagnetic 

lenses and apertures whose electric and magnetic fields can be changed to 

control their ability to deflect and focus an electron beam (Orlova and Saibil 

2011). The simplified schematic of the electron microscope in fig 3.18 shows that 

the lens-aperture systems can be broadly divided into three sections- the 

condenser, the objective, and the projector. Of these, the sections that make a 

crucial contribution to image formation are the condenser and the objective, which 

are located immediately before and after the specimen respectively. The 
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condenser system serves to collimate the electron beam before it illuminates the 

sample, while the electrons exiting the specimen are focussed by the objective 

lens to form the image at the image plane (fig 3.18). The projector serves to 

magnify the image that is produced by the objective, to enable visualisation on a 

screen or detector system. 

 

 

Figure 3.18 Schematic of Transmission Electron Microscope (adapted from Orlova and 

Saibil, 2011) 

A typical transmission electron microscope comprises a source of electrons (electron gun) 

followed by a system of electromagnetic lenses and apertures that enable the collimation, 

deflection and focussing of the electron beam to form an image of the thin-film specimen. 

 

The interaction between the specimen and the incident electrons can produce a 

variety of outcomes such as scattering in the forward direction, elastically or 

inelastically, at low angles or angles that are high enough to be blocked by the 
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aperture, as well as backwards scattering. In addition, the incident electrons can 

cause ionisation of the sample to generate secondary electrons, X-ray emissions 

or even bond rearrangements (Glaeser and Taylor 1978). However, only the 

elastically scattered electrons carry useful information about the features of the 

sample, that manifest as details in the image formed by the intersection of these 

electrons at the image plane (fig 3.19). The inelastically scattered electrons are 

not informative and are a source of noise in the images. Furthermore, the 

scattering only accounts for 10% of the electrons that are incident on the sample, 

implying that unscattered electrons also participate in image formation. In 

addition to the difference in number between the different types of electrons 

forming the image, the wave nature of electrons also influences the transfer of 

information from the object to the detector (De Broglie, 1924). In other words, an 

electron micrograph of a macromolecular sample is the result of the interference 

between electron waves that were scattered by the sample. Thus, the contrast 

generated in the image is a function of the particle-like and wave-like 

characteristics of the electrons interacting with the sample.  

 

Figure 3.19 Image Formation by Objective Lens 

Simplified ray diagram shows the focussing of the scattered rays arising from the object (red 

arrow, top) through the back focal plane to form the image (red arrow, bottom) at the image plane. 
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3.3.2 Contrast- the essence of EM 

In the words of Helen Saibil and Elena Orlova, "an image represents variations 

in intensity caused by regional variations in specimen transmission" (Orlova and 

Saibil 2011). The ability to discern individual protein molecules in an image 

requires a difference in signal intensities between the molecules and the 

background. This variation in intensity is referred to as contrast and can be 

mathematically expressed as the ratio of the difference in intensities mentioned 

above to the average intensity of the entire image (Eq. 3.6) (Spence, 2003).  

𝐶67 = 8)*+9	8,-%.

8/0%
		   (3.6) 

Where Cim- contrast in the image,  

ρmol – Signal intensity from the molecule,  

ρbkgd – Signal intensity from the background and ρavg – average signal intensity 

of the image. 

 

3.3.2.1 Amplitude Contrast 

In the simplest case, these variations arise from the absorption as well as back 

scattering of electrons from some regions in the specimen, compared to the 

effective transmission of other regions (fig 3.20). This amounts to a difference in 

the number of electrons reaching the detector from various parts of the specimen 

and is referred to as amplitude contrast.  

However, biological macromolecules do not represent the above scenario. 

Composed of light atoms such as hydrogen, carbon, nitrogen and oxygen, these 

macromolecules are weak scatterers of electrons i.e., they are nearly electron 

transparent. As a result, majority of the electrons that illuminate the molecules 

are transmitted, suffering nothing more than a minor deflection in their paths. Yet, 
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one can still detect vague hints of molecular features in the image. This contrast 

is the result of the path difference between the unscattered and scattered 

electrons that causes a time-lag, or phase difference, between them, thereby 

contributing to phase contrast. 

 

 

Figure 3.20 Amplitude Contrast 

Formation of an image due to the absorption (red) of electrons by the dense region, like the ring 

in the specimen, combined with the transmission (green) by the light regions. This creates 

amplitude contrast in the image. 

 

3.3.2.2 Phase Contrast 

As shown in fig 3.21, phase variations between interfering waves manifest in the 

amplitude of the resultant wave i.e., the phase contrast is converted to amplitude 

contrast (Erickson and Klug, 1970). For instance, a 0° phase difference between 

interfering waves results in a wave whose amplitude is the scalar sum of the 

individual amplitudes (fig 3.21 a), while the scenario of a 180° phase difference 

leads to a scalar difference of amplitudes (fig 3.21 b). The phase shift caused by 

the interaction of the electrons with the specimen can be deduced mathematically 

as follows. If ψu denotes the unscattered wave function and ϕ denotes the total 

Specimen Image
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phase shift that results from specimen interaction, then the scattered wave 

function ψs can be represented by Eq 3.7:  

𝜓:	 =	𝜓;	. 𝑒6<     (3.7) 

𝜓:	 =	𝜓;	(1 + 𝑖𝜙)    (3.8)	

 

 

Figure 3.21 Phase Contrast 

The interference between the scattered “ψs” and unscattered “ψu” electron waves yields resultant 

waves “ψtot” of different amplitudes depending on a phase difference of (a) 0º, (b) 180º and (c) 90º 

between the waves. 

 

The exponential term can be expanded into a Taylor polynomial, whose higher 

order terms can be neglected due to the weak scattering contributed by the 

biological specimen. As a result, the scattered wave is a complex number whose 

real part is the unscattered wave and imaginary part is the phase-shifted version 

of the wave (Eq 3.8). This implies that they are mutually perpendicular in an 

argand plane or vector space. The implication of this weak-phase approximation 

is that the scattered wave is shown to undergo a 90° phase shift compared to the 

unscattered wave (Orlova and Saibil 2011). The interfered wave resulting from a 
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90° phase difference gives rise to a relatively small modulation in intensity (fig 

3.21 c), thereby resulting in the weak contrast observed for such samples.  

 

3.3.3 Contrast Enhancement 

For reasons discussed above, biological macromolecules are termed weak-

phase objects and show poor contrast in TEM images. Thus, the aim of single 

particle EM is to improve their visibility to reliably extract structural information 

from them. There are many ways that this can be achieved. 

3.3.3.1 A beneficial defect 

One of the most common ways of overcoming the poor phase contrast issue 

makes use of the inherent limitations of the objective lens system- its sphericity 

(Scherzer, 1936). The focus of a lens is defined as the single point of intersection 

of all rays that pass through the lens, based on the mathematical description of a 

focus associated with a parabolic surface (fig 3.22 a). However, electromagnetic 

lenses cannot be designed with this property and are unable to focus all rays at 

a unique focus (fig 3.22 b). This deviation from parabolic behaviour is known as 

spherical aberration. As a result, the high-angle scattered electron beams are 

focussed closer to the lens than the low-angle beams (fig 3.22 b). 

Spherical aberration increases the path difference and therefore, the phase 

difference between the electron waves at the image plane, as shown in fig 3.22 

b. For a scattering angle θ, the phase shift caused by spherical aberration ϕs can 

be expressed as follows:  

𝜙: =	 =>𝐶:	𝜃
>
     (3.9) 

where Cs is the coefficient of spherical aberration. The fourth power of scattering 

angle in Eq 3.9 indicates that this is a higher order aberration, which can only 
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contribute to a significant difference in the phase contrast of the image at high 

resolutions of 5 Å and beyond (Wade, 1992). 

 

 

Figure 3.22 Spherical Aberration in Lenses 

(a) A perfect lens would focus rays coming from different angles into a single focal point on the 

image plane; (b) Lens systems in typical electron microscopes display a spherical aberration 

which results in the differential focussing of rays coming from varying angles along the optical 

axis, which is a defect known as spherical aberration. 

 

3.3.3.2 Imaging out of focus 

In contrast to higher order aberrations, a more immediate and effective cause of 

phase shifts between the scattered and unscattered electrons involves 

deliberately operating the microscope out of focus (Orlova and Saibil 2011). 

Increasing or decreasing the current to the objective lens allows the electrons to 

be focussed closer to the lens or further away from it respectively, as shown in 

fig 3.23. The former situation, typically referred to as an over-focussed lens (fig 

3.23 a), leads to the electrons reaching the detector after their paths have 

intersected, while the latter results in an under-focussed lens (fig 3.23 c) wherein 

the electrons reaching the detector prior to the intersection (Spence, 2003). The 

resultant deflection in the path of the electrons can be used to increase the path 

difference and therefore, the phase difference between them as well. 
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Traditionally, cryo-electron micrographs are collected under focus, where the 

protein particles appear black compared to a lighter background. 

 

Figure 3.23 Applied Defocus of the Objective Lens 

Changing the power of the objective lens can lead to an (a) over focussed lens wherein the 

electrons reach the detector after being focussed, (b) focussed lens and an (c) under focussed 

lens where the electrons reach the detector prior to being focussed.  

 

Cryo EM typically employs defocii between -0.5 and -3 µm where the minus sign 

is used to denote an under-focussed lens, while negative stain EM applies defocii 

of -1 to -2 µm. If the defocus applied is denoted as Δz, then the phase shift ϕd 

due to the defocus can be mathematically represented as follows:  

𝜙0 = =

(
∆𝑧	𝜃(     (3.10) 

The combined effects of the phase shifts contributed by spherical aberration and 

defocussing the objective lens results in varying levels of contrast 

for different spatial frequencies. Specifically, both ϕs and ϕd are arguments of a 

sine function shown in Eq 3.11 which describes the transfer of contrast from the 

object to the image i.e., a Contrast Transfer Function (CTF) (Frank, 2006). In 

addition, a third contribution is the amplitude contrast that results from the minimal 

amount of absorption and back-scattering of electrons by the specimen (Fan, 
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Zhao et al. 2017), which can be accounted for by an additional term “-ϕa” (Eq 

3.11). 

𝐶𝑇𝐹 ≈ sin J0()
?
1 K	=

>
𝐶:	𝜃> +	=(∆𝑧	𝜃

( −	𝜙@LM (3.11)	

 

The graph of the CTF in fig 3.24 a illustrates the sinusoidal variation of contrast 

transfer with spatial frequency which is denoted as the reciprocal of resolution. 

The negative Y-intercept shows the minor amount of amplitude contrast inherent 

to a cryo EM image, and the sinusoid is shown to oscillate more rapidly towards 

higher spatial frequencies.  

 

Figure 3.24 Contrast Transfer Function (CTF) 

Graphical representation of the observed contrast in the TEM image of a biological 

macromolecule arising from operating the electron microscope under focus as well as higher 

order defects such as spherical aberration cause a sinusoidal variation of contrast in the image 

which rapidly oscillates at higher spatial frequencies; the level of contrast (Y-axis) is represented 

as a function of the spatial frequency which is the reciprocal of resolution (X-axis); the contrast 

level undergoes periodic reversal and shows the complete loss of information at certain spatial 

frequencies. 

 

One of the major disadvantages of this CTF is the complete loss of information 

at the spatial frequencies where the curve has a value of zero i.e., zero-crossings 
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(fig 3.24). To overcome this, the sample is imaged at a range of defocii which 

results in sampling zeroes at different spatial frequencies, thereby enabling the 

recovery of information at nearly all frequencies. Another issue in the use of 

defocus is the loss of contrast at low frequencies such as 0.025 Å-1 or less in fig 

3.24. This implies a loss of detail at resolutions at and below 40 Å, compromising 

the ability to visually identify individual particles for structural analysis, especially 

for particles with a small size (Orlova and Saibil 2011).  

 

Figure 3.25 Effects of Defocus on CTF 

The level of defocus alters the transfer of contrast from specimen to image, as demonstrated by 

the cryo-electron micrographs of ADP-HSET on Ultra-Au-foil grids acquired on the Glacios with a 

Cs of 2.2 mm and an amplitude contrast of 0.1, by applying defocii of (a) 1 µm and (b) 3 µm under 

focus; (c,d) the respective CTF curves obtained in each case, highlighting a more rapid oscillation 

of contrast with the application of a greater defocus. 

 

Fig 3.25 shows the effect of an applied defocus on the CTF on a cryo EM dataset 

of ADP-HSET. An applied defocus of -3 µm shows a clear accentuation of 

contrast, improving the visibility of particles (fig 3.25 b) in comparison to the -1 
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µm of applied defocus in fig 3.25 a. However, the CTF curve captures the fact 

that the application of a greater defocus hastens the frequency of oscillations in 

fig 3.25 d, compared to fig 3.25 c. While this boosts the mid-range of spatial 

frequencies (~15-20 Å), it also severely limits the high-resolution details. This is 

the reason for EM datasets typically not being acquired at defocii over 3 µm.  

3.3.3.3 Phase Plates 

As mentioned above, operating the microscope further from focus trades 

information at high spatial frequencies for visibility, while imaging closer to focus 

does the exact opposite. An ideal scenario would involve generating sufficient 

contrast at all spatial frequencies while imaging at focus. This is achieved using 

a phase plate- a device that increases the phase difference between the 

scattered and unscattered electrons by ~90° (Nagayama and Danev 2008), 

theoretically resulting in perfect transfer of contrast in focus. Different types of 

phase plates have been synthesized for electron microscopy (Unwin 1971, 

Nagayama and Danev 2008, Schwartz, Axelrod et al. 2019), the most recent and 

commercially used variety being the Volta Phase Plate (VPP) (Danev, Buijsse et 

al. 2014). The VPP is a circular disc made of a thin carbon film which is placed in 

the back focal plane replacing the objective aperture. The illumination of a spot 

on the VPP by the central unscattered beam of electrons charges the film, 

resulting in the development of a beam-induced surface potential that retards the 

scattered electrons to varying degrees. In mathematical terms, the VPP includes 

a fourth term ϕp to Eq 3.11 (Fan, Zhao et al. 2017), which has the effect of 

increasing the contrast transferred across the lower spatial frequencies to a 

constant non-oscillating value, until the higher order effects appear from a 

resolution of 10 Å (0.01 Å-1) to resume the oscillatory nature of the CTF, as 

illustrated in fig 3.26 b. The graphs of the theoretical CTFs in fig 3.26 demonstrate 

the staggering difference between the typical contrast generated using a regular 

objective aperture (fig 3.26 a) and a VPP (fig 3.26 b).  

 



 96 

 

Figure 3.26 Effect of the Volta Phase Plate on In-Focus Data Acquisition 

Theoretical CTF curves from a 200 kV microscope with a Cs of 2.2 mm using (a) an objective 

aperture of 100 µm and (b) a VPP, demonstrate the drastic difference in amplitude contrast 

contributed by the phase plate at lower spatial frequencies. 

 

In practice, as it is difficult to accurately focus the microscope, the in-focus 

acquisition method is not employed. Instead, the VPP is also operated under 

focus to obtain an oscillating CTF. However, due to the enhanced contrast 

generated by the Volta potential, the defocii employed are typically between 0.5 

and 0.7 µm (Danev, Tegunov et al. 2017), which is significantly closer to focus 

compared to the 1-3 µm range employed without a VPP.  
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3.4 Negative Stain Electron Microscopy- Data Processing 

Negative stain EM is a high-contrast technique performed at room temperature, 

that provides a rapid means of qualitatively analysing the size, shape, and 

heterogeneity in a sample. The staining procedure involves embedding the 

sample in a shell of heavy-metal salt solution such as uranyl acetate (Ohi, Li et 

al. 2004). As heavy metals are excellent scatterers of electrons, this results in a 

reversal of contrast in the images with the protein molecules appearing white on 

a black background.  

The overall pipeline I had adopted for setting up a data collection run 

proceeded in a similar fashion for both negative stain EM and cryo EM. First, the 

grid was surveyed by acquiring several images of consecutive areas at a 

magnification of around 210x and tiling them together to create a grid-map i.e., 

an atlas of the grid. This was used to evaluate the level of staining in negative 

stain EM or hydration in cryo EM and pick the squares that are well-stained or 

well-hydrated respectively. Following this, the stage was moved to grid-squares 

of interest to image the sample by the low-dose method using three modes- 

search, focus and exposure (Chen, Sachse et al. 2008). Initially, the Z-height of 

the stage was adjusted in search-mode that used a magnification of around 

11,000x. The height was adjusted to achieve eucentricity, which is the condition 

wherein the specimen would remain stationary despite tilting the stage. The beam 

was then focussed away from the area to be imaged to prevent radiation damage, 

using the focus-mode magnification of 150,000x. Subsequently, the foil hole was 

imaged by defocussing the objective lens by -1 to -2 µm at the exposure-mode 

magnification of 50,000x, giving rise to a pixel size of 1.73 Å. This procedure was 

repeated for all selected foil holes within a square as well as every desired grid-

square to accumulate a dataset.  

3.4.1 Visual Characterisation of FL HSET variants 

My first application of negative stain EM was to visually inspect the purified 

samples of His6-FLHSET, Strep2-FLHSET-I and Strep2-FLHSET-II and 

understand the appearance of HSET molecules in electron micrographs. This 



 98 

had the added benefit of evaluating the efficiency of the three purification 

strategies. For this experiment, I prepared grids from each of the three samples 

that were diluted to identical concentrations of 0.2 µM (see section 2.3.1, Page 

41). The images were collected manually on the TF20 microscope using the EM-

Menu software. Fig 3.27 a, b, and c show the best micrographs obtained for each 

sample.  

 

Figure 3.27 Visual Characterisation of FL HSET by Negative stain EM 

(a,b,c) Representative negatively stained micrographs of Apo-HSET samples from the three 

purification strategies; manually picked HSET particles are highlighted in blue circles, off-target 

molecular species are highlighted in red circles. (d,e,f) 2D class averages of the particles from 

the respective datasets in RELION 3.1 provide the first visual confirmation of the existence of 

HSET in the samples.  

 

Despite being at the same final concentration prior to application on the grids, 

each micrograph shows a significant difference in the particle density and 

contrast. From these micrographs, I identified and manually picked particles 

(blue, fig 3.27) that appeared similar to a ball (motor region) attached to a stick 

d. e. f.
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(stalk), matching the model described by early EM of a kinesin-14 (Hirokawa and 

Noda 2008). I used a picking diameter of 300 Å to encircle the particles in order 

to encompass the maximum length up to which I could observe signal associated 

with the particle. The small size and narrow, elongated shape of the particles 

made this task non-trivial despite attempts at increasing the scale of the images. 

Moreover, one can get distracted by a significant number of particles that either 

resulted from overlap between two or more HSET particles or aggregated HSET 

assemblies, termed as off-target species (red, fig 3.27). The poor contrast in the 

images of His6-FLHSET as well as the crowded distribution in Strep2-FLHSET-II 

further compounded the problem of recognising and avoiding off-target particles 

in both samples. Nevertheless, I managed to compile a dataset of 6000 manually 

picked particles per sample that I proceeded to classify in 2D.  

 The intent behind 2D class averaging was threefold, the first was to identify 

and isolate images of off-target species to clean the dataset. The second involved 

the identification homogeneous subsets of particles based on similarities in out-

of-plane orientation, which correspond to individual views in 3D. The third was to 

align and average the images within each class to reinforce the signal from each 

particle and create a class average that provides enhanced visibility of the 

particles (van Heel and Frank, 1981). Using RELION’s algorithm, I was able to 

get a 2D glimpse of FL HSET at better contrast. The figures 3.27 d, e, and f 

display the class-averages in descending order of particle count- typically ranging 

from 1000 images in the top-left to 50 in the bottom-right, which manifests as a 

similar descending trend in signal to noise ratio of the averages. While the 

number and quality of the class averages varies between datasets, the hint of a 

dumbbell-shaped motor domain attached to a long stalk was the first visual proof 

of the overall structure of HSET. The stalk tends to curve and a bending between 

the stalk and the motor domains can be observed (fig 3.27 f). The success of a 

2D classification is significantly affected by the contrast and level of noise in the 

molecular images (Penczek, Radermacher et al. 1992). It is thus not surprising 

that His6-FLHSET, with poor contrast, had a lower yield of successful class 

averages that showed fewer features compared to the Strep2-tagged samples. In 

addition, RELION’s algorithm results in an uneven distribution of particles among 

the classes, creating a few densely populated (top row) and several scarcely 
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populated classes. This has the dual effect of compromising the total yield of 

classes as well enabling intra-class heterogeneity, as will be explained further in 

chapter 4.3 (Page 171). Thus, while RELION’s classification established that 

HSET could be visualised, the appearance of the classes did not contain 

sufficient detail to properly evaluate the success of particle identification during 

the manual picking procedure.  

Therefore, I experimented with a different classification algorithm called 

ISAC2, from the SPHIRE suite. In contrast to RELION, ISAC implements a more 

thorough approach to aligning and classifying images to tackle both the problems 

that plague RELION’s classes, which is also explained in chapter 4.3 (Page 171). 

As a result, I obtained a greater number of classes in which HSET could be 

distinctly recognised for all three datasets (fig 3.28), including the low-contrast 

His6-FLHSET. The ISAC classes also revealed better recovery of the full length 

of HSET in each case. The clarity as well as the length of HSET displayed in the 

class averages improved progressively from the His6-FLHSET to Strep2-

FLHSET-II, as a function of improving contrast. The accuracy of alignments in the 

case of Strep2-FLHSET-II was high enough to reveal the bend in the neck region 

connecting the stalk to the motor domain and what might be a preferential 

proximity of the stalk to one motor domain over the other (classes 1, 7, 8 and 15, 

fig 3.28 c). Furthermore, one can observe the start of the N-terminal Cargo-

Binding Domain (CBD) on more than one occasion in the same dataset as 

indicated by the arrows in classes 4, 6 and 9, in fig 3.28 c. Overall, ISAC 

established the success of all three purification strategies through the 

unambiguous visualisation of HSET in all datasets and demonstrated that the 

manual picking was largely devoid of off-target species. The success of the 

algorithm is evident from the recovery of classes that show the first glimpse of all 

three FLHSET domains. Moreover, one can also observe multiple orientations of 

HSET based on the change in relative positions of the motor domains, implying 

an ability to proceed to a 3D analysis of the sample. Based on the level of detail 

in the classes, I concluded that Strep2-FLHSET-II would be the most suitable for 

further structural analysis. 



 101 

 

Figure 3.28 ISAC2 Serves as an Effective Classification Tool for FL HSET 

Successful 2D class averages of Apo-HSET obtained by classification of the manually picked 

particles from the datasets corresponding to the three purification strategies- (a) His6-FLHSET, 

(b) Strep2-FLHSET-I and (c) Strep2-FLHSET-II, using ISAC2 algorithm in the SPHIRE suite. 

Arrows in classes point at the N-terminal Cargo-binding domain. 

 

 

3.4.2 Low-resolution structure elucidation of FL HSET 

After I established a strategy to consistently obtain FL HSET in high yield and 

purity, I attempted to solve the structure of Strep2-FLHSET-II in its Apo as well as 
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ADP-bound forms, using negative stain EM. My aim in doing so was to visualise 

FL HSET in 3D and investigate any differences in the structural and 

conformational characteristics of its Apo and ADP-bound forms. Therefore, I 

continued to improve the particle density of both forms of Strep2-FLHSET-II on 

grids by increasing the concentration of protein as well as ensuring a minimum 

requirement of glycerol and salt, as established by mass photometry, (section 

3.2.5.3, Page 73) while diluting the sample. I proceeded to set up and carry out 

automated data collections on the TF20 microscope using the EM-Tools 

acquisition software. The data-processing detailed below presented the 

opportunity to explore and optimise several parameters in the pipeline that would 

enable me to reliably extract information about a target as challenging as HSET. 

3.4.2.1 Particle picking 

The negative stain EM grids of Apo and ADP-HSET yielded datasets of 600 

micrographs each, which showed identical levels of contrast and particle density. 

The samples were broadly similar in appearance with no detailed differences 

visible at this stage of the processing. From the different pickers available, I opted 

for CRYOLO v1.5.6 from the SPHIRE suite, which uses an approach based on 

neural networks to increase the accuracy of particle picking. The flow-diagram in 

fig 3.29 delineates my approach to train a pre-existing general picking model for 

negative stain datasets in CRYOLO, from a few manually picked particles. In the 

12 micrographs that constituted the training set, I picked around 10-20 isolated 

particles per micrograph, sampling as many distinct views of HSET as possible 

(fig 3.29 a). Particle identification was aided by the boost in contrast from 

CRYOLO’s low-pass filter (fig 3.29 b and c), enabling the model to pick 100,000 

particle coordinates of Apo-HSET and 75,000 of ADP-HSET.  
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Figure 3.29 CRYOLO Pipeline for Picking Particles of FL HSET 

Flow diagram shows the steps taken to create and trained model for particle-picking through 

CRYOLO v1.5.6; both Apo and ADP-HSET use the same picking model. (a) Unfiltered negative 

stain electron micrograph of Apo-HSET is subjected to (b) CRYOLO’s low-pass filter to improve 

contrast in the image and aid (c) manual picking of a few particles by enclosing within red boxes 

of size 300 Å to comprise a training set; the training set is used to train a pre-existing model to 

recognise HSET particles, (D) the newly trained model is made to auto-pick more particles from 

all micrographs. 

 

Furthermore, the degree of similarity between the datasets of Apo and ADP-

HSET implied that the same picking model could be used for both datasets, 

a. b.

c.d.

36 nm
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thereby reducing the time spent on manually picking particles and training 

models. This visually confirms the fact that Apo-HSET is just as stable and usable 

for EM studies as ADP-HSET, contrary to the predictions of TSA (section 3.2.2.2, 

Page 63), and consistent with the findings of the Kratky plot in SAXS (section 

3.2.6.3, Page 80). The auto-picked coordinates were extracted in RELION with a 

box size of 440 Å after down sampling by a factor of two for faster downstream 

processing, resulting in a 128-pixel boxes with a pixel size of 3.46 Å. 

3.4.2.2 2D Classification 

My next goal was to classify the extracted HSET particles in 2D to obtain a 

homogeneous stack of particles for a 3D analysis. To achieve this, I had to 

optimise the classification procedure based on two factors- the efficiency of the 

available algorithms and the tuneable parameters in the most efficient algorithm. 

Initially, I tested classifiers from three different software suites on 30,000 particles 

extracted from a small subset of Apo-HSET micrographs that were chosen at 

random. The classifiers differed significantly from each other as discussed in 

detail in chapter 4.3 (Page 171).  

 Based on fig 3.30, the classes of Strep2-FLHSET-II from ISAC provide the 

most complete and clear picture of the dimer in comparison to the other 

classifiers, due to its stringent and exhaustive approach (Yang, Fang et al. 2012). 

Moreover, ISAC also shows the ability to finely sample angular rotations about 

the axis of the stalk which are revealed in the arrangement of the classes (fig 3.30 

a). However, it is precisely because of its stringent and exhaustive nature that it 

proved to be the most time-consuming and computationally expensive technique 

of the three. The time required to run an ISAC job as well as subsequent 3D jobs 

increased exponentially with the size of the dataset. Attempts at GPU-based 

acceleration of ISAC jobs were plagued with inconsistencies between the results 

obtained from non-GPU (MPI-CPU) and GPU-based runs for the same datasets. 

Thus, inconsistent results, time-consuming runs, and an inflexible file format that 

made it tedious to migrate between different data processing suites made ISAC 

an unproductive resource. Therefore, I had to stop using ISAC and SPHIRE’s 

entire processing package.  
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Figure 3.30 Comparing Classifiers 

2D averages showing the highest detail from respective reference-free classifications of 30,000 

Apo-HSET particles in (a) ISAC2, (b) RELION v3.1 and (c) CryoSPARC v3.0. 

 

Among the three classifiers, cryoSPARC had by far the shortest runtime of 12 

minutes for 30,000 particles, and yielded classes that managed to align a 

significant extent of the coiled coil domain (fig 3.30 c). Initially, I considered 

cryoSPARC as the ideal alternative to ISAC. However, the loss of information at 

ISAC2

RELION-3.1

CRYOSPARC-3.0
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 b.
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the motor domains towards the periphery of quite a few classes was concerning 

and made it difficult to distinguish between out-of-plane views. In comparison, 

RELION, though not the best in terms of visual detail in the class averages (fig 

3.30 b), managed to provide a few different orientations adopted by the motor 

domains. Moreover, unlike cryoSPARC, RELION provided the option of changing 

angular and translational sampling parameters, which was another important 

factor in my choice of classifiers. Whilst the default classification parameters for 

both cryoSPARC and RELION can effectively align and center a compact and 

globular target, they struggled to align HSET which is mostly narrow and 

elongated. RELION appeared to attempt centering the globular motor domains 

which crops the stalk and compromises the recovery of information from the N-

terminal end. To ensure the accurate alignment and centering, as well as the 

adequate recovery of the full length of HSET, I had to significantly modify in-plane 

angular and translational sampling parameters, as shown in fig 3.31.  
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Figure 3.31 Alignment Optimisation in RELION 

Representative 2D classes from reference-free classifications of 30,000 particles using different 

in-plane angular sampling frequencies and translational ranges for image alignment as follows- 

(a) 6-degree angular and 5-pixel translational, (b) 6-degree angular and 10-pixel translational, (c) 

3-degree angular and 10-pixel translational; all cases used single-pixel steps for the translational 

searches. 

 

For instance, a twofold increase in translational sampling range between fig 3.31 

a and b resulted in classes showing a greater extent of the stalk, and an 

additional halving of the in-plane angular sampling frequency in fig 3.31 c 

highlighted its curvature. While a further reduction of angular sampling and 

increase in translational range by a factor of two might have improved the classes 

 6-degree angular sampling +

5-pixel translational search range

 6-degree angular sampling +

10-pixel translational search range

 3-degree angular sampling +

10-pixel translational search range
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further, the trade-off would have been an increase in runtime beyond a feasible 

limit. For this reason, I proceeded to classify the entire datasets of both apo- and 

ADP-HSET using a 3-degree angular sampling frequency and 10-pixel 

translational search range with a single-pixel search step.  

 

 

Figure 3.32 Reference-free 2D Class Averages of Apo and ADP-FL HSET 

Reference-free 2D classification of entire negative stain EM datasets of (a) Apo HSET and (b) 

ADP-HSET using optimised parameters in RELION, classes reveal a large extent of HSET, 

features such as the curvature of the stalk and multiple views; (c) magnified view of an isolated 

class showing the measurements of the domains of HSET that are visible in the classes. 

 

After a few rounds of selection and reclassification to clean-up the data, the 

resultant classes of both datasets showed an improved appearance of dimeric 

HSET up to 270 Å in length from top to bottom (fig 3.32 c). The classes also 
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appear to sample the rotation of HSET about the axis through the stalk, with views 

such as class 1 in fig 3.32 a that show the two motor domains positioned on each 

side of the stalk axis (front-views) and those like class 6 in fig 3.32 b that show 

both motor domains on the same side of the stalk, tending to eclipse each other 

(side-views). The asymmetry in the motor-neck connection was evident in the 

front-views of both forms of HSET (class 4, fig 3.32 a) (class 10, fig 3.32 b), some 

of which also showed a tilt of the motor domain to create an acute angle with the 

stalk (class 9, fig 3.32 a) (class 5, fig 3.32 b). This was an indication that HSET 

possessed a kink in its neck region between the motor and stalk domains, which 

was shown to occur in another member of the kinesin-14 family by single 

molecule studies (Endow and Higuchi 2000). One can also notice the curvature 

of the stalk in both forms of HSET (classes 2 and 6, fig 3.32 a) (classes 6 and 8, 

fig 3.32 b). The measurement of 220 Å corresponding to the stalk slightly exceeds 

the predicted value of 200 Å from the Alphafold model of HSET, suggesting the 

recovery of some portion of the N-terminal CBD (fig 3.32 c). However, one cannot 

discern the interface between the two regions at this resolution. Overall, one can 

clearly observe a significant number of unique views arising from the rotation of 

the HSET molecule about the stalk, which implies the availability of sufficient 

information to build its 3D ab-initio reconstruction.  

3.4.2.3 3D Analysis 

Having sampled a considerable number of out-of-plane views of FL HSET, I 

decided to use this information to build an ab-initio 3D reconstruction of the two 

forms. Rather than using all 34,000 Apo-HSET and 16,000 ADP-HSET particles 

that were obtained from the 2D analysis above, I used a subset of around 2,000 

particles corresponding to unique views such as 1, 2, 8, and 11 in fig 3.32 a and 

1, 8, 9, and 10 in fig 3.32 b. The reconstructions were generated without imposing 

symmetry, making use of the default parameters in RELION that are mentioned 

in the methods (see section 2.3.3.2, Page 42). The resulting models for both Apo 

and ADP-HSET, displayed in fig 3.33 a and b respectively, show a similar 

appearance and an overall resolution of 15 Å. A notable feature in the models is 

the overall length of ~300 Å, which is longer than the 2D class-averages by 

around 30 Å. The models encompass more of the stalk than the 2D classes and 

terminate with a hook-like structure, that might be a hint of the CBD. Before 
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extending this analysis to a greater number of particles by 3D classification, I 

used the ab-initio reference to extract more information about the views that were 

sampled in the population of Apo and ADP-HSET. 

 

 

Figure 3.33 Reference-based 2D Classification of Apo and ADP-FL HSET 

3D ab-initio reconstructions of (a) Apo HSET and (b) ADP-HSET at resolutions of 15 Å reveal 

close to 300 Å of the protein; models were used as references to align particles in 3D space and 

reclassify them in 2D without the application of in-plane alignments; the reference-based 2D 

classes were thus obtained for (c) Apo and (d) ADP-HSET, classes reveal further rotational 

sampling, (e) magnified version of isolated class provides additional insight into the domain 

architecture of HSET in comparison to the reference-free class averages. 

Apo-HSET ADP-HSETa. b.

300 Å 290 Å

c. d.

CBD - 50 Å

Stalk - 160 Å

Neck - 40 Å

Motor - 50 Å

e.

1 2 3 4 5

6 7 8 9 10

1 2 3 4 5

6 7 8 9 10



 111 

 

I followed the strategy of reference-based 2D classification (fig 3.33 c and d) 

proposed by the group of Jan Löwe (Lee, Merkel et al. 2020), developed to 

salvage unique views of elongated proteins not visible in a reference-free 

approach. Based on the images in fig 3.33 c and d, the range of views 

represented in the classes is consistent with finer sampling about the axis of the 

stalk and improved recovery of the N-terminal of curved HSET, measuring 300 Å 

in total. On close inspection of the stalk, one can notice a bright density in the first 

100-120 Å starting from the motor domains followed by a distal relatively dull 

appearance, that could correspond to the CBD (fig 3.33 e). The end point of the 

bright density could be the stalk-CBD interface, implying a length of around 200 

Å for the stalk-neck region of HSET, which agrees with the Alphafold prediction. 

Aside from increasing the number of particles that could be used for 3D 

classification by approximately 5,000- 8,000, the reference-based approach also 

succeeded in unravelling previously unobserved detail in Apo and ADP-HSET. 

I had now obtained datasets with 42,000 particles of Apo-HSET and 21,000 of 

ADP-HSET, which I classified into 3 and 2 classes respectively in 3D, using the 

respective ab-initio references and the optimised alignment parameters from the 

2D classification. In the case of Apo-HSET, the particles were evenly distributed 

between two of the classes (fig 3.34 c and d), with the third one nearly 

unpopulated. On the other hand, ADP-HSET showed 19,000 particles in one of 

the classes (fig 3.34 e) and assigned the remaining 2,000 to the second class in 

which HSET’s domains were improperly defined. Unlike the ab-initio models, the 

3D classification showed significant differences between Apo and ADP-HSET. 

As fig 3.34 c, d, and e show, two distinct sub-populations of Apo-HSET have been 

recovered as opposed to a single population of ADP-HSET.  

 



 112 

 

Figure 3.34 3D Classification and Refinement of Apo and ADP-FL HSET 

(a,b) 3D ab-initio models of Apo-HSET and ADP-HSET from RELION 3.1. (c,d,e) Unsupervised 

3D classifications of the Apo-dataset reveal two equally abundant conformational states of Apo-

HSET; ADP-HSET shows a single 3D class, which appears similar to one of the conformers of 

Apo-HSET. (f,g) the 3D classes of Apo-HSET are refined in CryoSPARC v3.0 to a resolution of 

19 and 21 Å; the refined maps highlight the unique arrangements of the motor domains and the 

motor-neck connections. (h) the map of ADP-HSET is refined to 20 Å; the single state resembles 

one of the conformers of Apo-HSET. 
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All classes are 300 Å long which suggests the inclusion of density from the CBD 

as well, albeit without a clear distinction of its connection to the stalk. Although 

the resolution isn't sufficient to ascertain the exact structural differences between 

the classes, one can still observe the single similarity they possess- structural 

asymmetry. This asymmetry can be observed in the orientation of the motor 

domains, with one of the motor domains positioned closer to the stalk than the 

other (fig 3.34 c, d, and e). I proceeded to refine these classes of both forms of 

HSET, as described in fig 3.34. 

While RELION is unable refine the classes beyond the starting resolution, 

cryoSPARC showed a significant improvement in the level of detail. The 

resolution quoted by cryoSPARC for each of the refined maps ranged between 

13 and 15 Å. However, I decided to estimate the resolution by successively low 

pass filtering the maps and checking for a change in the level of detail in them. 

The filters had no effect on the models at values below 20 Å. After a finer 

adjustment, I was able to obtain a more realistic resolution estimate of 19-21 Å 

for the maps (fig 3.34 f, g and h), which is a typical resolution obtained from 

negative stain analyses (Ohi, Li et al. 2004). The three refined maps shown in fig 

3.35 display a level of structural detail which enables the interpretation of 

similarities as well as differences between the two forms of HSET. For instance, 

the motor domains in either conformer of Apo-HSET can be seen to display 

differential modes of attachment to the stalk (fig 3.34 f and g). This is 

accompanied by a visible change in the neck connecting the stalk to the motor 

domains from an L-shaped kink in fig 3.35 a to a relatively straight structure in fig 

3.35 b. For this reason, I decided to name the conformers type K (Kinked) and 

type S (Straight). Conversely, the region comprising the rest of the stalk and the 

N-terminal CBD in the type K state appears straight, while an evident curvature 

is seen in the type S state. 
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Figure 3.35 Final 3D maps of Negative stained Apo and ADP-FL HSET 

Refined 3D models of (a, b) Apo and (c) ADP-HSET in three orthogonal directions highlight 

differences in the orientation of motor domains and the kink in the neck region that connects the 

stalk to the motor domain. 

 

The apparent coordination observed between the structural features that define 

each arrangement of Apo-HSET is the first sign of the inter-domain crosstalk that 

plays a major role in coordinating the mechanical cycle of HSET. For this reason, 

I believe that the arrangements I have isolated are in fact, distinct conformational 
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states of Apo-HSET. Moreover, the unmistakeable similarity in the appearance 

of the motor, neck, and stalk of fig 3.35 b and c suggests that majority of the ADP-

HSET in my sample have adopted a type S conformation. While the conformers 

listed here were the only ones observed in my data during the 3D classification, 

the occurrence of a few particles in the third class of Apo-HSET as well as the 

second class of ADP-HSET mentioned earlier suggest that there could indeed be 

more unique conformational states. The implications of these conformers in the 

mechanical cycle of HSET can be fully understood by further resolving the two 

forms of HSET using cryo EM.   
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3.5 Cryo Electron Microscopy- Sample Preparation 

Cryo EM, unlike negative stain EM, is devoid of any staining and is performed at 

cryogenic temperatures (-170 to -196 °C) from sample preparation to data 

collection (Dubochet, Adrian et al. 1988). The visibility of protein molecules on 

the grid is dictated by the phases of the electrons rather than their amplitudes 

(Orlova and Saibil 2011). In other words, the contrast in the image depends on a 

more subtle effect of the time-delay between the scattered electrons reaching the 

detector rather than the pronounced effect of a difference in numbers observed 

in negative stain (see section 3.4, Page 97). Due to this inherently low contrast, 

cryo EM requires a higher concentration of particles and the collection of 

thousands of micrographs when compared to negative stain EM in order to 

visualize the structural details within the molecules, albeit with a higher potential 

resolution.  

 

Figure 3.36 Holey Grids for Negative stain EM and Cryo EM 

(a) A holey TEM grid is a flat disc that contains metallic grid-bars to support (b) an inert matrix/foil 

with holes in it of equal size and even spacing; cross-sectional view of an unblotted sample 

occupying the holes in an (c) un-supported and (d) supported grid. 
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The making of grids of a sample is often the rate-limiting step in solving its 

structure by cryo EM (Passmore and Russo 2016). A grid (fig 3.36 a) is a flat, 

circular disc with a diameter of around 3 mm, that is made of a mesh of metallic 

bars that support an inert matrix, otherwise known as a foil. The foil has holes 

that are either of the same size and evenly spaced as shown in fig 3.36 b or of 

varying size and non-uniform spacing. The grids I used were of the former variety, 

known as holey grids, while the latter are lacey grids. In either case, the holes 

serve as a path for the transmission of electrons and the sample is imaged over 

them (Sgro and Costa 2018), as illustrated in fig 3.36 c. In some cases, a thin film 

of material such as carbon, molecular graphene, or graphene oxide is manually 

layered on top of the grid to cover the holes with a support (fig 3.36 d). Support 

films are typically used to improve particle distribution in the holes by promoting 

the adsorption of the molecular sample, whereas un-supported grids lack any 

means of controlling the distribution of sample over the holes (Orlova and Saibil 

2011).  

A successful grid is the result of several physical and chemical factors that 

influence the stability of the sample as it is forced into a thin film (fig 3.37). The 

success of the physical parameters such as blot force, blot time, wait time, and 

type of grid being used is typically evaluated by the abundance of hydrated 

squares on a grid-map, the maximization of the hydrated holes in each square 

and an ice layer over the holes that provides reasonable contrast in the 

micrographs. On the other hand, the consistent presence of uniformly distributed 

particles at a high density with no heterogeneity or aggregation in every hole is 

dictated by the chemical parameters such as the concentration of salt and 

glycerol in the buffer (Thompson, Walker et al. 2016). These concern the content 

and quantity of the buffer(s) that are used in diluting the protein sample, which 

have been investigated in detail in the section on mass photometry (see section 

3.2.5, Page 70). In this chapter, I will present the extensive tests that I performed 

on the various physical and chemical conditions mentioned above. I performed 

these tests on unsupported as well as supported grids (fig 3.37) but prioritised 

the former as with unsupported grids there is no signal from a support that could 

contribute to the background and deplete the contrast. This was especially 
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important when investigating a small and elongated target molecule such as 

HSET, for which is challenging to obtain sufficient contrast to begin with. 

 

 

Figure 3.37 Optimisation of Grids for Cryo EM of HSET 

Several physical and chemical parameters were tested to obtain the perfect grids for cryo EM of 

Apo- and ADP-HSET 

 

 

3.5.1 Blot-force 

The blot force is the force with which the liquid in the sample is blotted away from 

the surface of the grid in a device called the Vitrobot. The FEI Vitrobot IV comes 

with a scale for applied blot forces ranging from negative to positive values, which 

controls distance of separation between the blot-pads during the blotting step 

(Sader, Matadeen et al. 2020). A blot force of 0 is defined by the blot-pads just 

touching and letting a sliver of light through them, and each step corresponding 

to one unit of blot force is a 25 µm movement of the pads. An increase in positive 

values brings the pads closer together, while an increase in negative values 

moves the pads further ways from each other (Sader, Matadeen et al. 2020). One 

can achieve a similar effect by either varying the blot force applied for a specific 
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time, or by changing the time for which a constant force is applied. To minimize 

the number of variables, I decided to only vary the blot force and use a standard 

blotting time of 3 seconds for all grids unless explicitly mentioned. I tested blot 

force magnitudes of +3, 0 and -3 on the Vitrobot scale. The effects shown in fig 

3.38 a, b, and c for a Copper Quantifoil grid highlight a reduction in the thickness 

of the ice with decreasing blot force from +3 to -3. This trend is also visible in fig 

3.38 d and e, for other unsupported grid types that I tested as well. Judging by 

the gradient of ice thickness on the grid-map as well as the number of available 

hydrated squares, I decided to deploy a blot force of -3 for all subsequent 

unsupported grids. 

 

Figure 3.38 Effects of Different Blot Forces on Unsupported Grid-types 

Copper Quantifoil R 1.2/1.3 grids of Apo-HSET prepared by applying a blot-force of (a) +3, (b) 0 

and (c) -3 show the ice thickness over the grid decreasing with increasingly negative blot force; 

blot force of -3 was also tested on (d) C-flat 4-Cu-T-50 and (e) Ultra-Au-foil grids. 

 

d. e.
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3.5.2 Grid-type 

In fig 3.38 c, d, and e, one can observe a sharper gradient with significantly fewer 

usable squares on the Quantifoil grid compared to the C-flat and the Ultra-Au-foil 

grids, therefore the Quantifoil grids were not pursued further. Of the two 

other grid types, I prioritised C-flat grids because they were easily available and 

more affordable compared to Ultra -Au foil. 

The C-flat grids contain a carbon matrix supported by copper grid-bars, 

like Quantifoil grids. The C-flat grids are different in the significantly thinner and 

flatter carbon matrix which is intended to achieve thinner ice over the grid (fig 

3.38 d), leading to improved contrast.   

 

3.5.3 Protein Concentration 

Fig 3.39 a and b show a significant difference in particle density in the 

micrographs upon a twofold dilution of Apo-HSET, as well as a density-dependent 

reduction in contrast. Moreover, many of the particles that are visible on the 

undiluted and twofold diluted grids do not possess distinguishable features of 

HSET. This could be the non-specific higher order oligomeric clusters that occur 

as HSET has tendency to aggregate at this concentration range, as shown in 

DLS (see section 3.2.4.2, Page 68). The reduction in contrast is exaggerated by 

a significant reduction in particle density between dilution factors of two (fig 3.39 

b) and three (fig 3.39 c).  

In an attempt to control the distribution of particles with dilutions, I decided 

to introduce a small percentage of the cross-linking agent glutaraldehyde, which 

reacts with the amino groups of the N-terminus and the side chains of lysines and 

forms intermolecular cross-links in the sample (Hayat, 1986). The improvement 

in particle density observed in a threefold diluted HSET sample after the 

incorporation of glutaraldehyde (fig 3.39 d) is significant, in comparison to the 

glutaraldehyde-free version of the same sample (fig 3.39 c). However, the grid 
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showed aggregated protein in a significant proportion of the holes, which 

dominated the grids with further dilution of HSET, as shown in fig 3.39 e and f. I 

thus found myself at an impasse due to the chemical variable of particle 

distribution, whilst having optimised the physical variables of blot-force and grid-

type. Therefore, I decided to explore Ultra-Au-foil grids, which have gold (Au) grid 

bars and a gold matrix. Considering the Ultra-Au-foil grids showed similar ice 

thickness as C-flat grids with a blot force of -3 (fig 3.38 e), I decided to test them 

as an alternative to C-flat grids.  

 

Figure 3.39 Effects of Protein Dilution on C-flat Grids 

Micrographs obtained from C-flat grids containing Apo-HSET in the (a) undiluted- 0.8 mg/ml, (b) 

two-fold diluted- 0.4 mg/ml and (c) three-fold diluted- 0.26 mg/ml concentrations show a drastic 

difference in particle density for minute changes in concentration. Minor amounts of the 

crosslinker glutaraldehyde were incorporated to address this issue; effects of glutaraldehyde with 

dilution of HSET is demonstrated for the (d) three-fold and (e) six-fold and (f) ten-fold dilutions of 

HSET. 
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3.5.4 Glycerol Content 

Fig 3.40 b shows a large increase in particle density on Ultra-Au-foil grids when 

compared to the C-flat grids with the same HSET concentration. I reasoned that 

this was likely due to the difference in the material of the matrix in the grids. C-

flat and Quantifoil grids have a carbon matrix to which protein molecules tend to 

bind. In contrast, Ultra-Au-foil grids have a gold matrix to which protein molecules 

are less likely to bind. Therefore, more of the HSET molecules stay in the holes 

of Ultra-Au-foil grids, giving rise to a better particle density. 

 

Figure 3.40 Exploration of Ultra-Au-Foil 

Cryo-grids of Apo-HSET diluted to 0.26 mg/ml on (a) C-flat and (b) Ultra-Au-foil grids demonstrate 

a big difference in particle density and contrast for the same concentration; One of the challenges 

faced with Ultra-Au-foil grids was the thinning of ice towards the center of the holes and thickening 

near the edges (c,d) with further dilution, which clustered the particles towards the periphery. 

b.a.

c. d.
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The increased particle density in the case of Ultra-Au-foil grids presented the 

necessity to explore further dilutions of HSET to prevent particle overlap. To limit 

the loss of contrast, I decided to trial further dilutions while also reducing the 

glycerol content as much as possible within the limits identified by mass 

photometry (see section 3.2.5.3, Page 73). I was able to decrease the HSET 

concentration to 0.06 mg/ml. Below this concentration, I noticed a rise in 

aggregation, despite a favourable level of glycerol and salt in the buffer. 

Moreover, I observed a thinning of the ice near the centre of the holes, which 

clustered the particles closer to the edges as shown in fig 3.40 c and fig 3.40 d. 

Thus, striking a balance between the dilution factor and the contrast level to 

achieve a uniform distribution of particles over the holes in unsupported grids 

proved difficult. In contrast, I was able to achieve a better degree of control over 

particle density on carbon support film using a protein concentration that was six 

times lower during negative stain EM. Therefore, I decided to transition from 

unsupported to supported grids. 

 

3.5.5 Support Films 

An advantage of using supported grids is the ability to extrapolate the 

concentration of the sample from negative stain EM experiments. Although the 

concentration may have to be fine-tuned by a factor of two or three, the availability 

of a starting protein concentration and buffer conditions, has the potential to 

eliminate some of the optimisation necessary when using 

unsupported grids. However, this was not the case for the blotting parameters. 

As figure 3.41 a and b show, the result of a blot force of +3 applied for 3 seconds 

is completely different for an unsupported Cu Quantifoil grid compared to a 

supported one. The fact that one can see any squares that aren't shrouded in ice 

on the supported grid is in stark contrast to the behaviour of the ice on the 

unsupported grid for the same blot force. Furthermore, rather than a global 
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gradient of ice thickness, the hydrated squares are marked by individual gradients 

from the centre to the grid bars, akin to a fried egg as shown in fig 3.41 c.  

The hydrated squares are also scattered in an apparently random fashion 

compared to the unsupported grid, with variations in ice thickness visible in the 

overall shape of the square as well as the darkness of the centre of the square 

(fig 3.41 d). This is a stark contrast to the hydration in the unsupported grids that 

affected the entire square (fig 3.41 c). While the pattern of hydration in the 

unsupported grids could be considered advantageous as it appears to maximise 

the usable holes in a square, the disadvantage is that entire squares can be 

discarded due to thin ice. The greater extent of blotting observed for the same 

blot force could be a result of the increased thickness of the grid due to the 

support layer. Consequently, the contact between the blotting pads and the 

supported grid would be greater than the case of the unsupported grid. This is 

further supported by the dry grid resulting from a greater blot force in fig 3.41 e.  

A difference between the blotting of unsupported and supported grids was 

the incubation of the sample on the grid prior to blotting. While the incubation 

time on the grid was minimised for unsupported grids, it was necessary to 

promote adsorption of the particles onto the support of the supported grids. Fig 

3.41 f illustrates the difference in particle distribution for a 10 second incubation 

time for the two types of grids. While the particle density is ideal for support, the 

incubation tends to cause aggregation of the protein on an unsupported grid as 

it increases the frequency of collisions between particles as well as that of the 

particles with the air-water interface (D'Imprima, Floris et al. 2019). While this 

effect could also occur in a supported environment, a minimal duration is required 

to promote adsorption of the particles onto the support film. To prevent any 

destabilisation to the sample by temporarily warming it up during the incubation, 

I decided to lower the temperature inside the Vitrobot to 4 °C, matching the 

temperature of the sample. 
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Figure 3.41 Working on Carbon Support 

Carbon-supported Copper Quantifoil grids were preferred due to the ease of extrapolating 

chemical parameters from negative stain EM; A comparison between the ice film obtained across 

the Quantifoil grid that is (a) unsupported and (b) supported using the same blot force of +3 for 3 

seconds; (c) the difference in the pattern of hydration per square between the two types of grids; 

(d) the manifestation of ice thickness across squares in a supported grid ranging from thickest 

(left) to thinnest (right); (e) extremely dry supported grid obtained using a blot force of 0; (f) The 

difference in particle distribution between an unsupported grid (left) and a supported grid (right) 

after a 10-second on-grid incubation at 4 °C prior to blotting. 

Hydration

d.

a. b.

c. SupportedUnsupported

g.f.e.
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Once the level of hydration and the ice thickness were optimised, I encountered 

possibly the greatest disadvantage of using a support film- a high background. 

This was compounded by the fact that HSET preferred thicker ice than desirable, 

i.e., within the periphery of the square shown in fig 3.41 c. To enhance the 

contrast, the grids were screened on the Glacios using a Volta Phase Plate 

(Danev, Buijsse et al. 2014). As shown in fig 3.42, the difference with and without 

a VPP was significant.  

 

Figure 3.42 The Effect of Enhanced Phase Contrast 

HSET particles on a successful Copper Quantifoil grid with carbon support imaged on the Glacios 

with a (a) 100 µm objective aperture at a defocus of -3 µm and (b) Volta Phase plate (VPP) at a 

defocus of -0.6 µm; the VPP boosts phase contrast to enhance the visibility of the particles against 

the background of the support film. 

 

Despite the benefit of the enhanced phase contrast, the use of a VPP is generally 

discouraged by the EM community due to complications in set-up, acquisition and 

processing of images that are discussed in detail in chapter 4.4 (Page 176). To 

avoid relying on the phase plate, I tried using supports of molecular graphene 

and graphene oxide (GO) (Fan and Sun 2022) which tend to have a lower 

background. However, my attempts at using these supports were plagued by 

several issues. The foremost was the high degree of hydrophobicity of the grids 

which repelled most of the sample during sample application in the Vitrobot. This 

was observed for grids that underwent no pre-treatment prior to sample 

b.a.
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application (based on manufacturer’s instructions), as well as for those that were 

glow-discharged for 60 seconds or plasma-cleaned in a mixture of argon and air. 

Additionally, the batch of GO grids I used, contained several holes that were 

improperly bridged by the support film. After managing to successfully apply a 

small volume of sample onto molecular graphene and graphene oxide grids 

respectively, the few regions that showed proper bridging by the support film in 

the case of both grids, did not show any improvement in the visibility of HSET 

when compared to a carbon-supported grid. For this reason, the pursuit of 

alternative supports to carbon was abandoned.  
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3.6 Cryo Electron Microscopy- Data Collection and Processing 

The size of a weak phase object plays an important role in its visibility in cryo-

electron micrographs. Reliable identification of particles in the micrographs 

requires a significant amount of contrast at lower spatial frequencies. However, 

as shown in fig 3.25 (Page 94), acquiring images under focus boosts the 

intermediate frequencies rather than the lower range due to the sinusoidal nature 

of the CTF curve. With a size of 150 kDa and a mostly elongated shape, the total 

contrast generated by HSET is very weak, rendering HSET close to invisible in 

cryo-images on supported grids, as shown earlier in fig 3.42 a. Thus, to improve 

the visibility of HSET in cryo EM, I used a VPP to image HSET on carbon-

supported grids. In the previous chapter, fig 3.42 illustrated the need for a phase 

plate to image my grids. Evidently, the boost in contrast generated by the VPP 

could play a crucial role in the success of the recognition, alignment, and 

classification of molecular images (von Loeffelholz, Papai et al. 2018). The 

improved signal to noise ratio of HSET particles contributed by the enhanced 

phase contrast would be beneficial in resolving the internal detail of the HSET 

molecule by cryo EM.   

In setting up an acquisition using a VPP, the device is typically inserted in 

place of the objective aperture in the back-focal plane (see section 3.3.3.3, Page 

95). The VPP is aligned to the optical axis to achieve on-plane illumination 

conditions (von Loeffelholz and Klaholz 2021). This condition is realised when the 

beam irradiates a single spot on the phase plate, leading to a localised build-up 

of potential over time which shifts the phases of the electron beam that passes 

through it (Danev and Baumeister 2016). This phase shift develops over the 

duration of the exposure of the spot and is moved to a neighbouring spot just 

short of saturating at a maximal value of phase shift. Each spot is referred to as 

a position of which there are 76 in total on a VPP (Danev, Buijsse et al. 2014). 

Hence, in addition to the acquisition parameters mentioned earlier, one must 

also define the activation time and the number of exposures per position on the 

VPP. These parameters are determined from an activation plot, obtained by 

exposing a position on the phase plate for an extended duration and monitoring 

the phase development in the resultant images.  
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3.6.1 The Glacios Sessions 

The in-house Glacios microscope provided my first experience with VPP data 

collections and led to the first visualisation of FL HSET in high contrast in cryo 

EM images. The data from the Glacios were collected at a rate of 60-70 movies 

an hour, which meant that a weekend of Glacios time would yield 3000-4000 

micrographs.  

3.6.1.1 Live processing and pre-processing 

The overall principle behind defocussed VPP-based data acquisition is described 

in section 3.3.3.3 (Page 95). In addition to the use of a nominal level of defocus, 

another factor plays a role in the VPP data- the phase shift resulting from the VPP 

is not always 90° i.e., π/2 rad. Instead, it develops with the exposure-dependent 

build-up of potential over time and thus attains a continuum of values between 0 

and π rad as shown by the development plot or activation plot in fig 3.43. The fig 

3.43 also shows that the level of contrast obtained is maximal at π/2 rad and 

deteriorates the further away from this value, on either side of it. The acceptable 

values of phase shifts were shown to range between 0.2π - 0.8π rad, according 

to the developers (Danev, Tegunov et al. 2017). The effects of the phase shifts 

applied to the data through the course of development of a single VPP position 

are described in the images adjoining the plot in fig 3.43.  
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Figure 3.43 The Different Regimes of Phase Contrast 

An example of a phase development profile which is obtained by the continuous exposure of the 

VPP over the carbon matrix of a Quantifoil grid; different stages of phase development are 

depicted by representative micrographs from an ADP-HSET dataset demonstrating the effects of 

low (under-developed), desirable, and high (over-developed) phase shifts on the quality of 

information in the image; data was collected on the Glacios.  

 

The image corresponding to the under-developed phase plate in fig 3.43 was 

acquired at a phase shift of 0.25π rad, while the over-developed image 

corresponds to a phase shift of 0.8π rad. Considering the additional contrast 

needed for a particle as small as HSET, I chose to start at a phase shift of 0.3π 

rad. Based on the activation plot of the Glacios VPP shown in fig 3.44 a, a 40-

second activation time would be required to reach a phase shift of 0.3π rad. This 

allowed a time frame of nearly 5 minutes of acquisition to reach a phase shift of 

0.8π rad, which implied a rate of 50 exposures per position. However, considering 

the time spent on focussing the beam between exposures during which the VPP 

would still be developing, I decided to use 46 exposures for each position. On-

the-fly pre-processing of the acquired movies in cryoSPARC live allowed the real-
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time monitoring of the phase development through the exposures (fig 3.44 b). 

The live monitor showed that each position began with a phase shift of around 

0.18-0.2π rad, which was lower than predicted based on the activation plot. More 

unexpectedly, a significant proportion of the phase shifts per position reached 

values of 0.75π rad or higher well within the 5-minute lifespan of each position 

(fig 3.44 b). Some positions would reach a maximal value of 0.9π rad after which 

the phase shifts would start over from 0.5π rad to trace a shorter curve before 

heading to the next position (fig 3.44 b). This was a clear sign of an unanticipated 

over-development of the VPP, further supported by a peak in the histogram of 

the phase shifts centred at 0.8π rad (fig 3.44 d). 

 To avoid this, I eliminated the activation time and pre-emptively halved the 

number of exposures per position before continuing with the acquisition. The 

former had the effect of reducing the starting phase shifts per position further still, 

to values of nearly zero rad (fig 3.44 c). The shorter exposures reduced the 

number of maximal phase shifts for the first couple of positions, which peaked at 

around 0.7-0.75π rad. However, these values gradually increased with time and 

tended to surpass 0.9π rad, showing more than one development curve per 

position (fig 3.44 c). The histogram of the data quickly took the shape of a bimodal 

distribution, with one peak centred around low phase shifts of 0-0.2π rad while 

the other was consistently at 0.8π rad (fig 3.44 e). 
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Figure 3.44 Distribution of Phase Shifts Through an Overnight Collection of ADP-HSET 

Data on the Glacios 

(a) The activation plot of the VPP on the Glacios shows the development of phase shifts (Y-axis) 

over time (X-axis); On-the-fly pre-processing in cryoSPARC live shows the phase development 

(Y-axis) per acquired exposure (X-axis) and histogram from CTFFind4.1.14 shows the distribution 

of phase shifts across the entire dataset collected under the following conditions- (b,d) an 

activation time of 40 seconds and 46 exposures per position (c,e) no activation time and 24 

exposures per position; data points in red in the live data have phase shift values above 0.62π 

rad; The data shown was acquired from an ADP-HSET grid.  

 

To weed out these blurred images that contaminated the dataset, I identified 

markers in the metadata which could be used to customise filters to clean up the 
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dataset (table 3.2). On average, around 68% of the dataset was discarded after 

each session of data collected on ADP-HSET, 83% of which was due to the 

phase plate. For every 4,000 images collected, at least 2500 were discarded 

during the purging process. To compensate for this loss of data, I organised six 

sessions of collecting ADP-HSET datasets, which yielded a total of 15,000 

movies.  

 

Fault in CTF parameters % Of the entire dataset that was 

blurred 

ADP-HSET 

(6 sessions, 

15,000 movies) 

Apo-HSET 

(1 session, 

3,000 movies) 

Maximum estimated resolution > 10 

Å 

8 12 

Defocus > 1 µm 18 20 

Poorly defined thon rings 23 25 

Phase Shift < 0.25π or > 0.7π rad 58 70 

 Total- 68% Total- 80% 

 

Table 3.2 Narrowing Down the Causes of Blurred Images in Apo and ADP-HSET Datasets 

(Left) the anomalies in metadata values that are attributed to the blurred appearance in many 

micrographs, and (right) the prevalence of the affected micrographs expressed as a percentage 

of the entire dataset in each case. 
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As a result of the focus on data collections of ADP-HSET grids, Apo-HSET grids 

were used for just one session that resulted in a dataset of 3,000 movies. 

However, as shown in fig 3.45 b, the over-development in the Apo-HSET dataset 

was significantly worse than ADP-HSET, with the histogram showing a peak 

centred around negative phase shifts in addition to a peak at 0.9π rad. Visually, 

most micrographs appeared blurred and shaky. Overall, the Apo-dataset suffered 

a loss of 80% of its images (table 3.2).   

 

Figure 3.45 Processing an Apo-HSET Dataset 

The dataset of Apo-HSET was plagued with abnormally excessive phase development; (a) a 

rarely occurrent unaffected micrograph shown beside a (b) typical blurred and drifty micrograph 

that dominated the dataset, (b) the histogram of phase distribution shows most of the micrographs 

in the undesirable regime of phase shifts as well as negative phase shifts. 
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3.6.1.2 Particle picking 

Due to the inverted contrast and the significant difference in signal to noise ratio 

compared to negative stain EM, I had to generate a new picking model suited to 

my cryo EM dataset. My approach led me to compare the effectiveness of 

CRYOLO's low-pass filter (fig 3.46 b) and a neural network-based denoiser called 

JANNI (Just Another Noise2Noise Implementation) (Wagner, Merino et al. 2019) 

in enhancing the signal in the micrographs for automated picking. The JANNI 

model I employed for the Glacios dataset (fig 3.46 d) had been pre-trained on 

multiple cryo EM datasets by the developers, giving it the ability to enhance the 

signal of any target molecules against the background. 

In contrast to negative stain EM which succeeded with a low-pass filter, a 

similar treatment of cryo EM images seemed to make the picking model go astray 

(fig 3.46 c) with a higher number of false positives and negatives than the JANNI 

model, which was successful (fig 3.46 e). However, like the negative stain data, I 

could use the same picking model for both forms of HSET. A total of 300,000 

particles were obtained across all sessions of ADP-HSET and 50,000 for Apo-

HSET. The particle coordinates were imported into RELIONv3.1 to extract 

particles as described in section 2.4.3.2 (Page 45).  

 



 136 

 

Figure 3.46 Particle Picking Pipeline in CRYOLO 

The steps undertaken to obtain an optimal strategy for an optimal picking model are demonstrated 

on a sample micrograph from the training set. (a) An unfiltered micrograph with a few manually 

picked particles is denoised using the (b) default low-pass filter or (d) default JANNI denoising 

model; the particles are used to train pre-existing picking models, the trained models are allowed 

to auto-pick particles from the (c) low-pass filtered or (e) JANNI-denoised micrographs 

respectively. 

a.

b. d.

c. e.
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3.6.1.3 2D Classification 

For the 2D classification, I used the same alignment parameters that I had 

optimised for structural analysis by negative stain EM (see fig 3.31). While I 

classified the 50,000 particles of Apo-HSET in one run, I worked on the data from 

each session of ADP-HSET independently and processed each of them as soon 

as I acquired them. Thus, despite amassing 300,000 particles of ADP-HSET in 

total, the initial 2D classifications of each session only used 30,000-50,000 

particles at a time. As displayed in fig 3.47, the classes obtained for both forms 

of HSET began to show the familiar elongated appearance with a globular shape 

at one terminus. However, the classes of Apo-HSET showed an unexpectedly 

high degree of blurring, despite the thorough purging of the dataset described 

earlier (fig 3.47 a). The blurring was persistent despite attempts at selecting and 

reclassifying the data into a greater number of classes. This led me to conclude 

that there was a problem with the data used for the classification rather than the 

classification itself. A further inspection of the metadata of the micrographs that 

yielded the particles revealed that the over-development issue was more severe 

than I initially thought. As shown previously for the ADP-HSET dataset (fig 3.44 

b and c), the issue is typically recognised during the live monitoring of phase 

shifts by the presence of second smaller development curve per position of the 

VPP. This occurs due to the phase shifts crossing a value of π rad, which results 

in a similar CTF pattern to 0 rad due to the sinusoidal nature of the CTF which 

repeats itself every π rad. This could mean that many images that were recorded 

with a value of 0.3π for instance, actually had an over-developed phase angle of 

π + 0.3π rad. Simply put, the damage to the dataset is too deep-rooted for 

elimination by filtering based on the calculated metadata values. I therefore had 

to conclude that the data is no longer usable for analysis, and now turned my 

focus to processing the ADP-HSET dataset. 
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Figure 3.47 Reference-free 2D classification of Apo and ADP-HSET 

Reference-free 2D class averages of (a) Apo-HSET appears blurred beyond repair, despite the 

removal of bad micrographs from the dataset and (b) ADP-HSET shows the shape that is 

reminiscent of the results of negative stain EM. 

 

Unlike the Apo-HSET classes, the classes obtained from ADP-HSET (fig 3.47 b) 

resemble the characteristic shape that was observed in the negative stain dataset 

(see section 3.4.2.2, Page 104), thereby providing the first glimpse of FL HSET 

by cryo EM. One can notice both motor domains in some classes such as class 

2,4 and 8. They also differ from each other in the tilt angles about the axis of the 

stalk (fig 3.47 b). The classes also sample views with greater tilt angles such as 

class 5 which appears almost perpendicular to class 2. Other classes suffer from 

fuzziness or a lack of discernible features, indicative of heterogeneity within the 

class that could arise from the misalignments of different views or the 

incorporation of false positives. The class-averages that result from such 

heterogeneity display recognisable kinesin features with a level of fuzziness 

superposed on them and are considered to be over-averaged.   
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Figure 3.48 Purification by Classification 

The extracted particles of ADP-HSET were subjected to three rounds of reference-free 2D 

classification to enhance the level of visible detail by achieving homogeneity; the best classes 

from each round are displayed as follows- (a) round 1, (b) round 2 and (c) round 3. The classes 

showing off-target features or poor signal-to-noise ratio at the end of each round were discarded 

and the remaining particles were reclassified into the same number of classes. 
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After using the first round of 2D classification to eliminate the obviously off-target 

classes, I decided to append the data from all six sessions into a single stack of 

particles, to tackle the over-averaging issue. My strategy involved subjecting the 

stack of particles to multiple rounds of selection followed by reclassification into 

a greater number of classes, allowing more room for the effective segregation of 

the particles (fig 3.48). I managed to remove the false positive images to a 

significant degree, as demonstrated by the progressive unblurring of the classes 

(fig 3.48 b and c). After maximising the number of classes with a high level of 

clarity (fig 3.48 c) and observing no further improvement with further 

classifications, I noticed another issue in the appearance of the classes.  

 

Figure 3.49 Testing the Effects of a Circular Mask on the 2D Classes of ADP-HSET 

The application of a circular mask on the stack of particles during their 2D alignment and 

classification was undertaken to improve the quality of the 2D classes and view high resolution 

features; class averages of the (a) unmasked dataset are displayed alongside the classes 

obtained by (a) applying a circular mask of diameter 200 Å. 

 

Unlike negative staining, classes obtained from cryo EM will eventually resolve 

higher resolution features due to the correction of the CTF of the movies. While 

the resolution of the data in the movies reached values as high as 5 Å, the classes 

I obtained in fig 3.48 c were yet to resolve features such as the coiled coil helices 

which would appear below 10 Å. Further rounds of selection and reclassification 

simply served as a never-ending sink for particles under the guise of an 
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improvement in quality. Thus, my next goal was to resolve higher resolution 

features of HSET through approaches such as masking (fig 3.49) and filtering (fig 

3.50) the particles.  

The only effect of masking was to make the classes appear grainier thereby 

giving the illusion of improved resolution (fig 3.49 b). The high-pass filtering on 

the other hand, did lead to an increase in informative classes proportional to the 

resolution cut-off of the applied filter as shown in fig 3.50 b and c. Based on the 

progressively increasing difficulty in recognising an HSET particle in a high pass 

filtered image, I decided to avoid filtering the dataset beyond 150 Å. However, 

this was still not sufficient to resolve any secondary structure features within 

HSET. Drawing inspiration from the negative stain datasets that showed more 

detail in 3D than 2D, I proceeded with the generation of an ab-initio 3D model (fig 

3.51).  
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Figure 3.50 Testing the Effects of High-pass Filters on 2D Classes of ADP-HSET 

To view higher resolution features in the classes, the particles were filtered to different cut-off 

spatial frequencies and reclassified into the same number of classes; class averages of the (a) 

unfiltered stack of particles are displayed alongside the averages obtained by filtering the stack 

to (b) a high frequency cut-off of 200 Å and (c) a high frequency cut-off of 150 Å. 
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3.6.1.4 3D Analysis 

To improve the results that I obtained from 2D, I decided to explore the 3D 

analysis of the ADP-bound dataset. I selected 20,000 particles accounting for the 

best classes of ADP-HSET to generate an ab-initio 3D reconstruction (fig 3.51 a). 

While RELION quoted a resolution of 15 Å for the reconstruction, it clearly 

showed less detail than the negative stain models that had a resolution of 20 Å 

in section 3.4.2.3 (Page 109). The apparent resolution of the ab-initio map looked 

closer to 30 Å. Regardless, my next step was to attempt a 3D classification of the 

particles that remained after the 2D classification of each session. A total of 

75,000 remained and were combined into a single stack of particles for the 3D 

classification, which failed to segregate them into more than one class and 

showed no additional detail. Hence, following the strategy I used for the negative 

stain datasets again, I used a reference-based 2D classification of the particles 

from this single class to evaluate their 3D alignments as shown in fig 3.51 b. 

 

Figure 3.51 Reference-based 2D Classification of ADP-HSET 

(a) An ab-initio 3D model of ADP-HSET generated from 20,000 particles belonging to the best 2D 

class averages was obtained at a quoted resolution of 15 Å; this model was used for reference-

based classification of the dataset. (b) The reference-based 2D classes from 75,000 particles 

appeared scrambled and were less informative than the reference-free classes. 
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While some classes such as class 7 and 11 in fig 3.51 show the curvature in the 

coiled coil and appear to resemble side-views quite realistically, the rest of the 

classes have a scrambled and unreliable appearance. For instance, the presence 

of more than one stalk branching out from the motor domains in class 9, as well 

as the unrecognisable motor domains in classes 2 and 6, are evidence of 

improper alignment and by extension, a compromised classification. This was 

likely due to the feature-less ab-initio reference that was used, as well as the 

dominance of low-resolution features in the dataset as seen in the reference-free 

classes earlier. To tackle this problem, I decided to perform multiple 3D 

classifications, starting with the particles from a single session and refining the 

resultant 3D class using cryoSPARC’s Homogeneous refinement tool (fig 3.52). 

I then appended the particles from another single session to this stack, performed 

another 3D classification using the successful 3D class from the previous run as 

a reference, and refined the resultant class. The aim of this strategy was to 

reduce the chance of faulty alignments by limiting the particles used for the 3D 

classification in each round, and use the resultant 3D class as a better resolved 

reference to reinforce the alignments of further classifications.     

One can immediately notice some level of detail in the class from the first 

dataset (fig 3.52 b) that distinguishes it from the ab-initio reference (fig 3.52 a). 

While adding particles by combining the datasets doesn't change the resolution 

of the classes much, they do appear subtly distinct from each other in terms of 

curvature and angular orientations of the domains (fig 3.52 b, d and f). The 

unchanging resolution of the classes was reminiscent of the negative stain 

dataset, which only revealed more detail during the refinement in cryoSPARC. In 

a similar manner, there was an instant shift in resolution to 12 Å or below, with an 

improvement that was proportional to the number of particles included. However, 

the detail in the refined maps did not reflect their estimated resolution. The maps 

were still plagued by significant levels of low-resolution noise and missing density.  
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Figure 3.52 Refining the 3D Structure of ADP-HSET 

The (a) ab-initio 3D model was used as a reference in the (b) 3D classification of a dataset 

containing 19,000 particles; the class obtained was used as a reference to classify a dataset of 

(d) 22,000 particles, which was subsequently used to classify (f) a 34,000-particle stack. The 

classes were respectively refined to resolutions of (c) 11.7 Å, (e) 10.5 Å and (g) 9.7 Å with suitable 

custom soft-edge masks using the Homogeneous Refinement Tool in cryoSPARC.  
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More importantly, the defining characteristics appeared to change entirely from 

one map to the next. For instance, both motor domains originate directly from the 

stalk in fig 3.52 c while fig 3.52 e shows branches extending from the stalk into 

the motor domains which appear to have gained more strands that are 

presumably helices, with a 1 Å leap in resolution. The stalk has changed from 

showing the twists of the coiled coil with a minor bit of discontinuity in the former 

map to a continuous mass of poorly defined density with a hook near the cargo-

binding end and a marked partition near the neck linker. While the final map in fig 

3.52 g shows a level of completeness that seems to correct the inconsistencies 

of the first two maps, it has still not managed to resolve the two strands of the 

coiled coil from each other despite being below 10 Å in resolution. Moreover, the 

features of the motor domains appear different from each other in the map and 

differ significantly from its predecessor in fig 3.52 e. Overall, the refinement in 

cryoSPARC has indeed provided a hint about the appearance of ADP-FL HSET 

in 3D and revealed a certain level of detail. Uncovering further information would 

require the collection of higher quality and quantity of data. 

 

3.6.2 The Titan Krios Session 

As the data processing from the Glacios stalled at mid to low-resolution ranges 

in 2D and 3D, I decided to obtain professional guidance in a facility where the 

performance of the VPP had been tried and tested- LONCEM. Unlike the Glacios 

which is made of two condenser lenses- C1 and C2, the Krios is equipped with 

an additional C3 lens, which enabled the illumination of a smaller area whilst 

maintaining a parallel beam. Using the Krios, I was able to collect three exposures 

in every hole as opposed to the single exposure per hole when using the Glacios, 

thereby increasing the acquisition rate to 90-100 exposures per hour. The data 

collection sessions typically lasted 6 days which yielded a total of 12,000 movies. 

The VPP activation plot from the Krios (fig 3.53 a) shows a phase development 

that is slightly slower than observed with the Glacios. The Krios VPP takes 72 

seconds to reach 0.3π rad compared to the 40 seconds in the Glacios, and 6.5 

minutes to reach 0.8π rad compared to the 5 minutes in the Glacios.  
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Figure 3.53 Phase Development in an ADP-HSET Dataset Collected on the Titan Krios 

(a) The phase development of the VPP in the Titan Krios at LONCEM shows a longer activation 

time and the possibility to collect a greater number of exposures per position than the Glacios; (b) 

the histogram obtained after pre-processing the dataset shows a desirable distribution of phase 

shifts across the micrographs with most occurring in the range of 0.5-0.6π rad phase angles. 

 

The slower phase development and shorter exposures enabled me to collect 

~100 images per position of the VPP. The histogram of the phase shifts in fig 

3.53 b revealed a unimodal distribution centred around 0.55-0.6π rad, which is 

close to the region of maximal contrast i.e., 0.5π rad. While there was a tendency 

for the VPP to over-develop in this case as well, it was significantly less 

pronounced than with the Glacios. Hence, unlike the Glacios data that was 70% 
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unusable, 70% of the Krios dataset remained usable after I cleaned up the 

dataset.   

3.6.2.1 Particle picking 

For particle picking, I had to create a new picking model due to the difference in 

pixel size and contrast in the images in comparison to the Glacios datasets. My 

training set comprised thirty-six micrographs whose phase shifts were around 

0.45-0.55π rad i.e., the region of maximal phase contrast (Danev, Tegunov et al. 

2017). Although I used JANNI to denoise my images, the default JANNI denoising 

model seemed less successful than in the case of the Glacios dataset (fig 3.54 

b).  

As can be seen in fig 3.54 c, the picker that used the default denoising 

model missed some target particles and picked quite a few false positives. I 

rationalised that the picker was misled by the denoising which did appear to 

enhance the visibility of the background as well to some extent. Therefore, I 

created a custom JANNI denoising model that was trained exclusively on a small 

subset of 20 movies from my Krios dataset. Fig 3.54 d shows a noticeable 

difference in enhancement of the target in the custom model as opposed to the 

default JANNI model which enhanced the visibility of the background as well. One 

can also notice that the image denoised with the default denoising model (fig 3.54 

b) is grainier than the one denoised with custom model (fig 3.54 d).  
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Figure 3.54 Testing Different Denoising Models to Aid Particle Picking in CRYOLO 

(a) An unfiltered sample micrograph from the training set is denoised using (b) default JANNI 

denoiser and (d) custom denoising model to train a weighted-picking model; the model that was 

trained by (c) the default denoiser shows more coordinates and many off-target picks, while 

training by the (e) custom denoiser shows better accuracy.  
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d.
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Customising the denoiser meant creating a weighted picking model from scratch, 

rather than refining the pre-existing general model. Initially, this resulted in a poor 

yield of particles due to the absence of pre-existing weights in the model. Hence, 

I adopted the approach of iterative training in which the picked coordinates of the 

current model were manually corrected and used to train the next model (fig 

3.55). This reinforced the correct choices made by the picker, resulting in an 

increased yield of true positives (fig 3.55 c). A grand total of 418,000 particles 

were picked from the entire dataset and extracted by applying a threefold down 

sampling rate in RELION.  

 

Figure 3.55 Iterative Optimisation of Picking Model in CRYOLO 

Micrographs were denoised and picked using a customised model; the model was improved over 

three iterations by manually editing the coordinates picked by (a) the initial model to train (b) the 

second generation, which was subsequently used to train the (c) third generation.  

 

3.6.2.2 2D Classification 

Unlike the Glacios data which were split into their individual sessions for 

independent processing, the Krios dataset was processed in a more 

straightforward manner, as a single stack. The 418,000 extracted particles were 

classified into 200 initial classes to confirm the identity of the picked coordinates 

and eliminate the false positives. The classes that best resembled the previously 

established HSET shape are shown in fig 3.56 a. In contrast to the Glacios 

classes in fig 3.48 c, these classes already seem to appear considerably better 

defined and start to show a hint of detail near the neck linker in class 1. However, 

the accumulation of around 3,000 particles per class implied a high likelihood of 

a. c.b.

25 nm
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over-averaging, which I chose to tackle by selection and reclassification, similar 

to the Glacios dataset. In this case, the result was a success and showed a visible 

improvement in the detail of the class averages by the third round (fig 3.56 c).  

 

Figure 3.56 Treating the Over-Averaging Issue in 2D Classes of ADP-HSET 

2D averages obtained after (a) the first round of classifying ADP-HSET appear blurred due to 

over-averaging; this issue was treated by iteratively selecting and reclassifying the particles from 

the best classes over two rounds. (b) the classes from the second round begin to appear sharper 

and those in the (c) third round start to show evidence of turns and crossovers in the coiled coil 

as alternative fuzzy and bright regions in the density respectively; crossovers are marked by white 

arrows.  
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One can clearly see the classes becoming progressively sharper from fig 3.56 a 

to c, and gradually beginning to reveal additional features in the motor domains 

rather than showing just the white dumbbells (class 1, 2 and 7, fig 3.56 c). In 

addition, the coiled coil shows an alternation between fuzzy regions and bright 

spots of density (class 1, fig 3.56 c), which are the first convincing glimpses of 

the twisting strands and their crossover points respectively (arrows, class 1, fig 

3.56 c). The crossover points marked in fig 3.56 c were found to be 24.8 pixels 

i.e., 50 Å apart, implying the pitch of the coiled coil is around 100 Å. This estimate 

is close to the typical measurements of the pitch exhibited by coiled coil domains 

in proteins (Seo and Cohen, 1993), thereby validating the features observed in 

the 2D classes. Furthermore, this progress confirmed my suspicion about the 

resolution being limited by over-averaging of classes. However, the absence of 

information beyond two crossovers of the coiled coil, combined with the 

stagnation in the resolution of the classes beyond three rounds of classification, 

made me suspect the distal N-terminus of HSET.  

My new hypothesis was based on the fact that the N-terminal CBD could 

contribute to poor alignment of the entire length of HSET, due to inherent flexibility 

in the region, lack of sufficient signal, and/or the inclusion of signal from 

neighbouring molecules within the corners of the box. I tested this by applying a 

circular mask around the dataset that restricts the information in the images up 

to a radius of 100 Å from the centre of mass of HSET, which is located closer to 

the motor domain end of the protein. The result as shown in fig 3.57 b, was the 

unequivocal appearance of secondary structure information in the motor domains 

as well as an improved definition of the strands of the coiled coil, implying a 

resolution higher than 10 Å. After two rounds of the masked classification, 

RELION quoted a resolution of 8.5 Å in the best classes (classes 1 and 2, fig 3.57 

b) which did not improve in subsequent rounds. Attempts at further masking 

resulted in cropping out information in the motor domains or a grainier 

appearance of classes that signalled overfitting, with no real change in detail. 

Nevertheless, I had achieved the minimum level of detail required to begin 

interpreting the features visible in the classes. 
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Figure 3.57 Unravelling Secondary Structure Detail by Using a Circular Mask 

A circular mask of 200 Å diameter was applied during classification to limit the information and 

improve alignment of particles. The effect of masking is seen by comparing the appearance of 

classes (a) before and (b) after the application of the mask; the masked classes show secondary 

structure in the motor domain and the coiled coil up to a resolution of 8.5 Å; crossovers in the 

coiled coil are marked by white arrows.  

 

The first observation was the clear and consistent display of the two strands in 

the coiled coil, with a greater level of clarity in the crossover points in the masked 

classes (arrows, fig 3.57 b) compared to the unmasked version (fig 3.57 a). Due 

to the diameter of the mask applied, the information is limited to the first crossover 

point in comparison to the unmasked class 1 of fig 3.57 a. The next important 

feature observed was the asymmetry between the two motor domains which was 

already evident in negative stain EM (see section 3.4.2.3, Page 104). One of the 

motors of the homodimer such as the left motor in class 1 and the top in class 2 

consistently show a better resolution than the other, which might be indicative of 

reduced conformational variability. Furthermore, in the classes 3, 4, and 5, one 

can observe an apparent extra link between the stalk and the better resolved 

motor domains, which might be contributing to its stability. While one could notice 

the tilt between the two motor domains in classes 5-8, they were largely limited 

to small angles, in comparison to the diversity in views that was observed in the 

negative stain dataset (fig 3.32 b, Page 108). Moreover, any orthogonal views 

such as class 8 were not as well resolved as the previous classes. These 

observations suggested a bias in the particle stack towards front-facing views, 

which had not been detected in negative stain EM ADP-HSET on the same type 

a. b.Unmasked 200 Å mask
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of grids. Nevertheless, I proceeded to generate an ab-initio 3D reconstruction 

using the high-resolution classes. 

3.6.2.3 3D Analysis 

The ab-initio 3D map was generated using 3,000 particles corresponding to the 

classes 1, 3, 6, 7, and 8. The map was obtained at a resolution of 9 Å as shown 

in fig 3.58 b, displaying the separation of the coiled coil strands, as well as a well-

resolved motor domain on the right of the stalk in comparison to its less resolved 

partner on the left. Forward projections of the map in IMAGIC were used to 

measure the values for semi-helical pitch of the coiled coil, which was found to 

closely match the value obtained from the 2D classes in fig 3.56 c. Additionally, I 

attempted to determine the spacing between the strands of coiled coil, which was 

found to be 10 Å, as shown in the front view (fig 3.58 b). However, the orthogonal 

views in fig 3.58 a and c show a clear flattening and stretching of the density in 

this region that increase its width to 16 Å, indicating that the ab-initio model was 

affected by anisotropy. As a result, the front view was the only orientation of the 

ab initio map of ADP-HSET that proved to be informative about the coiled coil. 

 

Figure 3.58 3D Ab-initio Reconstruction of ADP-HSET 

3D initial model of ADP-HSET up to a length of 190 Å was obtained at a resolution of 9 Å; (b) front 

view highlights the separation of the individual strands of the coiled coil as well as the asymmetric 

motor domains; (a,c) the orthogonal side views show a flattening of density indicative of 

anisotropy due to a lack of information at those orientations. 

a.

190 Å
50 Å

c.b.

Resolution- 9.1 Å
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The map was low pass filtered to 20 Å and used as a reference for a 3D 

classification of 150,000 particles into 2 classes, without the use of a custom soft-

edge mask. This strategy is similar to the one used on the negative stain EM 

datasets (see section 3.4.2.3, Page 109) and resulted in two classes containing 

70,000 and 80,000 particles respectively (fig 3.59 b and c). The class in fig 3.59 

a which contained fewer particles, converged to the familiar HSET shape, while 

the latter in fig 3.59 b converged to a poorly resolved, incomplete structure. I thus 

proceeded with the refinement of the former class. However, I could not refine 

this 3D class with the parameters that I had used for 2D classification, namely a 

3.7-degree angular sampling and 10-pixel translational search range with steps 

of size 1-pixel. The 18 Å resolution of the refined model was lower than that of 

the 9 Å ab-initio reference, which was also supported by the visible absence of 

any detail in the refined map (fig 3.59 c) in comparison to the ab-initio map (fig 

3.58). Therefore, I carried out a stepwise optimisation of every available 3D 

alignment parameter to suit the resolution of details in the FL HSET molecule, as 

detailed in fig 3.60.  
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Figure 3.59 An Impasse in 3D Refinement 

(a) 3D ab-initio model at a resolution of 9 Å generated from the masked classes is used as 

reference for a 3D classification of the dataset; (b) the first class appears to resemble the familiar 

shape of HSET while (c) the second class appears unusable. The first class is refined using fine 

angular sampling and large translational search range to produce (d) a model that appears to 

have suffered a loss in resolution when compared to the ab-initio model.  

 

As the ab-initio modelling had been successful, I decided to use those parameters 

as a starting point i.e., a 15-degree angular sampling with 6-pixel search range 

and a step size of 2 pixels. The structure I obtained (fig 3.60 b) was quoted by 

RELION to have a resolution of around 19 Å and revealed significantly less detail 

than the 18 Å model of its predecessor. This led me to conclude that the alignment 

required finer sampling. I re-ran the classification with two-fold and four-fold 

reductions in the angular sampling shown in fig 3.60 c and d respectively, while 

leaving the translational parameters unchanged. The noticeable improvement of 

detail in the motor domains from a resolution of 19 Å fig 3.60 b to 15 Å in fig 3.60 

d confirmed my hypothesis. In the next step, I attempted to halve the translational 

b.a.

c.

3D Classes

Refinement

Ab-initio 3D

18.8 Å



 157 

search step from a step-size of 2 pixels (fig 3.60 e) to 1 pixel (fig 3.60 f), while 

retaining the optimised 3.7-degree angular sampling. Again, there was a visible 

improvement to a resolution of 13 Å. In a similar fashion, I proceeded to narrow 

down the optimal translational search range, which resulted in the largest 

increase in detail, reaching a resolution of 8.7 Å that was comparable to the 2D 

classes. While the general trend favoured a narrower search range, the quoted 

resolution as well as the level of detail in the map at a 2-pixel range (fig 3.60 i) 

showed negligible improvement compared to 5-pixels (fig 3.60 h) and was 

accompanied by a doubling of computational time. For this reason, I chose 5-

pixels and thus arrived at my final set of parameters for the refinement of HSET. 
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Figure 3.60 Optimising the Parameters for 3D Refinement 

Flow-chart shows the pipeline of optimising all parameters to refine the (a) reference model, 

starting angular sampling ranges of (b) 15°, (c) 7.5° and (d) 3.7°, translational sampling sizes of 

(e) 2-pixels and (f) 1-pixel and search ranges of (g) 6 pixels, (h) 5 pixels and (i) 2 pixels. 
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Refinement using these optimised values yielded the first 8.5 Å structure of ADP-

HSET up to a length of 190 Å (fig 3.61 b). The map shows two well resolved motor 

domains and a stalk that is quite noisy and thus not very informative. The details 

seen in the motor domains show some resemblance to the features observed in 

the 2D classes from fig 3.57 b with a resolution of 8.5 Å, which matches the value 

quoted for the 3D map by RELION v3.1. Another detail observed in the 2D 

classes that is reflected in the 3D map is the asymmetry between the motor 

domains, with the motor domain on the left being closer to the stalk than the one 

on the right (fig 3.61 b). As a result, the left motor is slightly elevated and is at a 

smaller angle to the stalk compared to the one on the right (fig 3.61 b). 

Additionally, the neck linker connecting the motors to the stalk has more than one 

connection with the left motor (arrows, fig 3.61 a) in comparison to the single 

connection on the right (fig 3.61 c), likely also contributing to the proximity of the 

left motor to the stalk.  

 

 

Figure 3.61 Final Refined Map of ADP-FL HSET 

(a,c) Orthogonal side views showing magnified motor domains and (b) front view of final refined 

map of ADP-FL HSET up to 190 Å in length at resolution of 8.5 Å; arrows in the side views 

demarcate the connections to the stalk. 
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Unlike the asymmetric map, the atomic model of dimeric HSET obtained from 

Alphafold (Jumper, Evans et al. 2021) which is based on a crystal structure of 

dimeric Ncd, has inherited a twofold symmetry about the axis of the stalk (Sablin, 

Case et al. 1998). As a result, one of the two motor domains shows a poorer fit 

into the density than the other (fig 3.62 a). The quality of the fit is further 

compromised by the longer coiled coil helices in the atomic model and a 

negligible neck linker region, which is at odds with the distinctly visible strand of 

the neck linker in both motor domains of the map shown above in fig 3.61 a and 

c. Overall, 62% of the atoms in the Alphafold model fit inside the contour of the 

map. Attempting to fit the monomers individually to the map (fig 3.62 b) increases 

this value to 78% of the atoms (fig 3.62 c and d). The displacement of the 

monomers relative to each other brought about by their individual fitting is 

apparent in the stalk, where one of the strands is more excluded from the density 

than the other, indicating a tilt between them (fig 3.62 b). Additionally, one can 

notice the strands unable to effectively coil around each other, suggesting that a 

vertical displacement has moved the helical repeats out of register with one 

another. Both aspects of the stalk in the model do not reflect real detail and are 

merely used as qualitative descriptors of the change in fit. Realistic modelling of 

this region would require flexible fitting, which was not performed in this study. 

The possible implications of this map and the inferences drawn from the 

homology models will be discussed at length in chapter 4.5 (Page 181).  
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Figure 3.62 Homology Modelling Highlights Divergence from Crystal Structure 

Refined cryo EM map of ADP-HSET is overlaid with (a) two monomeric chains that were fitted to 

individual motor domains and (b) a single dimeric Alphafold model of HSET; enlarged views 

shows the discrepancies between the two aligned models in the motor domains on the (c) left and 

(d) right of the stalk.  
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4. DISCUSSION 

 

4.1 Evaluating the Stability of FL HSET 

The feasibility of HSET as a target for structural investigation has always been 

uncertain. As mentioned in section 1.6 (Page 30), the crystallisation of FL HSET 

has been consistently unsuccessful, thereby limiting the structural understanding 

of the protein to its motor domain (Park, Ma et al. 2017). Moreover, while the 

motor domain was successfully crystallised in its ADP-bound state, the structures 

of Apo- and inhibitor-bound forms of HSET or any other kinesin-14 family member 

are yet to be solved. Therefore, a logical approach was to initiate the structure 

determination of FL HSET using of single particle cryo EM rather than X-ray 

crystallography. To obtain the best possible sample for cryo EM, I used the 

biochemical and biophysical characterisation techniques detailed in section 3.2 

(Page 58). Specifically, the ability to ensure the structural and thermal stabilities 

of both forms of HSET would be important for structural studies. This chapter 

discusses the various steps taken to stabilise Apo and ADP-HSET. 

4.1.1 Stabilising the structure of FL HSET 

As outlined in section 3.2.2 (Page 62), thermal denaturation profiles, i.e., melting 

curves, describe the propensity of a protein to transition from a folded state to an 

unfolded state upon increasing temperatures. At temperatures less than 25 °C, 

the process of attaining a well-folded structure is generally more energetically 

favourable than unfolding (Niesen, Berglund et al. 2007). However, increasing 

temperatures gradually tip the scales in favour of the latter. The melting 

temperature thus describes the point at which half of the molecules in the sample 

are unfolded (Lo, Aulabaugh et al. 2004). The low melting temperature of Apo-

HSET (Tm-Apo= 32 ºC) along with its broad and shallow melting curve (top, fig 

3.9, Page 64) suggest that isolated Apo-HSET has a significant amount of 

conformational flexibility and may have a reasonable degree of structural 

instability. ADP-HSET on the other hand, has a much higher melting temperature 

(Tm-ADP= 50 ºC) and the peak in its first derivative plot is much narrower than 
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Apo-HSET (bottom, fig 3.9, Page 64). Therefore ADP-binding stabilises the motor 

domain of HSET significantly, which might be beneficial for structural EM studies. 

This raises the question- is Apo-HSET not a feasible target for structure 

determination? 

This concern was answered by the SAXS experiment that was performed 

at a significantly lower temperature of 4°C. The Kratky analysis of the SAXS data 

is a qualitative means of deducing the degree of structure in a protein, based on 

the shape of the Kratky plot (fig 3.16, Page 81). To summarize the analysis of my 

results, the Kratky plot of Apo-HSET indicated a folded structure that displayed 

some level of inter-domain mobility. Moreover, the plots for Apo and ADP-HSET 

overlapped completely, suggesting that the difference in structural stability 

between the two forms of HSET was indistinguishable. This was in stark contrast 

to the behaviour of the two samples at physiological temperatures during DSF. 

Thus, SAXS established that Apo-HSET can be pursued by cryo EM, provided it 

was maintained at 4°C during storage and sample preparation.  

 

4.1.2 Minimising the polydispersity of HSET samples 

In addition to having a folded structure, another metric to evaluate the suitability 

of a sample for cryo EM is the dispersity of the sample due to aggregation or 

denaturation. This was studied in the undiluted concentration of ~ 0.5 mg/ml 

using DLS, and at a thirty-fold dilution using mass photometry. The DLS showed 

a tendency for aggregation in both forms of HSET at a temperature of 20°C, which 

was slightly higher for Apo-HSET. The level of aggregation was found to reduce 

in both samples at lower temperatures (fig 3.11, Page 69). Thus, DLS confirmed 

that dispersity of the HSET samples, similar to their structural stabilities, could be 

improved by the reduction of temperature.  

In line with these results, mass photometry was performed on HSET 

samples that were around 4°C. These experiments provided a measure of the 

dispersity as a function of the concentration of buffer components such as salt 
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(fig 3.12, Page 72) and glycerol (fig 3.13, Page 74).  As mentioned in section 

3.2.5 (Page 70), glycerol is infamous for its high density which greatly impacts 

the contrast and limits the visibility of the target molecules (Drulyte, Johnson et 

al. 2018). Salts on the other hand, reduce the contrast of an image by the 

excessive scattering of electrons by metal ions like Na+ (Sodium) and K+ 

(Potassium) (Bhella 2019). However, the undesired glycerol also ensures that the 

protein is well-folded and keeps aggregation in check by providing an amphophilic 

solvation layer around protein molecules (Vagenende, Yap et al. 2009). The salt 

content on the other hand, is the irreplaceable source of the ionic strength 

required to solubilise proteins (Timasheff 1993). In other words, both components 

that are detrimental to EM play significant roles in the stabilisation of proteins. It 

is therefore imperative to reach a compromise by arriving at concentrations that 

are sufficient to maintain the integrity of the protein sample, while also being as 

low as possible to limit their negative impact on the contrast in cryo-electron 

micrographs. The titration of the salt and glycerol showed that the samples of Apo 

and ADP-HSET contained a homogeneous population of more than 90% dimeric 

HSET, provided the buffer contained at least 140 mM of salt and 0.4% (v/v) 

glycerol.  

 

4.1.3 Summary 

In this manner, I was able to employ different types of biochemical and 

biophysical characterisation approaches to help me identify the buffer 

composition and temperature that would maximise my chances of successfully 

imaging Apo and ADP-FL HSET by cryo EM.  
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4.2 Describing the Size and Shape of HSET 

Some of the most important attributes of macromolecules are size and shape, 

and these parameters can be studied by different biophysical methods. Most 

proteins and protein-complexes are typically of two kinds of shapes- globular or 

extended (Erickson 2009). While the word globular implies compact and does not 

indicate spherical shapes in most cases, the size of a globular protein can be 

defined by approximating the shape of the protein to a sphere (Pusey, 1972). In 

contrast, proteins which contain extended structures would require more than one 

dimension to define them accurately. However, most software that estimate 

molecular mass or size operate under the assumption of globularity, and 

molecular standards designed to calibrate instruments typically comprise globular 

proteins (Erickson 2009). As a result, many biophysical techniques characterise 

elongated proteins based on the radius of a sphere, which is inaccurate and 

uninformative. Being a member of the kinesin family, HSET is known to possess 

an elongated coiled coil stalk that spans 45% of its sequence (Vale and Fletterick 

1997) and is predicted to be at least 200 Å in length by Alphafold. This makes 

HSET a prime candidate for erroneous characterisation that can only be solved 

using multiple orthogonal techniques, particularly those that make anisotropic 

measurements to acquire information about the shape of HSET. 

4.2.1 Oligomerisation state 

The first hint at the oligomeric state of FL HSET came from Size Exclusion 

Chromatography, which can be used to estimate molecular weight as a function 

of elution volume (Erickson 2009), when calibrated with globular protein 

standards (Supplementary fig. S2, Page 201). Based on sections 3.1.2.2 (Page 

52) and 3.1.3.1 (Page 54), Apo-HSET was found to elute around the 10 ml mark 

in a Superdex 200 10/300GL column, while both forms of HSET eluted around 

14 ml in a Superose 6 Increase 10/300 SEC column. Both volumes correspond 

approximately to the elution of calibrant protein whose molecular weight is 470 

kDa (Supplementary fig S2). Based on the 77 kDa mass of a single chain of 

Strep2-FL HSET that was calculated from its sequence, the prediction of 470 kDa 

would imply that Apo and ADP-HSET are hexamers.  
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Herein lies the shortcoming of molecular weight estimation by SEC- the inability 

to disentangle the shape, size, and hydration state of the proteins passing 

through the column (Irvine 2001). In order to determine the molecular weight of 

HSET independent of its shape or hydration, I decided to use a static light 

scattering (LS) approach such as SEC-MALS (see section 3.2.3, Page 65). As 

explained in section 3.2.3.1 (Page 65), the molecular weight of the protein exiting 

the column is calculated from first principles using Rayleigh’s LS equation, rather 

than being extrapolated from calibration curves (Wen, Arakawa et al. 1996). In 

other words, SEC-MALS provides a means for the absolute determination of 

molecular weight in contrast to its relative estimation by SEC. The true molecular 

weight of both Apo and ADP-HSET were thus found to be close to 155 kDa, 

implying that both forms of HSET were homodimeric as opposed to the hexameric 

state estimated by SEC. This oligomeric state was also confirmed by mass 

photometry and SEC-SAXS and is consistent with reports of dimeric kinesin-14 

family members from other organisms (Endow, Henikoff et al. 1990, Meluh and 

Rose 1990). Moreover, both Apo-HSET and ADP-bound HSET are shown to 

possess the same oligomeric state, which matches the intuitive image of a kinesin 

moving along microtubules, remaining a biped while cycling through different 

nucleotide-bound states. 

 

4.2.2 Size and shape 

While SEC-MALS successfully provided the absolute molecular weight of HSET, 

it was unable to provide information about the shape of the protein due to the 

large wavelength of the laser used compared to the size of HSET, giving rise to 

isotropic scattering, as explained in section 3.2.3.1 (Page 65). I was, however, 

able to obtain this information from alternate biophysical approaches such as 

SAXS, as the wavelength of X-rays is smaller than HSET. This makes the 

scattering process anisotropic i.e., it is sensitive to the shape of HSET. The 

indirect Fourier transform of the scattering intensities obtained from SAXS results 

in a P(r) function (fig 3.17 a, Page 83), which is a distribution of the interatomic 

distances within the HSET molecule, calculated in pairs. According to the 
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distribution, the shape of HSET geometrically resembles a cylinder to a certain 

degree, whose maximum dimension “Dmax” is 368 or 374 Å (or 36.8 or 37.4 nm) 

in the Apo and ADP-bound forms, respectively. The elongated shapes of both 

forms of HSET could be visualised in the form of 3D dummy atom models that 

provided the first glimpse of HSET in solution (fig 3.17 b and c, Page 83). As the 

nominal resolution of these models is low (around 20-30 Å) and they are 

generated based on data limited to low q values like in my case, they cannot be 

used to discern the domain architecture and further details about the structures 

of the two forms of HSET.  

 

4.2.3 Summary 

Overall, I used two static light scattering techniques SEC-MALS and SEC-SAXS 

to determine the shape, size, and stoichiometry of the subunits of FL HSET in 

solution. This information was important in helping me visually identify HSET 

particles in electron micrographs.  

 
 

  



 168 

4.3 EM-based Structure Determination of a Small and Elongated 
Target like FL HSET 

A major consequence of working on a small target with an unconventional shape 

such as HSET is the opportunity to pioneer every step in the cryo EM structure 

determination pipeline. From the type of grids to the selection of regions in the 

grid that are worth imaging and most importantly, the choice of parameters for 

accurate image-processing, there were several opportunities to understand and 

appreciate the uniqueness of my target. The biophysical studies helped identify 

the conditions that stabilised HSET, which functioned as a starting point for the 

sample preparation in negative staining and cryo EM. Aside from the visual 

evaluation of the HSET sample, negative stain EM was instrumental in 

uncovering a plethora of information that helped every stage of the cryo EM 

pipeline, as described in this chapter. Perhaps the most crucial benefit was its 

impact on sample preparation for cryo EM. The negative stain images in fig 3.29 

(Page 103) confirmed that Quantifoil grids with carbon support were the best 

choice for both forms of HSET. It was also invaluable in establishing the sample 

concentrations that gave an optimal distribution of HSET particles on the grid. 

Unlike negative stain, the correlation between the applied sample concentration 

and particle density visible on a cryo-grid is difficult to establish because the 

visibility of particles is affected by the ice thickness on the grid. For instance, 

aside from a low concentration of the applied sample, the absence of particles on 

a cryo-electron micrograph could be the result of the ice on the grid being too 

thick or too thin. The concentration that proved to yield optimal particle distribution 

in negative stain EM cannot be transposed to unsupported grids, due to the 

presence of support film in the former. However, in the case of supported grids, 

the conditions used for negative stain can be extrapolated to cryo-conditions, 

which significantly reduced the number of parameters to be optimised from 

scratch.  

4.3.1 Particle-picking 

The other benefit of negative stain EM was the availability of a small-scale high-

contrast dataset to trial and optimise strategies for HSET structure determination, 
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starting with the particle-picking procedure. The two commonly used types of 

picking algorithms filter the micrographs and subsequently match areas of the 

filtered micrographs to a set of templates. The first, now known as blob pickers, 

use a soft-edged circular disk of a user-specified diameter as the 

template (Sigworth 2004). The second, known as semi-automated pickers, use 

the reference-free 2D class averages generated from a set of manually picked 

particles as the templates for auto-picking (Scheres 2015). The absence of a 

manual picking step combined with the use of a circular disk as a template to 

speed up calculations implies that blob pickers are fully automatic and can pick 

particles from an entire dataset in real-time. However, their accuracy is 

dependent on contrast, and is therefore significantly reduced for small particles 

that deviate from a globular shape (Grant, Rohou et al. 2018) such as HSET. The 

semi-automated pickers overcome this issue by using the 2D classes and are 

thus sensitive to the shape of the particles. The success of the algorithm is highly 

dependent on the ability of the software to accurately align and classify the 

manually picked particles, which is not trivial to achieve, especially for a de novo 

system. As section 3.4.1 (Page 97) showed for the His6-FL HSET dataset, most 

classes that resulted from the use of default alignment and classification 

parameters did not adequately capture the defining features of the molecule and 

therefore served as poor templates for the semi-auto picker in RELION. Thus, 

non-globular particles such as HSET may require optimisation of 2D processing 

parameters prior to auto-picking.  

Unlike its contemporaries, CRYOLO (Wagner, Merino et al. 2019) is one 

of a new generation of pickers like Deep picker (Wang, Gong et al. 2016) and 

Topaz (Bepler, Morin et al. 2019) that train convolutional neural networks (CNNs) 

for fast and accurate object recognition . CNN pickers work by predicting the 

coordinates of target particles in a training set of images and scoring the 

predictions against the manually picked coordinates of the target. The score 

influences the next round of predictions, resulting in an iterative loop that 

continues until the score shows no further improvement (Schmidhuber 2015). 

This exhaustive feedback loop imparts a high degree of accuracy to the final 

picking model with minimal user involvement (Wagner, Merino et al. 2019). 

Though the negative stain picking model could not be used on cryo EM data due 
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to the reversal of contrast, CRYOLO did generate a reliable set of picked 

coordinates in HSET cryo-datasets as well (see fig 3.46, Page 136 and fig 3.54, 

Page 150). 

One of the features in CRYOLO that proved to be especially useful was 

the choice of a denoiser in addition to a conventional low-pass filter, which is 

usually the only option available in most conventional pickers. The latter 

enhances the contrast of the particles by filtering out the high frequency 

components above a user-defined cut-off spatial frequency, leaving behind only 

the low frequency components that are crucial for particle identification (Guo and 

Jiang 2014). While this approach of boosting the signal in the entire micrograph 

is effective in aiding the manual selection of target particles (see fig 3.46, Page 

136), it does not enable automated pickers to distinguish target from background. 

By contrast, JANNI is trained on cryo-datasets of different molecular systems to 

specifically boost the contrast of the target particles against the 

background (Wagner and Raunser 2020). It is thus not surprising that the picking 

model trained on low-pass filtered data picked more false positives than the 

JANNI-based picking model in the Glacios dataset in fig 3.46. However, it is 

important to note that the pretrained default JANNI denoising model is still prone 

to errors, because it is trained on a non-HSET training set. To obtain a denoising 

model specific for the shape of HSET and the background offered by the carbon 

support film, I decided to create my own JANNI model using a few movies of 

varying contrast levels from my Krios dataset (see section 3.6.2.1, Page 148). As 

shown in fig 3.54 (Page 149), the custom denoising model enabled CRYOLO to 

recognize HSET particles that are more representative of the training set, 

with fewer false positives than the default denoising approach. Although the 

picking was not exhaustive, this was subsequently improved by iterative 

retraining of the CRYOLO model to maximize the number of true positive 

coordinates being picked per micrograph (fig 3.55, Page 150).  
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4.3.2 2D Classification 

Based on the success of the neural network-based particle picking approaches 

described above, it seems that "iterative and exhaustive" is the recipe for 

successfully picking HSET particles. Not surprisingly, this also proved to be the 

case for the reference-free 2D alignment and classification of HSET (fig 3.28, 

Page 101). Of all the classifiers that were tested, ISAC operates by a mechanism 

that thoroughly evaluates the assignment of the particles to their classes after 

each iteration. In this evaluation, the orientations of the aligned particles within 

each class are randomised and realigned to the class average repeatedly to be 

able to calculate the deviation in the alignments (Penczek, Radermacher et al. 

1992). The deviation between the multiple alignments, calculated for a single 

image, is measured in pixels, and expressed in terms of the pixel-error-threshold 

(PET) (Yang, Fang et al. 2012). Typically, a PET of 0.7 is used in ISAC for 

globular targets. However, accounting for the elongated nature and flexibility of 

the stalk in HSET, I used a generous PET of 2.1. Any particles whose alignments 

showed a standard deviation higher than the threshold were removed and 

reclassified, resulting in a high degree of purity within the classes. Consequently, 

the class-averages of HSET produced by ISAC were of superior signal to noise 

ratio than those produced by the other algorithms that I tested (fig 3.30, Page 

105).  

Another distinction that sets ISAC apart from RELION and cryoSPARC is 

that the alignments in ISAC are based on cross-correlation (Yang, Fang et al. 

2012), whereas RELION (Scheres 2012) and cryoSPARC (Punjani, Rubinstein 

et al. 2017) use maximum likelihood-based particle alignment. The strength of 

maximum likelihood-based alignment and classification lies in its treatment of the 

uncertainty that is inherent to the alignment of noisy images. This is done by 

assigning a given particle to more than one class with a weight that is defined by 

the likelihood of the class being a perfect fit for the particle (Scheres 

2010). Despite this cautious approach, the lack of a subsequent evaluation of 

these alignments makes the maximum likelihood-based algorithms more prone 

to producing classes with missing details. This effect is striking for targets that 

display curvature and elongation like HSET as shown in fig 3.30 (Page 105). The 
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classes produced by RELION (fig 3.30 b) and cryoSPARC (fig 3.30 c) show poor 

recovery of the stalk compared to the ISAC classes of the same sample (fig 3.30 

a) that manage to go as far as highlighting details around the most mobile part of 

HSET- the CBD. The low quality of the classes in RELION and cryoSPARC is 

compounded by the fact that the distribution of particles between classes is not 

balanced, which results in many empty classes and the majority of particles 

accumulating in a few classes with a high degree of heterogeneity (fig 3.27, Page 

98 and fig 3.30, Page 105). This phenomenon can be linked to the fact that both 

RELION and cryoSPARC employ an approach known as “k-means” clustering, 

which segregates the particles into a user-defined number (k) of clusters i.e., 

classes, with the objective of maximising inter-class variance (Scheres 2010, 

Punjani, Rubinstein et al. 2017). Having the user estimate the number of subsets 

in the population of particles may very well lead to under-sampling of distinct 

views in the classes. As a result, most of the classes suffer from heterogeneity 

and produce noisy averages that are dominated by low-frequency features. This 

in turn causes poor alignments leading to a cumulative amplification of 

heterogeneity. In contrast, ISAC uses a variation of this approach that adds an 

extra constraint to the inter-class variance optimisation- ensuring a nearly 

identical number of particles in every class. This “EqK-means” approach requires 

the user to define the average number of particles that are expected in every 

class, rather than the expected number of classes. Restricting the particle count 

per class minimises the occurrence of scenarios such as the accumulation of 

more than one population in some classes and the collapse of other classes. 

However, the computational inefficiency that results from the exhaustive nature 

of ISAC, along with the inflexibility of the data formats in the software package 

mentioned in section 3.4.2 (Page 101), made the SPHIRE suite unsuitable for a 

scale-up to larger datasets in the future of the project.  

Thus, I optimised maximum likelihood-based algorithms in the negative 

stain dataset, to reproduce the ISAC output as closely as possible. A common 

approach to alleviate heterogeneity in Maximum Likelihood-based algorithms is 

by carrying out several rounds of reclassification which provide sufficient clusters 

to sample the diversity in the data, while also selecting the particles after each 

round to manually filter the stack (see sections 3.6.1.3, Page 137 and 3.6.2.2, 
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Page 150). However, an approach that treats the root cause of the issue rather 

than the symptom is the optimisation of image alignment parameters. While this 

is limited to circular masking in cryoSPARC, RELION has additional parameters 

such as values for in-plane angular and translational sampling, which exerts a 

considerable amount of control over the alignment process. As shown in section 

3.4.2.2 (Page 104) and section 3.6.2.2 (Page 150), varying these parameters has 

a significant impact on the accuracy of the alignment, as well as the density and 

homogeneity of the particles in each class, and therefore, the level of detail that 

is visible in the class averages. The availability of optimisable parameters shows 

that RELION can overcome some limitations inherent to the algorithm, providing 

the scope to analyse targets of different sizes and shapes. With the Krios data, I 

used the optimised parameters and a circular mask in RELION v3.1 to obtain 

classes of dimeric HSET at a resolution of 8.5 Å.  

 

4.3.3 3D Analysis 

As the optimised sampling parameters were significantly different from their 

default options, it is no surprise that I could not refine the 3D classes of the 

negative stain dataset in RELION (section 3.4.2.3, Page 109). The success of the 

3D classification of the negative stain dataset can be attributed to the high 

contrast in the images that made them easier to align than the cryo-images, 

despite the unoptimized sampling parameters (fig 3.35, Page 114). Nevertheless, 

the stalled refinement is consistent with the limited resolution that arose because 

of inaccurate particle alignment. This was also the case for the cryo EM datasets 

obtained from the Glacios and the Krios. Arguably, the analysis of the Glacios 

dataset was also compromised by phase-plate overdevelopment (see section 

3.6.1.1, Page 129). However, even in the case of the uncompromised Krios data 

that resolved up to 8.5 Å of detail in 2D classes, the direct transposition of the 2D 

alignment parameters to 3D did not yield well-resolved 3D classes (fig 3.59, Page 

156). In fact, it worsened the level of detail in the cryo EM map, despite the 

addition of more particles known from the 2D classes to contain high resolution 

information. While the finer angular and translational sampling rates were 
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consistent with improved resolution in fig 3.60 (Page 159), high values of the 

translational search range were not beneficial. On the contrary, the higher 

resolution detail was favoured by lower values of the translational search range 

(fig 3.60 h). This inverse relation seemed reminiscent of the improvement in 

resolution observed in the 2D classes due to the use of circular masks (fig 3.57, 

Page 153). In other words, limiting the translational search range reduces the 

extent of information from the molecular images used for alignment and 

classification, similar to the effect of the circular masks. Thus, although the 

parameters used in the 2D and 3D particle alignments are not identical, they 

seem to have the same effect on the data.   

The improved resolution of the Krios map allowed visualisation of the 

secondary structure information in the coiled coil and the motor domains of HSET. 

However, although other views are present, the 2D class averages are dominated 

by front facing views which lead to anisotropy in the resulting 3D density map (fig 

3.58 a and c, Page 154). This map thus revealed a challenging issue in the 

sample preparation- the preferred orientation adopted by HSET on supported 

grids. However, for reasons currently unknown, this was not observed in the 

negative stain dataset. Preferred orientation on supported grids could be 

overcome by glow-discharging in the presence of polyamines like pentylamine. 

Pentylamine deposits a positive charge on the surface of the grid, as opposed to 

the negative charge obtained by glow-discharging in air (Dubochet, Ducommun 

et al. 1971). Glow-discharging with pentylamine has been shown to result in a re-

orientation of nearly 90% of the particles, introducing a high degree of rotational 

heterogeneity in the population (Morris and da Fonseca 2017). However, I 

discovered the presence of preferential orientations late in my project and 

therefore, did not have the time to investigate glow-discharging with pentylamine. 

Instead, I focussed on maximising the available data from side views by collecting 

as much data as possible from the existing grids. However, this did not lead to a 

sufficient improvement due to the issues with the phase plate, that reduced the 

amount of usable data to 2,000-3,000 movies (compared to the expected value 

of at least 12,000 movies).  

 



 175 

4.3.4 Summary 

Overall, extracting structural information from a small and elongated protein like 

HSET required an extensive amount of customisation in each step of the 

processing pipeline. In addition to the dimensions of HSET, a major factor that 

made the image processing challenging was the poor contrast, limited further by 

the unavoidable use of carbon supported grids that contributed to a significant 

level of background. Nevertheless, the project has reached a stage where 

preferred orientation appears to be the only obstacle in the way of resolving the 

side chains of HSET. Therefore, collecting more data from existing grids using a 

Krios with a non-problematic VPP is the first approach to improve the resolution 

of the maps. Depending on the outcome, the pentylamine strategy could be an 

alternative to remove the preferential HSET orientations on the carbon supported 

grids. 
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4.4 Phase Plate- Advantageous or Disadvantageous? 

In a technique like single particle cryo EM that involves identifying, aligning and 

back-projecting noisy molecular images to create 3D reconstructions, one crucial 

property of the images- contrast, is the cornerstone of success. As explained in 

chapter 3.3 (Page 88), proteins are weak scatterers of electrons and are largely 

rendered visible by the difference in phase between scattered and unscattered 

electrons (phase contrast) rather than a difference in numbers (amplitude 

contrast) (Orlova and Saibil 2011). The most common approach to enhancing the 

phase shifts is defocussing the objective lens, which results in a trade-off between 

contrast and resolution (see section 3.3.3.2, Page 91). Its alternative, a device 

known as a Volta Phase Plate, was designed to enhance the contrast of cryo-

images without compromising their resolution, while operating the microscope in-

focus (Danev and Baumeister 2016) (see section 3.3.3.3, Page 95). However, in-

focus acquisition demanded an impractical level of accuracy and was therefore 

replaced by a defocussed VPP acquisition. This was a breakthrough in the field 

of phase plate development as it made the VPP more feasible in routine data 

collections. The defocussed VPP acquisition also proved beneficial in solving the 

structures of difficult targets (Khoshouei, Radjainia et al. 2016). However, this 

approach polarised the cryo EM community. 

To a significant part of the single particle cryo EM community that worked 

on compact targets that were readily visible with routine defocus, the VPP 

represented extra set-up time and reduced the throughput of data acquisition 

compared to routine defocussed acquisitions. The developers’ claim that the VPP 

resulted in a 20% signal loss added to the backlash (Danev, Tegunov et al. 2017). 

Regardless of the evidence of improved particle picking, alignments, and 3D 

variability analyses in VPP datasets and resolutions of final structures that were 

comparable to non-VPP datasets (von Loeffelholz, Papai et al. 2018), the VPP 

was largely seen as a lazy solution to thick ice films on grids. Its use was actively 

discouraged by data collection facilities and relegated to a last resort for single 

particle cryo EM. Data collection facilities such as eBIC (Diamond Light Source, 

Oxford, UK) discourage VPP data collections today. This was quite concerning 

for my project, because the successful HSET grids had consistently shown an 
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irreconcilable level of background during grid optimisation experiments. 

Nevertheless, I proceeded to explore the phase plate because it seemed to be 

the best way to enhance the contrast for an elongated thin particle such as the 

HSET dimer on carbon supported grids.  

4.4.1 Initial challenges to VPP data acquisition 

The issues that I raised with the VPP are specific to my target protein and the 

high background on the grids. The factor that affected the quality of my data the 

most was the activation of the phase plate, a consequence of the on-the-fly 

development of the beam-induced Volta potential, as demonstrated by the 

activation profile in fig 3.43 (Page 130). While a minimum phase shift of 0.2π rad 

already showed significant contrast in the case of the 800 kDa GroEL (Danev, 

Tegunov et al. 2017), a comparable level of contrast was only achieved between 

0.3- 0.35π rad for both my Glacios and the Krios HSET data. The contrast began 

to be compromised by the onset of blurring (see fig 3.45, Page 134) at phase 

angles of 0.7π rad and above, which was less than the upper limit of 0.8π rad 

used by the developers. Therefore, I was confined to a narrower window of 

desirable phase angles, significantly reducing the number of exposures per 

position of the VPP. Additionally, excessive phase development reduced the 

quality of the data, and the persistence of this trend further lowered the yield of a 

usable data to 20-28% (table 3.2, Page 133). While this phenomenon was 

acknowledged by the developers as a symptom of higher phase shifts, they did 

not regard it as a hindrance to their processing pipeline, most likely due to the 

clear visibility of their 800 kDa target that yielded a 3 Å structure from a mere 400 

images (Danev, Tegunov et al. 2017). However, despite the enhanced phase 

contrast, the low signal of the HSET dimer implied that particles from a dataset 

twenty times larger had to be averaged to accumulate enough information to 

reveal the secondary structure of the protein (fig 3.57, Page 153). Thus, the 

greatest limitation in my analysis was the number of usable micrographs in each 

session. Attempting to compensate for this with more data collection sessions 

required more microscope time than I could access. 
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4.4.2 The consequences of over-development 

The Glacios datasets of HSET were different from the Krios dataset and the 

published GroEL dataset because the data could not be improved by simply 

filtering out the micrographs corresponding to undesirable phase angles. 

Therefore, I undertook a detailed investigation of the causes and consequences 

of phase shift over-development (see section 3.6.1.1, Page 129). A lot of manual 

inspection was required to pinpoint the different parameters that could lead to 

blurring in images, as listed in table 3.2 (Page 133). Additionally, a different kind 

of blurred appearance that can best be described as a blurry and shaky 

appearance of the image (fig 3.45, Page 134) was found to be the result of a 

phase development so extreme that it crossed π rad. These higher values began 

to reappear in the development profile of the same position, similar to a 

reactivation starting from zero, due to the inability of the CTFFind algorithm to 

distinguish between phase angles of ‘x’ rad and ‘π + x’ rad, for any positive value 

of x. This meant that several images associated with normal metadata values 

were still contaminating the dataset, because the seemingly normal phase shift 

was spurious. This compromised the efficiency of filtering out poor quality data 

and resulted in a lack of higher resolution features in the 2D classes, despite 

several rounds of cleaning (fig 3.48, Page 139), masking (fig 3.49, Page 140) and 

high pass filtering (fig 3.50, Page 142). The spurious nature of the data presented 

itself in the 3D reconstructions as apparently high-resolution detail, which proved 

inconsistent between the three maps obtained (fig 3.52, Page 145). Thus, I could 

only extract a limited amount of usable data from the Glacios datasets.  

 

4.4.3 The Do’s and Don’ts of using a VPP 

Based on the stable behaviour of the VPP and the success of the data obtained 

from the Krios (fig 3.53, Page 147), I propose the following causes of the issues 

encountered above. The foremost is the lack of available expertise with the 

Glacios-VPP, which would have avoided some of my mistakes and undoubtedly 

reduced much of the time spent learning to operate it by trial and error. When 
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collecting data on the LonCEM Krios, Dr. Nora Cronin's guidance made a 

tremendous difference to my understanding of the VPP and the quality of my 

dataset, which is evident from the success of the 2D classes and 3D models 

presented in section 3.6.2.2 (Page 150) and 3.6.2.3 (Page 154). Another 

prominent factor in the success of the acquisition was the phase plate heater 

current. The heater maintains the VPP at a temperature of 200°C to prevent 

contamination by beam-induced formation of organic deposits on the film, which 

could cause erratic development of the potential and therefore, the phase shifts. 

Even in the case of the Krios datasets, over-development was a dominating 

phenomenon, but was promptly resolved by increasing the phase plate heater 

current. Extrapolating this to the Glacios, it is likely that the gradually worsening 

over-development in the phase shifts was due to a contaminated VPP caused by 

a defective heater. Another difference that could have contributed to the defects 

in the Glacios dataset was the use of image beam shift. While this was not 

intentional, EPU provided a default value for minimal beam shift which I was not 

aware of. In contrast, the Krios dataset was acquired solely using stage shift. It 

seems intuitive that the movement of the beam would affect the spot on the film 

that is exposed and disturb the development of the surface potential, thereby 

distorting the resultant phase shifts that are imposed on the electrons. It is thus 

highly likely that the accidental inclusion of image beam shift was responsible for 

limitations other than the erratic development, including the absence of high-

resolution features and the appearance of spurious details in the seemingly 

normal images. In hindsight, a subtle quality control measure was the visibility of 

aqueous ice rings in the power spectra of the Krios images, a sign of a resolution 

of up to 3.7 Å (McMullan, Vinothkumar et al. 2015), which was consistently absent 

in all images collected on the Glacios. 

 

4.4.4 Summary 

In summary, the issues faced make the VPP less reproducible and reliable and 

will have to be addressed. Though the issue of over-development was mitigated 

by increasing the heater current, I was unable to find a way to avoid it entirely. 
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Similarly, according to the manual, it is possible to use minimal amounts of beam 

shift. However, this was found to negatively affect the contrast and it has the 

potential to reduce the detail in the images irreversibly. Both issues that affect the 

robustness and reproducibility of the VPP arise from the usage of a film, as do 

the other drawbacks noted by the developers (Danev, Tegunov et al. 2017). In 

light of this, the laser phase plate (Schwartz, Axelrod et al. 2019) seems like a 

promising film-free alternative to achieve enhanced phase contrast. The laser 

phase plate is based on the principle of retarding electrons using the 

panderomotive force generated by a continuous pulsed laser. This force can be 

moderated to increase or decrease the phase shift by changing the power of the 

laser. Overall, the use of enhanced phase contrast proved to be invaluable to the 

visualisation of HSET. The phase plate strategy made it possible to solve the 

structure of the small, elongated, and flexible HSET dimer, on a high-background 

support film to sub-nanometer resolutions, which is unprecedented in the field of 

cryo EM. In doing so, it also provided the first glimpse of the structure of a dimeric 

full-length kinesin-14. Despite the issues faced in the collection and the 

processing, it is important to note that the factors that ultimately limited the 

resolution of HSET were not due to the phase plate, but probably more due to 

the preferential orientations and low sample concentration. 
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4.5 Interpreting the FL HSET Structure 

A factor that plays an important role in deciphering the mode of action of the 

members of the kinesin-14 family is the ability to visualise their molecular 

structures at high resolution. As discussed in section 1.4.4 (Page 21), the 

mechanical cycle of kinesin-14 family members such as Kar3 and Ncd was 

pieced together from the cryo EM maps of MT-bound intermediates (Hirose, 

Lockhart et al. 1995, Rank, Chen et al. 2012, Zhang, Dai et al. 2015). However, 

the low resolution of the maps meant that a crucial part of their interpretation 

required fitting an atomic model to observe the relative displacement between 

different binding modes (Endres, Yoshioka et al. 2006). The first structure of a 

kinesin-14 obtained at high resolution was the crystal structure of the monomeric 

motor domain of Ncd (Sablin, Kull et al. 1996). This structure was the first to show 

the appearance of the MT-binding motif at a resolution of 2.5 Å and provided 

insight into nucleotide-binding, through a bound ADP molecule. This was followed 

by the crystallisation of a larger construct that included residues at the N-terminal 

end of the motor domain, belonging to the neck linker and a small portion of 

the coiled coil which is important for dimerization (Sablin, Case et al. 1998). The 

dimeric structure was solved to the same resolution as the monomer and 

revealed an alpha helical strand extending from each motor domain and 

beginning to coil around each other, with the entire structure showing a two-fold 

symmetry around this coiled coil stalk. To date, this structure is the most complete 

depiction of a homodimeric kinesin-14 member, and any attempts to crystallize 

full-length kinesin-14 in a nucleotide-bound or apo state have been unsuccessful. 

Moreover, kinetic studies revealed an inherent difference in the affinity of each 

motor domain to ADP, which could not be discerned from the crystal structure 

(Foster, Mackey et al. 2001). However, there have been no reports of visualising 

this asymmetry in a kinesin-14 member to date. Therefore, although there is 

considerable knowledge about the mechanism of the motor-MT interactions that 

drive kinesin-14 members, there is no molecular understanding into the coupling 

of the energy from ATP hydrolysis with kinesin-14 movement. 
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4.5.1 The overall structure of FL HSET 

In this work, I present the 3D structures of the human kinesin-14 HSET (KIFC1) 

which provide the first insight into the full length of a kinesin-14 molecule. The 

structure of ADP-FL HSET was initially determined at a resolution of 20 Å using 

negative stain EM, and subsequently resolved to an estimated resolution of 8.5 

Å using cryo EM. The overall FL-HSET structure spans a length of 300 Å and 

encompasses the motor domains, a neck region, a coiled coil stalk, and a cargo-

binding tail domain. The cryo EM structure of ADP-HSET shows a total length of 

190 Å and lacks the cargo-binding domain (CBD) as well as a portion of the coiled 

coil stalk. Both the negative stain and cryo EM maps of ADP-HSET show an off-

centre stalk i.e., the proximity of the stalk to one of the motor domains, as 

opposed to being centred and equidistant from both motor domains (fig 4.1 a and 

b). Full-length Apo-HSET was also solved by negative stain EM and revealed two 

conformational states that demonstrated two different off-centre motor-stalk 

arrangements, which I refer to as type K (fig 4.1 a) and type S (fig 4.1 b). The off-

centred HSET conformations are different from the recently obtained negative 

stain reconstruction of kinesin-1 (Tan, Yue et al. 2023) which shows the stalk 

centred with respect to the two motor domains. It is possible that both families of 

kinesins attain more states than reported in these studies, sampling other 

orientations of the stalk with respect to the motor domains. Another possibility is 

that this observed difference in the position of the stalk relative to the motor 

domains between a kinesin-14 like HSET and kinesin-1 is responsible for the two 

key points of divergence between the two families- directionality and processivity 

of motion. Kinesin-1 members are known to display a processive i.e., "walking" 

motion towards the growing + end of MTs (Svoboda, Schmidt et al. 1993), while 

kinesin-14 members move towards the - ends displaying a "hopping" or non-

processive motion (McDonald, Stewart et al. 1990).  
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Figure 4.1 Negative stain 3D Reconstructions of Apo-HSET 

Conformational states of Apo-HSET reveal the (a) front and (b) back views of the type K (Kinked) 

state which shows the two motor domains arising from a central point where the kinked neck 

terminates; (c,d) type S (Straight) state which possesses a straight neck terminating at one of the 

motor domains; the neck (red) comprises the neck linker and a bit of the coiled coil stalk; N and 

C denote the corresponding terminals of the neck region. 

 

4.5.2 FL HSET: The neck and stalk 

The different conformations in HSET versus kinesin-1 are most likely due to 

different conformations in the smallest and one of the most important parts of a 

kinesin’s polypeptide chain- the neck linker. The kinesin neck linker is composed 

of a short stretch of 10-15 amino acids separating the motor from the stalk. This 

region is crucial in communicating the binding events that occur at the motor 

domain to the stalk, thereby generating the mechanical force necessary to 
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drive the kinesin’s motion (Sablin, Case et al. 1998, Kozielski, De Bonis et al. 

1999). Crystal structures of monomeric kinesin-1 and kinesin-14 Ncd that both 

consist of the motor domain and the neck region (which comprises the neck linker 

and a portion of the coiled coil) showed that the main differences between them 

are in the neck region (fig 4.2), and that the neck linker sequence was conserved 

in a family-specific manner (Kozielski, De Bonis et al. 1999).  

 

  

Figure 4.2 Kinesin-1 v/s. Kinesin-14 

Atomic models obtained from crystal structures of monomeric kinesin-1 (PDB ID: 3KIN) and 

kinesin-14 (PDB ID: 2NCD) bound to ADP demonstrate the (a,b) similarity between their motor 

domains and the (c,d) differences arising due to the incorporation of the neck linker (red) in the 

construct. 

Thus, although kinesin families are defined based on the position and homology 

of their motor domains, the neck linker also reflects the defining characteristics of 
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each family. This is further reinforced by the fact that any attempts made to 

decipher the basis for the difference in directionality using the motor domain-MT 

interactions alone were unsuccessful as the binding modes of the motor domains 

from both families appeared identical (Lockhart and Cross 1994). Single molecule 

motility studies of chimeric motors that fused the kinesin-1 motor to the kinesin-

14 neck and vice versa provided irrefutable evidence that the neck linker 

controlled the directionality of a kinesin’s motion (Yamagishi, Shigematsu et al. 

2016). A subsequent structural analysis of the MT-bound chimeric motors 

illustrated that the neck orients itself to face the direction of motion of the kinesin, 

thereby positioning the unattached motor domain to face the opposite end 

(Yamagishi, Shigematsu et al. 2016).  

With the recent negative stain reconstruction of kinesin-1 and the HSET 

structures that I determined, full-length structures of both the kinesin-14 and 

kinesin-1 families are now available, which provide a more complete picture of 

the conformation of the neck and stalk regions with respect to the motor domains. 

While the neck is not completely visible at the resolution of the negative stain 

kinesin-1 map (Tan, Yue et al. 2023), the maps of HSET obtained in this study 

are of a higher resolution and highlight features in the neck and stalk that have 

not been previously observed. For instance, the conformational state of Apo-

HSET referred to as the "type K" shows a kink of nearly 90° in the neck (fig 4.1 a 

and b) leading into a straight stalk, while the “type S” states of both Apo and ADP-

HSET shows no kink in the neck region and a visibly curved stalk (fig 4.1 c and 

d). Moreover, the kinked neck in the type K state appears to terminate at a single 

point to which both motor domains connect, while the neck in the type S state 

terminates at one motor domain (fig 4.1 c and d). Despite the differences in the 

C-terminal end of the neck region, the N-terminal end leads into a stalk that is 

offset towards one of the motor domains in the same direction in both conformers. 

The coordination between the curvature of the stalk, the kink in the neck, and the 

motor-neck connection suggests that these two conformers of Apo-HSET might 

represent intermediates corresponding to different stages in the movement of 

HSET on MTs. Further exploration of the significance of these states will ideally 

require structures of HSET bound to MTs at a comparable or higher resolution.  
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4.5.3 FL HSET: The motor domain 

The asymmetry in kinesin-14 member Ncd was first observed as a kinetic 

discrepancy between the rate of ADP-release by the motor domains, with one 

showing a weaker affinity to ADP and hence, a 700-fold quicker rate of release 

than the other (Foster, Mackey et al. 2001). The motor with the weaker affinity 

was shown to be crucial to establishing contact with the MTs (Chen, Porche et 

al. 2012). While the kinetics of the asymmetry has been investigated in detail, 

how this would manifest in the structure of a homodimeric kinesin-14 still remains 

unclear.  

 

 

Figure 4.3 Asymmetry in the Motor Domains of ADP-HSET 

(a) Reference-free 2D classes of the cryo-dataset of ADP-HSET obtained at a resolution of 8.5 Å 

show the second connection between the stalk and one of the motor domains (arrows); 3D maps 

of ADP-HSET obtained from (b) negative stain EM and (c) Cryo EM show the asymmetry that 

results from one of the motor domains (circled) being more proximal to the stalk than the other.   
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The first glimpse of structural asymmetry between the motor domains of 

homodimeric HSET can be seen in the dummy atom 3D models obtained by 

SAXS (fig 3.17 b and c, Page 83). At a maximal resolution of 30 Å, this property 

manifested as an apparent one-sided protrusion at the bottom of the stalk of Apo-

HSET. However, as discussed in section 4.2.2 (Page 166), the exact nature and 

implications of this protrusion could not be deciphered at the resolution of the 

models. While the higher resolution information from negative stain and cryo EM 

confirmed the asymmetry, they also showed that it was not limited to Apo-HSET. 

In the negative stain reconstructions of ADP-FL HSET in fig 4.3 b, the greater 

proximity of one of the motor domains to the stalk than the other is a clear sign of 

a structural asymmetry within the homodimer, which may be related to the 

functional asymmetry observed in the kinetic studies.  

This feature is also observed in the cryo EM structure of ADP-HSET (fig 

4.3 c). At the higher resolution of the cryo EM map, the asymmetry further 

appears in the form of a consistently visible feature in FL HSET from the 2D 

classes (fig 4.3 a) to the final refined map in fig 4.3 c- the apparently clearer 

recovery of density in the proximal motor domain (circled, fig 4.3 a, b, and c) 

compared to the distal motor. As pointed out in section 3.6.2.2 (Page 150), this 

could be a sign of conformational variability in the distal motor domain and a 

comparative rigidity in the proximal one. The constraints that would be imposed 

by the apparent second attachment between the densities of the proximal motor 

and the stalk in the 2D classes (fig 4.3 a) and the 3D map (fig 4.3 c) further 

supports this motor hypothesis. The asymmetry is further reinforced by the 

difference in the fit of both subunits of dimeric HSET at once (fig 4.4 a) versus 

individually (fig 4.4 b) to the density corresponding to the motor domains. The 

latter case displaces the subunits compared to the former to fit 78% of the atoms 

in the proximal motor and 81% of the distal motor within the contour, compared 

to the former that incorporates 62% of the atoms of both motors into the density. 

The vertical displacement of the individually fitted subunits positions the 

nucleotide-binding site of the proximal motor domain in fig 4.4 d closer to the stalk 

than the distal motor domain.  
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Figure 4.4 Nucleotide-binding Sites of the Motor Domains in ADP-HSET 

Asymmetry in the motor domains of ADP-HSET is illustrated by the change in positions of the 

motor domains between the (a) dimeric fit and (b) individual monomeric fit into the 8.5 Å cryo EM 

map; the nucleotide-binding sites (green) in the (c) symmetric model are at the same horizontal 

level, while those in the (d) asymmetric model show a vertical displacement relative to each other. 

 

While it is not possible to obtain a more detailed view at this resolution and with 

rigid body fits of the atomic models, the above results suggest that the motor 

domain distal to the stalk is most likely to establish first contact with a MT. As MT-

binding is correlated with ADP release, I propose that in this HSET conformation, 

this motor is probably the one with the weaker ADP affinity. In addition to the 

differences in the position and the connections between the stalk and each motor 

domain, the dissimilarities in the features visible in the cryo EM map for each 
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motor domain highlighted in section 3.6.2.3 (Page 154) hint at conformational 

differences between the two, which might be related to different ADP affinities. 

Overall, the asymmetry observed in a kinesin-14 like HSET appears to be a 

conformational difference between the motor domains. While structural 

asymmetry has been observed before in the kinesin superfamily as early as 1996 

in the crystal structure of kinesin-1 (Kull, Sablin et al. 1996), the type of 

asymmetry described above has not been reported earlier. 

 

4.5.4 FL HSET: The CBD 

The N-terminal CBD of the kinesin-14 family, which is known to interact with MTs, 

is poorly characterised. Its understanding is limited to the fact that it contains a 

basic motif suggested to be involved in electrostatic interactions with the MT 

(Furuta and Toyoshima 2008). The HSET CBD is predicted to be unstructured 

(Supplementary fig S3, Page 204). In this study, I established through the shape 

of the Kratky analysis in SAXS that while Apo and ADP-bound FL HSET do 

possess a similar degree of inter-domain mobility, there was no evidence in the 

plot of any part of the dimer being unstructured (as discussed in chapter 4.1, 

Page 162). In my negative stain EM analysis of the two forms of HSET, the 2D 

classes obtained by the reference-based classification revealed density beyond 

the length of 250 Å predicted by Alphafold for the structured part of HSET i.e., 

from the bottom of the motor domain to the top of the coiled coil, indicating the 

recovery of the N-terminal CBD (fig 4.5). The recovery of the CBD resulted in a 

total length of 300 Å for HSET, which is 65-75 Å shorter than the estimate 

obtained by SAXS (see section 3.2.6.4, Page 81). This discrepancy could be a 

combined consequence of a possible overestimation of the SAXS measurement 

or the flexibility of the terminal residues that renders the full extent of the CBD 

invisible in EM maps. However, the recovery of a portion of the CBD in the 

reference-based 2D classes such as the one shown in fig 4.5 suggests that it may 

have some structured regions. This was further reinforced by a similar CBD 

density in the refined negative stain EM maps for ADP-HSET (fig 4.3) and both 

conformers of Apo-HSET (fig 4.1).  
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Figure 4.5 Lengths of Domains in FL HSET 

A representative 2D class average of ADP-HSET obtained from a negative stain EM dataset by 

reference-based approach shows the recovery of information pertaining to the entire domain 

architecture of HSET, including the N-terminal CBD. 

 

Additionally, as observed in the negative stain EM maps of the Apo-HSET 

conformers in fig 4.1, the presence of this feature may hint at inter-domain 

crosstalk. The previous section described a coordinated presence of three 

features in the type K and type S conformers- the point of origin of the motor 

domains from the neck, a kink in the neck, and the curvature of the stalk. In other 

words, the kinesin appears to display two independent sets of motion- the 

hopping of the motor domains at the C-terminal end, and a bending motion 

brought about by the alternation between the curved and straight stalk-CBD 

regions at the N-terminal end. The correlation between the conformation of the 

stalk and CBD domains with the different positions of the motor domains shows 

that the two recovered forms of the stalk-CBD region are not random instances 

but may represent discrete conformations that play a role in the function of HSET.  
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4.5.5 Summary 

Thus, the full-length structures provided a first glimpse of inter-domain 

communication in the Apo and ADP-bound forms of HSET. As mentioned earlier, 

investigation of HSET in the presence of MTs would be required to test these 

hypotheses and further build the complete picture of its mechanism of action.  

The 3D structures of Apo and ADP-FL HSET obtained by negative stain 

EM at a resolution of 20 Å provided the first visual evidence of a full-length 

kinesin-14, encompassing the motor, neck linker, stalk, and cargo-binding tail 

domains. The 3D analysis uncovered two conformations for Apo-HSET, while a 

single conformation of ADP-HSET was observed. The type K (Kinked) conformer 

consists of a distinct right-angled kink in the neck and a relatively straight stalk-

CBD region, while the type S (Straight) conformer comprises a straight neck and 

a visibly curved stalk-CBD region. In addition, the two conformers differ in the 

orientation of the motor domains relative to the neck. The ADP-bound form 

resembled the type S state of Apo-HSET. Overall, the presence of distinct 

features in the domains of Apo and ADP-FL HSET provided a glimpse into the 

communication across the three domains that may be linked to the mechanism 

of kinesin movement along MTs.  

Motivated by the success of the negative stain analysis, I prepared a 

sample of ADP-HSET for cryo EM data collection with the aid of the VPP to 

enhance the contrast and render the HSET particles visible in the cryo-electron 

micrographs. The data yielded 2D classes with a high level of detail and a final 

3D refined map at an estimated resolution of 8.5 Å, showing the motor domains, 

the neck linker a little more than one cross-over repeat of the coiled coil stalk, 

encompassing a total length of 190 Å. Globally, the structure appeared similar to 

the negative stain map of ADP-HSET, with the addition of higher resolution 

details. Most obvious were the resolved strands of the coiled coil in the 2D 

classes, showing a helical pitch of 100 Å and a maximal inter-strand spacing of 

10 Å, and the detail in the neck separating the motor domains from the stalk. 

While this was also visible in the ab-initio 3D map at a resolution of 9 Å, it was 

obscured by noise in the refined map and by anisotropy from a lack of side 
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views. Another detail was the asymmetry of the motor domains with respect to 

the stalk, as initially observed in the negative stain maps, and at a higher 

resolution in the cryo EM maps. The 3D map further revealed that the proximal 

motor contained more than one attachment to the coiled coil as opposed to the 

single connection through the neck linker in the distal motor, which could possibly 

help to stabilise the conformation of the proximal motor domain. Overall, the 

observed asymmetry is consistent with a difference in affinity of each motor 

domain for ADP and initial MT binding through one of the motor domains.  
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5. THE NEXT STEPS IN THE STRUCTURAL 

INVESTIGATION OF HSET 

 

5.1 Short-Term Aims 

The 3D maps of Apo and ADP-FL HSET obtained from negative stain EM as well 

as the recovery of secondary structure detail in the cryo EM map at a resolution 

of around 8.5 Å showed that FL HSET is indeed a viable target for single particle 

structure elucidation. While the long-term aim of the structural studies on HSET 

is to understand its interaction with MTs, the immediate next steps of the project 

would be set to maximize the resolution of the isolated HSET structures by 

overcoming the limitations faced in the EM data collection and processing during 

my PhD. 

5.1.1 Preferred Orientation 

The domination of the 2D classes of the cryo EM analysis by the front facing 

views of ADP-HSET led to the observed anisotropy of the final refined map. This 

is most likely caused by the tendency of HSET to adopt a preferred orientation of 

front views on the grid. As shown, the loss of information from the side views 

significantly compromises the resolution of the map in the corresponding 

directions and results in a non-uniform distribution of density in the map. As 

discussed in chapter 4.3 (Page 173), I would overcome these preferred 

orientations by collecting more data from more grids of ADP-HSET to accumulate 

a sufficient number of side views that would yield an isotropic structure. However, 

the issue was not observed in the negative stain data, which was also collected 

on carbon supported grids. Thus, the elimination of biased orientation in the cryo 

grids could also be achieved from grid-to-grid variability. As an alternative 

strategy, I would attempt to prevent preferred orientations by glow discharging 

supported grids in the presence of pentylamine prior to sample application, as 

mentioned in chapter 4.3 (Page 173).  
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5.1.2 Apo-HSET 

The pursuit of a cryo EM structure Apo-HSET was abandoned midway through 

the Glacios sessions, on account of the problems with the VPP and the limited 

availability of microscope time, which led to the prioritization of ADP-HSET. 

However, as shown in negative stain EM, Apo-HSET is an equally feasible cryo 

EM target that warrants a set of VPP data collections on the Titan Krios at 

LONCEM. Considering Apo-HSET showed two conformers, it is important to bear 

in mind that resolving each of these states to sub-10 Å resolutions would warrant 

sufficiently greater quantities of data than ADP-HSET. Obtaining high resolution 

structures of Apo-HSET would provide interesting insight into the conformational 

difference in the motor domains and the neck linkers between the two conformers 

as well as between Apo and ADP-HSET overall. As kinesin-14 members have 

been shown to bind to the MT through a nucleotide-free motor domain (Zhang, 

Dai et al. 2015), a comparison between the motor domains of the ADP and Apo 

forms of HSET should provide clues into the conformational changes that are 

undergone by HSET to transition from the isolated to MT-bound forms. Moreover, 

due to the significant difference between the motor domains in terms of their 

affinity to ADP in a homodimeric kinesin-14 (Foster, Mackey et al. 2001), the 

isolation of a kinesin-14 with both motor domains in the Apo state i.e., Apo-Apo 

form has not been reported previously. While the Apo form of HSET reported in 

this study does bind ADP as indicated by DSF, there is no way to ascertain the 

stoichiometry of ADP-binding to the motor domains of HSET. In light of this, a 

high-resolution structure of Apo-HSET would be required to determine whether I 

have purified an Apo-Apo or Apo-ADP form of FL HSET.  

 

5.1.3 Data Processing Strategies 

While an optimised sample preparation strategy is a pre-requisite, it does not 

guarantee a high-resolution structure (Orlova and Saibil 2011). As shown in 

sections 3.4.2 (Page 101) and 3.6.2 (Page 146), even the best datasets required 

extensive customisation of the processing pipeline. Optimised computational 
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approaches also play a significant role in breaking the resolution barrier for a 

dataset. For instance, a computational approach to tackle the lack of HSET side 

views could be to isolate the particles belonging to the few 2D classes of the side 

views and using them to train a CRYOLO model that is specific to side views. I 

would also attempt segregating the CRYOLO models for picking front and side 

views, to prevent loss of information due to non-specificity of the picking model. 

Any overlaps between the picked coordinates can be effectively detected and 

deleted in RELION's program to append datasets.  

For the 3D analysis, both Apo and ADP-HSET datasets suffer from the lack 

of resolution that arises during the accommodation of greater lengths of the stalk, 

as described in fig 3.57. While limiting the length of the molecule by the 

application of a circular mask in 2D and a short translational search range in 3D 

proved to be a successful approach to recover high resolution details, this was 

achieved by compromising the rest of the stalk and N-terminal CBD. In order to 

visualize the N-terminus of HSET, I propose two strategies to be applied to a 

homogeneous stack of particles that can yield a high-resolution structure through 

the approaches employed in section 3.6.2 (Page 146). The first involves 

repeating the optimised classification outlined in section 3.6.2.2 (Page 150) with 

steadily increasing diameters of the circular mask, to capture the information 

corresponding to the stalk-CBD region. The second involves recentering the 

aligned particles to a point that is visible well within the stalk i.e., closer to the N-

terminal end, and classifying them without 3D alignment i.e., a reference-based 

3D classification. This would average the stalk and CBD regions without including 

them in the calculations of an optimal alignment of the entire particle, thereby 

preventing the loss of resolution resulting from any inaccuracy in aligning this 

region. Depending on the strength of the signal and the flexibility at this distal end 

of the stalk, the class-averaging would either recover discrete conformations of 

this region or sample its continuous movement.   
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5.2 Long-Term Aims 

While the ideas described above describe further analysis of current data or 

further use of currently available constructs of FL HSET, this section focusses on 

the creation of alternate systems for structural exploration of HSET. 

5.2.1 Shorter constructs 

One of the issues raised in the earlier section was the challenge that arose from 

the inclusion of the N-terminal CBD. In addition to the problems faced in 

processing the data, an important consequence of an elongated system was the 

increased frequency of overlap or cross-over between neighbouring particles, 

thereby imposing a limit on the length of the molecule that could be enclosed in 

a box during particle extraction. In other words, the full length of HSET hindered 

the single particle analysis of full length HSET. A typical solution to this would be 

to reduce the concentration of HSET on the grid, effectively spreading the 

particles further and minimising the occurrence of overlaps. However, the 

consequent reduction in the number of particles obtained per micrograph would 

limit the resolution. An alternative could be to produce shorter constructs of HSET 

which include the coiled coil up to the length of 100 Å that is resolved in the 

current analysis. The shorter length might achieve a higher optimal particle 

density on the grids before overlapping becomes an issue. As a result, the 

dataset could potentially attain a higher resolution for the length of the construct 

being used rather than compromise a part of it. 

 

5.2.2 Microtubule binding 

Studying the interaction of HSET with MTs is a crucial last piece of the puzzle to 

understand the mechanism of action of HSET. While my study so far dealt with 

HSET as the sole target, the incorporation of MTs would result in a two-target 

system, with the added predicament of a 1000-fold size difference between HSET 

and MT, and multiple HSET molecules bound to a single MT (McDonald, Stewart 

et al. 1990). Thus, the visualisation of HSET-MT interactions using single particle 
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EM would require the consideration of a different optimum at every step of the 

study, from sample preparation to data processing. Fortunately, kinesin-MT 

complexes have been explored by cryo EM since the 1980s (Amos 1987) and 

have also been analysed by single particle EM methods since the 1990s 

(Lockhart and Cross 1994, Hirose, Lockhart et al. 1995, Endres, Yoshioka et al. 

2006, Chen, Porche et al. 2012). Furthermore, the resolution revolution in cryo 

EM has yielded advances in processing strategies, leading to routinely solved 

high resolution structures of MTs that are decorated with proteins (Moores 2008, 

Cook, Roberts et al. 2021). Thus, there is significant precedence to the cryo EM 

of kinesin-MT complexes.  

However, these studies were conducted using constructs restricted to the 

motor domain and the neck linker with a small portion of the stalk to allow 

dimerization. Hence, the first strategy I propose would involve the generation of 

such truncated constructs of HSET motor domains to decorate MTs in the 

presence of different nucleotides such as ADP and non-hydrolysable ATP 

analogs. This would enable a uniform decoration of a sufficient number of HSET 

particles on the MTs required to obtain high resolution structural snapshots of the 

motor domain at different stages in its mechanical cycle. The second strategy 

concerns the fact that HSET binds MTs using the N-terminal end as well. 

However, this region is too short to be visualised on its own. On the other hand, 

the use of the full-length structure poses the problem of non-selectivity of binding 

modes, in which MTs would be non-uniformly decorated with the motor domains 

of some HSET molecules, the tails of some others, and both. To overcome this, 

I propose the generation of a full-length HSET construct with a mutation of the 

highly conserved residue R616 in the microtubule-binding L12-α5 loop-helix 

region of the motor domain. In kinesin-1, mutating this residue to alanine has 

been shown to cause a fifteen-fold reduction in the affinity of kinesin to MT 

(Woehlke, Ruby et al. 1997). Therefore, an HSET construct with this impaired 

motor-MT interaction would be more likely to participate in MT binding at the N-

terminal CBD, thereby enriching the HSET CBD-MT contacts.  
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5.2.3 Compound binding 

The last aim of this project arises from the potential of HSET as an anti-cancer 

drug target, which was the motivation for this entire study. Recent drug discovery 

efforts have unveiled allosteric inhibitors (Wu, Mikule et al. 2013) as well as ATP-

competitors that arrest HSET on MTs (Saint-Dizier, Matthews et al. 2023). 

However, the lack of structural data to visualise the binding of the inhibitors limits 

the drug design pipeline. Thus, the final step of the HSET project would involve 

the preparation of HSET-MT complexes in the presence of inhibitors. Obtaining 

a structure of HSET bound to an inhibitor and MT would provide valuable insight 

into the molecular requirements for HSET inhibition. A comparison of this 

intermediate to the nucleotide-bound states of HSET would further aid 

the understanding of the mode of action of such an HSET inhibitor. Furthermore, 

a sufficiently high resolution could lead to the visualisation of the inhibitor 

molecule in the density of the map, allowing the analysis of interactions at an 

atomic level to guide structure-based drug design. Thus, in this manner, cryo EM 

could be used to drive drug discovery efforts on a protein like HSET for which no 

protein-inhibitor crystal structures could be obtained. 
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SUPPLEMENTARY INFORMATION 

 

S1. Constructs for FL-HSET 

S1A. His6-TEV-FLHSET 

MGSAHHHHHHASNLYFQGMDPQRSPLLEVKGNIELKRPLIKAPSQLPLSGSRL

KRRPDQMEDGLEPEKKRTRGLGATTKITTSHPRVPSLTTVPQTQGQTTAQKV

SKKTGPRCSTAIATGLKNQKPVPAVPVQKSGTSGVPPMAGGKKPSKRPAWD

LKGQLCDLNAELKRCRERTQTLDQENQQLQDQLRDAQQQVKALGTERTTLE

GHLAKVQAQAEQGQQELKNLRACVLELEERLSTQEGLVQELQKKQVELQEER

RGLMSQLEEKERRLQTSEAALSSSQAEVASLRQETVAQAALLTEREERLHGL

EMERRRLHNQLQELKGNIRVFCRVRPVLPGEPTPPPGLLLFPSGPGGPSDPP

TRLSLSRSDERRGTLSGAPAPPTRHDFSFDRVFPPGSGQDEVFEEIAMLVQS

ALDGYPVCIFAYGQTGSGKTFTMEGGPGGDPQLEGLIPRALRHLFSVAQELS

GQGWTYSFVASYVEIYNETVRDLLATGTRKGQGGECEIRRAGPGSEELTVTN

ARYVPVSCEKEVDALLHLARQNRAVARTAQNERSSRSHSVFQLQISGEHSSR

GLQCGAPLSLVDLAGSERLDPGLALGPGERERLRETQAINSSLSTLGLVIMALS

NKESHVPYRNSKLTYLLQNSLGGSAKMLMFVNISPLEENVSESLNSLRFASKV

NQCVIGTAQANRK 

S1B. Strep2-HRV3C-FLHSET 

MGSAWSHPQFEKGGGSGGGSGGSAWSHPQFEKASLEVLFQGPHMDPQRS

PLLEVKGNIELKRPLIKAPSQLPLSGSRLKRRPDQMEDGLEPEKKRTRGLGAT

TKITTSHPRVPSLTTVPQTQGQTTAQKVSKKTGPRCSTAIATGLKNQKPVPAV

PVQKSGTSGVPPMAGGKKPSKRPAWDLKGQLCDLNAELKRCRERTQTLDQE

NQQLQDQLRDAQQQVKALGTERTTLEGHLAKVQAQAEQGQQELKNLRACVL

ELEERLSTQEGLVQELQKKQVELQEERRGLMSQLEEKERRLQTSEAALSSSQ

AEVASLRQETVAQAALLTEREERLHGLEMERRRLHNQLQELKGNIRVFCRVR

PVLPGEPTPPPGLLLFPSGPGGPSDPPTRLSLSRSDERRGTLSGAPAPPTRH

DFSFDRVFPPGSGQDEVFEEIAMLVQSALDGYPVCIFAYGQTGSGKTFTMEG

GPGGDPQLEGLIPRALRHLFSVAQELSGQGWTYSFVASYVEIYNETVRDLLAT
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GTRKGQGGECEIRRAGPGSEELTVTNARYVPVSCEKEVDALLHLARQNRAVA

RTAQNERSSRSHSVFQLQISGEHSSRGLQCGAPLSLVDLAGSERLDPGLALG

PGERERLRETQAINSSLSTLGLVIMALSNKESHVPYRNSKLTYLLQNSLGGSAK

MLMFVNISPLEENVSESLNSLRFASKVNQCVIGTAQANRK 

S1C. Primers for PCR of Strep2-FLHSET 

Forward- 5’ TTCCAGGGTCCCCATATGGATCCGCAGAGGTCCCCCC 3’ 

Reverse- 5’ TAGGCCTTTGAATTCTCACTTCCTGTTGGCCTGAGCAGTAC 3’  
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S2. Purification of FLHSET 

S2A. Molecular Weight Determination from SEC 

 

Figure S2: Calibration of Size Exclusion Columns 

Superdex 200 10/30 GL and Superose 6 Increase 10/30 GL SEC columns were calibrated using 

Bio-rad’s gel filtration standard mixture of proteins with known MW; MW of each eluted protein is 

indicated above the elution peak corresponding to the protein.  

 

S2B. Biochemical Properties of FL HSET 

Biochemical properties of FL HSET were estimated from its amino acid sequence 

using the ProtParam tool in the ExPasy suite (Gasteiger, E. et al., 2011). 

Number of amino acids: 716 

 

Molecular weight: 78142.37 

 

Theoretical pI: 9.1 

 

Atomic composition: 

 

Carbon      C       3376 

Hydrogen    H       5510 

Nitrogen    N       1024 

Oxygen      O       1064 

Sulfur      S         21 

 

Formula: C3376H5510N1024O1064S21 

Total number of atoms: 10995 
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Amino acid composition:  

Ala (A)  50   7.0% 

Arg (R)  56   7.8% 

Asn (N)  20   2.8% 

Asp (D)  19   2.7% 

Cys (C)  10   1.4% 

Gln (Q)  55   7.7% 

Glu (E)  61   8.5% 

Gly (G)  67   9.4% 

His (H)  13   1.8% 

Ile (I)  15   2.1% 

Leu (L)  84  11.7% 

Lys (K)  35   4.9% 

Met (M)  11   1.5% 

Phe (F)  16   2.2% 

Pro (P)  48   6.7% 

Ser (S)  63   8.8% 

Thr (T)  41   5.7% 

Trp (W)   4   0.6% 

Tyr (Y)   8   1.1% 

Val (V)  40   5.6% 

Pyl (O)   0   0.0% 

Sec (U)   0   0.0% 

 

 (B)   0   0.0% 

 (Z)   0   0.0% 

 (X)   0   0.0% 

 

 

Total number of negatively charged residues (Asp + Glu): 80 

Total number of positively charged residues (Arg + Lys): 91 

 

 

Extinction coefficients: 

 

Extinction coefficients are in units of  M-1 cm-1, at 280 nm measured in 

water. 

 

Ext. coefficient    34545 

Abs 0.1% (=1 g/l)   0.442, assuming all pairs of Cys residues form 

cystines 

 

 

Ext. coefficient    33920 

Abs 0.1% (=1 g/l)   0.434, assuming all Cys residues are reduced 
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S2C. Concentration and Purity of Eluted HSET Fraction 

HSET Variant Eluted Fraction of 

Apo-HSET 

Concentration 

(mg/mL) 

His6-FLHSET Peak - 1 0.343 

Peak 0.441 

Peak + 1 0.286 

Strep2-FLHSET-I Peak - 1 1.522 

Peak 1.708 

Peak + 1 1.439 

Strep2-FLHSET-II Peak - 1 0.462 

Peak 0.497 

Peak + 1 0.487 

 

Table S2: Concentrations of peak Apo-HSET fractions 

The concentrations of the HSET fractions eluted from the final step of each purification strategy 

were measured using the NanoDrop UV-Vis Spectrophotometer; the data is shown for the peak 

fraction from each purification strategy as well as two fractions adjacent to the peak, upstream 

(peak -1) and downstream (peak + 1) of it. 
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S3. Secondary Structure Prediction of FLHSET 

The secondary structure elements in FL HSET were predicted from its amino acid 

sequence using the PSIPRED online tool (McGuffin, L.J. et al., 2000)  

 

Figure S3 (Page 1): Predicting the Secondary Structure of FL HSET 

PSIPRED chart predict the regions in the amino acid sequence of FL HSET that are α-helices (H, 

pink), ß-strands (E, yellow) or random coils (C, uncoloured). 
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Figure S3 (Page 2): Predicting the Secondary Structure of FL HSET 

PSIPRED chart predict the regions in the amino acid sequence of FL HSET that are α-helices (H, 

pink), ß-strands (E, yellow) or random coils (C, uncoloured). 
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