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Abstract

Botulinum neurotoxins (BoNTs) are responsible for botulism, a paralytic
disease which can be lethal if not treated in time. They act by entering neurons and
targeting the SNARE proteins (Soluble N-ethylmaleimide-sensitive factor Attachment
protein REceptor), which in turn blocks neurotransmission. However, these toxins can
be repurposed for therapeutic use to treat a large number of conditions. The most
studied serotypes are A and E (BoNT/A and BONT/E, respectively), with notable
differences in duration of action and domain spatial organisation. It has been shown
that these toxins only exert their activity if the pH drops to 5 or lower, but it is unclear
what effect the pH environment has on the toxin which drives this. Currently, the only
available structural information on BoNTs is from X-ray crystallography which fixes the
protein into a rigid crystal lattice. This gives limited information on its flexible regions,
and no information about its dynamics and solution behaviour. To gain insight into this,
molecular dynamic (MD) simulations were conducted under varying pH conditions. For
BONT/E, these simulations revealed a shift in conformational populations in solvated
systems at pH O vihen compared to simulations at pH > 5, with the protein adopting
a more extended conformation in the former. This was confirmed by analytical ultra-
centrifugation (AUC), while small-angle X-ray scattering (SAXS) validated the two
major conformations observed in the MD simulations. For BoNT/A, a major
conformational change was not observed, but a rare event was identified by MD (in
0.014% of frames studied) which may explain the longer onset of action compared to
BoNT/E. Another key difference between the two structures of BONT/E and BONT/A is

the large number of contacts between a conservedr egi on t er med t he

binding domain (BD) in BONT/A, which are absent in BONT/E.



Impact Statement

While the entry into the system and the activity of BONTs are well understood,
the exact role of the pH change they are subjected to in the vesicle is still unclear. The
work presented in this PhD thesis provides insight into this characteristic, and
essential, step of BONT activity. By combining atom level resolution in MD simulations
and full protein structure solution studies, we have identified some key aspects of the
effects of pH likely linked to the translocation process which enables toxicity in vivo.

In BONT/E, the protein undergoes a large-scale structural change which results
in a higher SASA with key areas of the protein exposed. This is due to the electrostatic
repulsion of the BD and the light chain (LC) which begins at pH 5. One of the regions
which is left with higher solvent exposure is an alpha-helix also conserved in diphteria
toxin, which also sees a large change in charge between pH 5.5 and pH 5. These
changes occur at the same time as a smaller scale change on the translocation domain
(TD), in which a lysine residue flips from buried to highly exposed at and below pH 5,
in another key region which is highly conserved throughout all serotypes and in TeNT.
This region in the BONT/E simulations presented here was found to have high
correlation, at pH 5 specifically, with two other regions of the protein: an unstructured
segment in the TD and some residues in the BD involved in the original membrane
binding event. By identifying these four key regions within the protein, and revealing
their linked behaviour at pH 5 specifically, we may have identified new regions to target
with antibodies as a treatment against botulism. We have also furthered our overall
understanding of the full process of intoxication with BoNT/E, by exposing structural
changes brought about exclusively at and below pH 5.

In BONT/A, while a large-scale structural shift was not observed to the extent of
BoNT/E, some effects due to pH were identified which may play a role in the
translocation process. Starting with CD, a sudden loss of helicity was observed starting
at pH 5 compared to all the conditions above pH 5, before stabilising at pH 4.5. This
is in good agreement with a previous study having identified an alpha-helical region in
the TD shifting to a highly exposed beta-hairpin structure. Exploring this region further
in the MD simulations presented here, we identified a rare event (0.014% of frames
studied, in 5 consecutive frames out of 35,001) where a large number of interactions
between this region and the BD are lost compared to the other structures. This region,

which is highly conserved throughout all serotypes, is significantly more buried in
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BoNT/A compared to the same region in BONT/E. The scale of the change identified
in this region by the previous study, the increased interactions of this region in BONT/A
compared to BONT/E, and the rarity of the events in which those interactions are lost
may all contribute to the increased onset of action delay of BONT/A compared to
BONT/E. In future constructs making use of BoNTS, if replacing the BD, a key feature
to optimize may be the exposure of this region to ensure the fastest delivery of the
payload.
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1.1 Botulinum Neurotoxins (BoNTS)
1.1.1 Short history of BONTs

Botulism is a condition which causes flaccid paralysis, and if left untreated it
may become lethal by affecting respiratory muscles. Although it is very likely the

disease has been around throughout human history (1), it was first recorded in the

late-1 7000s after being |inked to the consumpt.

Germany (2, 3). This later led to their naming in the late-1800s by a German physician,
John Muller, who coined the name botulism; derived from the latin botuli, sausage (4).
BoNTs are produced by anaerobic spore-forming bacteria Clostridium botulinum, a
species from the Clostridium family, which also includes the Clostridium tetani species
responsible for the tetanus toxin (TeNT) which is highly similar in structure and function
(figure 1.1). These spores were discovered in Belgium by Emile Pierre-Marie van
Ermengen, of the University of Ghent, in 1895 (5). The bacteria were isolated from
infected ham, which had been linked to an outbreak in a nearby village. However,
Clostridium botulinum bacteria were not observed to be pathogenic, confirming the
previous observations from Germany that a toxin was responsible. While initially
believed to be primarily a food-borne disease, later observations in the 1940s identified
spores in wounds; and in the 70s in in

Several serotypes of BONTs have been identified over the years, the first of
which was BoNT/A. Traditionally, seven serotypes are accepted and termed BoNT/A
through to BoNT/G (6). Each serotype can be further split into subtypes, BONT/A1, A2
etc. Increased accuracy of sequencing techniques and evolution will likely result in
more serotypes and subtypes being discovered (7). A new serotype, BoNT/X, has
already been identified as a novel variation, targeting a unique combination of proteins
(8, 9).
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The first purification of BONTs was achieved in 1926 in California (10), where a
purified BoNT/A was obtained through adsorption, elution, dialysis and evaporation.
The isolation of BONT/A marked a turning point in their history, with the advent of
therapeutic uses. Building on the findings of Kerner (11, 12), potential therapeutic
applications were devised. The first use was by Alan Scott to treat surgically induced
strabismus in rhesus monkeys and proved extremely successful, with additional
positive side-effects, notably reduction of blepharospasm (13, 14). It was observed
then that a small dose of BONT/A had beneficial effects lasting up to 8 months, without
causing any negative side-effects. Scott started commercialising BoNT/A under the
name AOculinumo which was whpthénchahggd the oamg
to the now internationally recognised Botox. While Botox is most famous for its
cosmetic applications, the achievements of Scott inspired many other ventures in the
use of BONTSs as a therapeutic protein. In the United Kingdom, doctors who had trained
with Scott formed a company, later acquired by IPSEN, which specialised in using

BoNTSs for the treatment of dystonic conditions, under the name Dysport. Part of the
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reason this is possible is the historically low occurrence of botulism, as opposed to
tetanus. No botulism vaccine has ever been developed, meaning there is reduced
likelihood of an immune response to the injection of this toxin compared to TeNT.

The potential of BONTs as therapeutics is still being explored (157 19) with new
applications being discovered, sometimes accidentally as a side effect (20). Currently
approved uses, and uses under study, include the fields of ophthalmology, neurology,
pain, urology, gastroenterology and psychiatry (6). Using the protein
structure (see below), many more applications are being tested by combining the
targeting and binding properties of these toxins. Such a result was achieved to treat
botulism in mice, by attaching an antibody to the heavy chain of the toxin (21).
Currently, the vast majority of therapeutic drugs making use of BoNTs are built on
BoNT/A. There is interest in attempting to use other serotypes, namely BoNT/E as it
has a faster onset of action (22). However, it also has a shorter lifetime after injection.
It is therefore of interest to attempt to understand where these differences come from,
despite a strong sequence and structural homology between the serotypes. A better
understanding of these differences and their root cause would open the door to
chimeric toxins which make use of the faster onset of action of BONT/E and the longer
duration of BONT/A for an optimised drug.
1.1.2 BoNT structure

Part of the therapeutic attractiveness of BoNTs, other than their activity (see
below), is their modular structure which can be broken down into functional domains.
Initially, these proteins are produced as single polypeptide chains of ~ 150 kDa and
can be split into a heavy chain and a light chain (HC 1 100 kDa, LC 7 50 kDa). The LC
is the active part of the toxin, and acts as a metalloprotease when a zinc ion is bound.
This catalytic domain is held to the HC with a disulphide bond, which is reduced prior
to LC release into the cytosol of the affected neuron. The HC can be further split into
two domains, the translocation domain and the binding domain i referred to in this
thesis as TD and BD, respectively. The TD is believed to mediate pore-formation which
enables the release of the LC into the cytosol and is made up of several alpha-helices
as well as a belt region which wraps around the LC. The BD domain is responsible for
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the initial neuron membrane binding of the toxin as well as the uptake into the neuron
using a synaptic vesicle protein.

This domain breakdown holds true for all the known BoNTs, however their
spatial arrangement can vary. The crystal structures of BoNTs A (PDB ID: 3BTA), B
(PDB ID: 1IEPW) and E (PDB ID: 3FFZ) are known (221 24), as well as many individual
domains alone or in complexes (25i 28). BONTs A (figure 1.1) and B show an extended
conformation of the three domains, such that the LC and the BD are situated to the
left and right of the TD. However, in BONT/E the BD is brought into closer proximity to
the LC such that it adopts a more compact conformation (figure 1.1). This difference
in conformation is thought to play a part in the faster translocation of BONT/E compared
to BONT/A (22).

BoNTs are produced in conjunction with a secondary protein, non-toxic
nonhemagglutinin (NTNHA), which has a very strong structural similarity to BoNT/A
but lacks the zinc binding site. When the protein is released, the two proteins form a
complex (29) (figure 1.2) which is thought to protect the protein from protease-rich
environments, and acidic environments such as the gastro-intestinal (Gl) tract which

is the most common entry path for intoxication. In this complex, BoNT/A adopts a

different conformation, with the BD moved 490°s uch t hat it hangs

This conformation is induced by the NTNHA rather than the pH (30). In addition to the
NTNHA protein, the BONT and NTNHA genes are located near hemagglutination
capable proteins (HA), which bind weakly to the NTNHA protein (31, 32). These are
not believed to be protective, but rather enable binding to the intestinal mucus layer

and hence facilitate the t(@&inbs entry
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Figure 1.2: Representation of BONT/AL in its complex with NTNHA and HA proteins.

Image taken from (6).
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1.1.3 BoNT Activity

BoNTSs are produced by Clostridium Botulinum, a gram-positive spore-forming
bacteria which grows in soils around the world. Three major types of botulism exist:
food-borne (the most common), infant & wound. In infant botulism, the spores are
directly swallowed by the infant and the gastric environment is not yet developed
enough to prevent the spores from becoming full bacteria; after which they start
producing the toxin. Wound botulism is caused by spores entering an exposed wound
and reproducing; eventually releasing the toxin into the bloodstream. In food borne
botulism, improperly prepared food which has been contaminated by C. Botulinum,
and hence BoNTs, is ingested. The toxin is then released and protected by a complex
(see above; figure 1.2) and enters the bloodstream.

After entering the bloodstream, BoNTs target primarily motor neurons and
prevent neurotransmission by cleaving a family of proteins responsible for exocytosis.
It is thanks to this high-specificity and toxicity that they can also be used for therapeutic
purposes, in minimal doses. When injected to a targeted location, there is little to no
diffusion. The effects are not permanent, but long lasting enough to provide relief for
extended periods of time. Through their targeting of motor neurons, they can be used
for a very broad range of conditions, including excessive perspiration, spasticity
disorders and muscle pain.

They exert their activity by first binding to a polysialoganglioside (PSG) receptor
on the presynaptic membrane (34i 36), and a second binding to a protein receptor
which varies depending on the serotype. Some known receptors so far include
synaptotagmin and glycosylated synaptic vesicle 2 (SV2). Detailed studies of the
specific BONT-PSG interactions are available but are beyond the scope of this thesis
(6, 34). After binding, BoNTs are taken up into the neuron. The toxicity of BONTs has
been shown to increase when stimulating the infected neuron (37), suggesting that the
internalisation is facilitated by an increased rate of exoendocytosis. The toxin is
internalised in a SV before it is recycled for another cycle of neurotransmission. Once
inside the vesicle, the protein is activated during the acidification step and primed to
form a transmembrane channel which can release the LC into the cytosol.
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Little is known of the specifics of this step, but the LC is released into the
cytosol. The study of this process is challenging due to the inaccessibility of the SV
lumen, and methods bypassing the intracellular delivery have to be used. This limits
the information which can be gained from the study, such as the specific structural
changes occurring in the protein which make the translocation possible. However, it
has been used to detect that activity is only possible in the pH range 4.5 to 6 and with
an increased activity below pH 6 (35). Additionally, it was found that the BoNT
molecule acquires a net positive charge which pulls the protein towards the anionic
surface of the membrane, generating a lipid-protein complex. A study found that
neutralising negative surface charges accelerated the cytosolic delivery, further
emphasising the importance of the surface charge (38). After this it is not known
whether the LC undergoes a significant structural change which would allow it to enter
the membrane, or whether the HC forms a transmembrane channel large enough to
accommodate the LC. It is very likely that the LC release mechanism is common to all
BoNTs, given their overall structural homology across all serotypes, and
understanding this step could be key in developing efficient inhibitors of BoNTs
following intoxication.

Following translocation of the LC, the disulphide bond linking the LC to the HC
isreducedand enabl es the full release of the tox
the LC acts as a metalloprotease, requiring a zinc atom for activity (39, 40). It targets
specifically the SNARE family of proteins (SNAP receptor i soluble N-ethylmaleimide-
sensitive factor attachment proteins). There are three distinct SNARE proteins:
VAMP/synaptobrevin, SNAP-25 and syntaxin. The main difference between the
serotypes and subtypes of BoNTs are the specific proteins and peptides targeted for
cleaving, details of which can be found in previous studies (41i 46). These discoveries
were the first time exocytosis was linked to SNARE proteins and provided insight into
an additional step of the neurotransmission process.

Finally, the attractiveness of these toxins for therapeutic purposes also includes
their complete reversibility. Even after an involuntary exposure to an uncontrolled dose
of BoNTS, a patient will survive on the condition of being supported for respiration and

given food (47). BoNTs are not cytotoxic and do not cause neuronal damage. The
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duration of action varies greatly from one serotype to the other, and with the dosage
used. For treatment of dystonias in humans, BoNT/A, B and E had paralytic effects
lasting 4 months, 2 months and less than 4 weeks, respectively (48). By deepening
our understanding of these toxins and their mechanism of action, we may further the
development of novel drugs making use of BoNTs. This may be achieved by
discovering key regions of the protein involved in the membrane insertion process, or
by assessing the effects of different formulations on protein stability. Through thermal
aggregation studies and molecular dynamics simulations, we hope to shed light on to

some of these questions.

1.2 Protein structural studies

1.2.1 Solution vs fixed methods

When searching for structural features of a protein, there are two major
avenues available: fixed methods or solution methods. Fixed methods include X-ray
crystallography and cryogenic electron microscopy (cryo-EM), while solution methods
include circular dichroism (CD), small angle X-ray scattering (SAXS), single molecule
fluorescence resonance energy transfer (SmFRET), nuclear magnetic resonance
(NMR) and molecular dynamics (MD). In fixed methods, which contribute the majority
of the entries in the PDB, the protein is first fixed in place which inherently prevents
any dynamics from being observed, although dynamic regions are hinted at by the
absence of coordinates. Flexible regions of the protein are often difficult to
characterise with high accuracy and these methods are best suited for rigid, non-
dynamic proteins. Specifically, in crystallography, the protein is locked in a crystal
lattice with some proteins adopting a non-native state due to the crystal packing (49).
Proteins with multiple domains, such as BoNTs, may have their relative positions
displaced because of this; in turn affecting our understanding of their structure and
dynamic behaviour. Moreover, it is not possible to observe the motion of the domains
in different environmental conditions. In such complex proteins as BoNTs, which are
believed to undergo multiple structural changes throughout their intoxication process,
having a clear understanding of the motion and relative positions of the domains is

crucial to understanding their activity. New methods are being developed to enhance
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the power of X-ray crystallography, such as X-ray free electron lasers. In this setup, a
free electron X-ray laser generates extremely bright femtosecond scale pulses of
radiation which illuminates a flow of nanometer-sized crystals. Each individual crystal
produces a diffraction pattern, and enables the observation of biological process on
nanosecond timescales (50). Electron microscopy, and the recent improvement of it
cryo-EM, is another fixed method which can provide high resolution structures even of
dynamic, multi-domain proteins (51). Cryo-EM holds promise for the imaging of
proteins embedded in membranes, which could be applied to BoNTs. However, the
main problem remains the same: the proteins imaged by this method are fixed by
flash-freezing them, thereby occluding any information on motions within the protein.

Common to both of these methods, however, is the lengthy and highly delicate
sample preparation. The sample volumes and concentrations required are very low
which can make their handling difficult. For crystallography, many crystallising
conditions are tested in parallel until one suitable crystals are obtained. For some
proteins this never happens, and it is notoriously difficult for flexible proteins. The
quality of the structural information is highly dependent on the quality of the crystal
obtained, and collecting data from a protein can be a lengthy process. Extracting a
novel protein structure from a crystallography experiment also requires mapping the
data obtained from a protein crystal to that of a heavy-metal coated protein, adding
further difficulty to the analysis and interpretation. In cryo-EM, the proteins are placed
in a thin layer of water for vitrification, a process during which they are exposed to
conditions and surfaces unlike those of a test tube or a cell (52). These conditions may
have unknown effects on the protein to be studied, and may be destructive. The poor
understanding around this makes troubleshooting difficult during cryo-EM sample
prep. Before submitting a sample for cryo-EM it should be subjected to multiple rounds
of analysis to ensure the optimal conditions are obtained.

By contrast, solution-based methods are significantly simpler to use. In CD,
which can be used to determine the secondary structure of a protein (53, 54), the only
constraint is the interaction of buffer components with the polarised light which can
increase their signal to noise ratio. The protein can otherwise be placed in any suitable

buffer, with no modifications to it and at concentrations between 0.02 to 2 mg/mL

29



depending on the pathlength. In SAXS experiments, there are no constraints on the
buffer or protein concentration. The protein should be in a buffer which matches
perfectly the submitted blank buffer sample, which is usually achieved by overnight
dialysis in a 1000 fold volume dilution (500 L sample in 500 mL buffer). By following
this condition, any buffer can be used and the protein can be subjected to many
environments such as varied ionic strength, pH or temperature. Using solution
methods also provides information of the protein in a close to native state, hence
maintaining its dynamic behaviour. Through the use of SEC-SAXS it is also possible
to separate multiple populations of the same protein in solution, if they are different
enough. Therefore, if the protein is aggregation prone, these can be separated out
and t he monomeric proteinods dat a can
experiments, the signal from individual proteins is measured and a histogram of FRET
efficiencies, which can be directly linked to intra-molecular distances, is built up over
time. This can also single out multiple conformations of the same protein in solution,
even if it is a very rare or transient event.

MD simulations can be considered as a solution study of proteins, as they can
be simulated in a box of explicit solvent. The main advantages of MD simulations are
their atomic resolution, relative inexpensiveness and the possibility of running them
prior to or in parallel to experimental work. The trajectories can also be saved with
picosecond timesteps, which means for a simulation on the order of 100s of
nanoseconds, tens of thousands of individual structures can be generated. Through
the use of visualisation software such as VMD or PyMOL (55, 56) local structural
changes can be visualised and interactions can be identified which can help with the
subsequent interpretation of experimental data. A number of tools are also available,
beyond the normal MD analysis methods such as RMSD, Rg or PCA, to directly
compare MD generated structures to data obtained experimentally (577 59).

The majority of structural information currently known for BoNTs is from fixed
methods (22, 25, 60, 61), and hence does not contain any information about the
dynamics and relative motions of the domains. The crystals are obtained at a single
pH value, often on truncated proteins, and do not explore the structural change of the

full protein across the activation pH range. By applying solution-based methods to
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these toxins, we hope to further our understanding of the biochemical processes
driving membrane insertion across their pH activation barrier.

1.2.2 Impact of pH environment

Several environmental factors may have an
as temperature, ionic strength, pressure and pH (62, 63). Of particular interest for this
thesis is the effect of pH on protein flexibility, as BoNTs have a strong pH dependence
for their activity. From their currently known structures it is highly likely that parts of the
toxin are displaced to facilitate the transition to a transmembrane channel. It has
already been shown that low pH has a destabilising effect on certain proteins, such as
chymotrypsin inhibitor 2 where a lower unfolding energy was required in acidic
environments (62). This is partially due to the protonation of particular residues and
the resulting electrostatic interactions in the protein (64). Such interactions can be
identified within MD simulations and may inform on the driving forces behind any
observed structural changes, and protein activity. Several studies have been
conducted on individual domains of BoNTs under varying pH conditions, which have
identified certain properties of the LC and the TD likely linked to the translocation
mechanism (651 67). However, these studies do not account for interactions with the
other two domains in the full protein.

Several other proteins have been linked to pH dependent, and specifically
acidic environments, to release their payloads, such as influenza virus hemagglutinin
or ebola virus GP. Both of these rely on a small scale secondary structure change
which exposes a hydrophobic loop normally buried at neutral pH conditions (68). A
similar structural change was observed in the BONT/A TD in isolation, on a small region
which is highly conserved between all BONT serotypes, as well as in TeNT. TeNT also
requires acidic conditions to release its payload (69, 70), in a highly similar fashion to
BoNTs due to their high domain similitude, despite slight differences in their relative
positions. In a previous study, TeNT was shown to adopt a compact conformation,
close to that of BoNT/E, in neutral pH conditions and change to a more expanded
conformation at acidic conditions (71). Due to its closeness to BONT/E, whereby BD
and LC form an interface in neutral pH conditions, a similar investigation into BONT/E

may reveal structural features key to its membrane translocation mechanism. BoNTs
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also contain conserved features from the diphtheria toxin (72), another pH mediated
toxin (73), in their TD. Changes in these ar
region from BoNT/A) across the pH barrier could provide insight into the membrane
insertion process of BONTs, and may help to explain the differences between
serotypes A and E.

By studying BoNTs A and E in a range of solution-based experiments (MD, CD,
AUC, SAXS and smFRET), we hope to uncover some of the currently elusive
structural features that play a role in their transition to a transmembrane channel. By
observing atomic level details in the MD and directly comparing the structures
generated to experimental data obtained in the same pH conditions, we hope to
identify key regions of the protein for future targeted healthcare solutions. In addition
to furthering our understanding of these serotypes individually, biochemical
mechanisms identified may provide an answer to the differences in their kinetic
properties: why does BONT/A has a longer onset of action compared to BONT/E ?
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Chapter 2

Methods Theory
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In this chapter, we discuss the theory behind the methods used in this thesis.
Specfic protocols and conditions used for the experiments presented in this thesis are

included in the relevant chapters separately.

2.1 Protein expression, mutation and labelling

2.1.1 Protein expression

Biophysical study of proteins typically requires relatively large amounts of
material to obtain a good signal to noise ratio and meaningful data. This is most
commonly achieved by over-expression using an appropriate host cell organism. This
can be yeast, mammalian cells, insect cells or Escherichia coli (E.coli) depending on
the target protein. Mammalian cells have the advantage of adding the relevant post-
translational modifications (PTMs) relative to human proteins with a good yield (up to
1 g/L), but are typically harder to maintain. Yeast cells have the highest yield (up to 10
g/L) but take longer to grow and express the protein. They are suitable for large-scale
production in bioreactors. E.coli cells have the fastest turn around with rapid growth
and requiring little maintenance, but they also provide the lowest yield due to the
challenge of scaling up (up to 10 mg/mL). For this project, E.coli was chosen as the
expression system due to its availability and ease of use, as well as the absence of
PTMs required for the protein.

When using E.coli the gene of interest is cloned into a vector conferring
antibiotic resistance, and a promoter mechanism to induce protein production. This
ensures that cells growing post-transformation of the vector are the cells carrying the
plasmid, and allows for control cultures to compare protein expression with and without
induction. The most commonly used induction mechanism is through the T7 promoter
which can be induced with isopropyl-b-D-thiogalactoside (IPTG). Different strains of
E.coli exist which are optimised for either accurate vector replication ahead of DNA
purification for sequencing or stock making (TOP10), or for increased vyield of the
protein of interest (BL21(DES3)). After choosing the appropriate host cell organism and
transforming the vector, the protein can be expressed and purified for biophysical

study.
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2.1.2 Protein mutation

Some biophysical studies require the protein of interest to be mutated, for
stability studies or for labelling purposes, for example. If this is the case, site-directed
mutagenesis through polymerase chain reaction (PCR) may be used. This follows the
standard PCR protocol, but the primers used carry the mutation required. Typically,
the forward primer carries the mutation and the reverse primer is complementary to
the wild type. This means the forward primer will modify the template DNA, and when
the reverse primer reaches the same site it will also add the complementary base to
the mutated one. After repeating this cycle 25-30 times, the amount of mutated DNA
far outweighs the template DNA provided. The PCR product can be cleaned up by
phosphorylation, which only reacts with the mutated strands, and ligated to be re-
circularised. The template DNA is then removed, and the remaining product can be
transformed into an appropriate cloning strain. After growth of these cells, a miniprep
can be performed and the resulting DNA is sequenced to confirm the incorporation of
the desired mutation.

2.1.3 Protein purification

Proteins for biophysical study need to be highly pure and free of contaminants
to ensure any signal detected is wholly from the protein of interest. This can be
achieved through chromatography, of which there are several types. For the highest
purity, affinity tags may be added onto the protein of interest by adding the relevant
sequences to the vector prior to transformation. Typical tags include his-tags, where
several histidines are added to the end of the sequence, and strep-tags, where a
custom sequence of residues is added which binds to streptavidin. A his-tagged
protein can be purified by using immobilized metal ion affinity chromatography (IMAC);
of which the most common is nickel-nitrilotriacetic acid (Ni-NTA). With this method, the
column is equilibrated with low concentration imidazole (& 10 mM) then washed with
slightly more concentrated imidazole (2 20 mM) to remove low-binding proteins. Then
either a linear or stepped gradient elution is done with highly concentrated imidazole
(@ 250 mM) .-tags, the colsimnriseequilibrated with Tris, NaCl and EDTA and
eluted with the same buffer supplemented with desthiobiotin. The column can be
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regenerated by washing with the equilibration buffer supplemented with hydroxy-
azophenyl-benzoic acid (HABA).

Non affinity tag based purifications are also possible if the protein needs to be
studied with minimal interference of the sequence. Some of the most common
techniques are hydrophobic interaction chromatography (HIC), ion exchange
chromatography (IEX) and size exclusion chromatography (SEC). In HIC the sample
is applied to the column in a high-salt buffer, which allows the separation of proteins
based on differences in hydrophobic surface. This is usually used in conjunction with
other chromatography steps as it is not particularly specific. In IEX, proteins are
separated based on their net charge at a specific pH. Using the isoelectric point (pl),
where the net charge of a protein is 0, an appropriate pH value can be selected for
optimal separation of the protein of interest. Two types of IEX exist depending on the
charge of the protein. A positively charged protein will bind to a cation exchange resin,
while a negatively charged protein will bind to an anion exchange resin. Once the
appropriate pH conditions and resin are found, the protein is loaded onto the column
in a low salt buffer and eluted with an increasing salt gradient. This can usually produce
a higher separation than HIC, due to its tailoring to the protein of interest. SEC is a
non-binding method of separation which relies on the size of the protein. A tightly
packed resin is used which increases the apparent column volume for small molecules
compared to larger ones. The larger the column volume, the better the separation;
however this also results in increasingly dilute protein sample recuperated. A particular
type of SEC column can be used for buffer exchanging from high-salt buffers to low-
salt buffers, termed desalting columns. In practice, for a final product with high purity
and without the use of affinity tags, a combination of these 3 methods can be used to
gradually remove contaminant proteins.

2.1.4 Protein labelling

Protein labelling can be achieved by several methods, either using naturally
occurring residues or artificially added ones. A common method for labelling is the
reactivity of cysteine residues, which can be labelled through maleimide reactions.
Using this, it is possible to label cysteines naturally present in the protein if these are

solvent exposed, or mutate sites of interest into cysteines for site-specific labelling.
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However, in the case of large proteins this can be difficult to achieve as there will be
a large number of cysteines already present. This would then lead to non-specific
labelling or require the additional mutation of cysteines to non-reactive residues,
without affecting the structure of the protein. Therefore, a nascent field of particular
interest for this is the development of unnatural amino acids (UAAs), which can be
incorporated into proteins through specialised cellular machinery. These UAAs can be
tailored for specific reactions through custom side-chains such as azide groups for
click reactions with amine groups. Then, custom or commercially available dyes can
be used for site-specific labelling of these UAAs with no risk of non-specific binding to
any other site within the protein.

2.1.5 UAA incorporation

As these residues are, by definition, not naturally present in the culture media,
they need to be supplemented in the growth medium. For this project, p-azido-
phenylalanine (pAzF) was used, which can be purchased in powdered form and
resuspended in 100 mM sodium hydroxide. This can then be added to the expression
culture for incorporation into the protein of interest. The incorporation requires an
additional plasmid co-transformed into the cells, which codes for a suppressor tRNA
and an evolved amino acyl-tRNA synthetase (aaRS) specific for the UAA of interest.
When the mRNA is being translated, the amber codon (TAG) is recognised by the
tRNA loaded with the UAA and it is added to the nascent protein. Figure 2.1 represents
the process schematically. This additional plasmid was pULTRA-CNF (74, 75) which
is also induced by IPTG, and confers the additional spectinomycin antibiotic

resistance.
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Figure 2.1: Schematic representation of the UAA incorporation machinery. The
plasmid used in this thesis combined the suppressor tRNA and the evolved aaRS.

Image taken from: (76)

2.2 Computational methods

2.2.1 Molecular dynamic simulations

2.2.1.1 Standard MD

Molecular dynamic (MD) simulations provide atom level insight into the
dynamics of proteins. They are performed using computational approximations of
forces applied to every atom in the system, and can be started from known structures
in the PDB format. They can be used to obtain information about protein stability,
conformational changes, ligand interactions, as well as reporting on the underlying
causes for such changes. They have been increasingly used in drug design and the
general study of proteins as they are cheap to run compared to experimental work.
They also provide an almost limitless playing ground for testing of multiple conditions
(temperature, pressure, ionic strength, pH) without using any physical material.

However, they remain simulations and only provide an approximation, a lead to be
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further investigated. Therefore, they are mostly used as part of a screening process to
reduce the amount of experimental work downstream. A typical MD workflow is

illustrated in figure 2.2.
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Figure 2.2: A typical workflow for standard MD simulations. Image taken from:
(77).

Two types of forces can be used, classical (Newtonian) mechanics or quantum
mechanics. Due to the increased computational power required for quantum
mechanics calculations this is typically reserved for smaller molecules, while proteins
are studied under Newtonian mechanics conditions. Using an approximation of a force
fiel d, Newtonds equations of motion are applie
to determine its velocity and position at any time point. The force on every atom is
calculated with respect to every other atom such that the force on one atom is:

<

Ca

€

(Eq. 2.1)

with x the coordinates of an atomand Ux)t he potenti al energy fun:

motions are then determined using Newtonbs s
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O aw (Eq. 2.2)

with F the force on an atom, and m and a the mass and acceleration of the atom,
respectively. Then the velocity can be determined from the acceleration, and from the
velocity the atom positions can be updated for every timestep. A typical timestep to
use is of the order of femtoseconds (10-%° s), such that the positions and velocities of
every atom are updated on a timescale shorter than the fastest movements in the
protein.

Force fields define all the interactions between atoms, which includes bonded
(bond lengths, bond rotations, dihedral angles, improper angles) and non-bonded
interactions (van der Waals and electrostatic interactions). These parameters in the
force field are estimated using known experimental and calculated quantum
mechanical data. There is a wide choice of force fields available to use for MD
simulations, all with slight differences in their parametrisation using known data for
different sets of molecules. It is therefore important to choose a force field that is
developed from a set of molecules similar to the molecule studied. The choice of
solvent model is also affected by the force field as some water models are
incompatible with specific force fields. Common force fields are CHARMM, AMBER,
OPLS-AA (781 83), all with multiple iterations of their main parametrisations. MD
simulations can be performed using a number of softwares, including NAMD, AMBER
(separate from the AMBER forcefields), Gromacs, Desmond, CHARMM, as well as
many other commercial software packages. When visualising trajectories obtained by
Gromacs or NAMD, the principal software used is visual molecular dynamics (VMD),
which can also be used for analysis.

Two types of solvation are possible when performing MD: implicit or explicit.
The implicit solvent approximates the average effect of solvent molecules on the
protein surface and does not generate additional atoms in the simulated system
However, it neglects the steric presence of water molecules. Explicit solvent is more
reliable but also adds a significant number of additional atoms for which to solve

Newtons equations, slowing the calculations down. When using explicit solvent, the
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protein is centred inside a simulation box such that it should not extend beyond the
box. Periodic boundary conditions are used to maintain the same quantity of solvent
molecules, such that if a molecule leaves the simulation box it re-enters on the
opposite side. This also applies to the protein if parts of it do leave the box, and the
trajectory can be corrected such that the protein is re-centred. Multiple water models
are available with minor property changes, the choice largely depends on the forcefield
as some are incompatible. Common water models include TIP3P, SPC/E or TIP4P.

MD simulation time is largely governed by the available computational power
and the size of the system. For a large system such as BoNT in explicit solvent, a
significant time in the simulation can be considered as equilibration time, usually tens
of nanoseconds. For significant conformational changes to be detected simulations
should be at least hundreds of nanoseconds long. These long simulations have only
been possible quite recently with advances in computational power. By using the high
performance computer (HPC) Kathleen at UCL, we were able to achieve 400 ns long
simulations and repeat these multiple times for each condition studied.

2.2.1.2 Constant pH MD

Standard MD can be used to simulate a system in set conditions such as
temperature, pressure and ionic strength; however simulating true constant pH is more
challenging as it would require re- or de-protonating the relevant side chains frequently
throughout the simulation. This in turn would constantly affect the number of atoms
present in the simulation and would require updating the files accordingly. Some
workarounds are possible, and a script has been developed for use with NAMD. This
script performs two operations side by side: one normal MD run as described above,
and one constant pH (cpH) specific run. In the cpH specific step, both the conformation
and the protonation states are tested, the latter being dependent on the conformation
and the pKa of the residues. During this search, some trajectories will be discarded
until one fits the correct requirements (figure 2.3). Then the regular MD starts from the
end of the cpH specific trajectory for a short time until the next cpH testing. This results
in significantly increased computational costs, as effectively two trajectories are being
generated including one which samples both protonation state and conformation. The

protonation state is calculated based on the conformation and the pKa of the residue,
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and the chosen pH to simulate. To avoid the issue with changing numbers of atoms
throughout the trajectory, this script generates dummy protons which are activated or

not depending on the protonation state of the residue.
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Figure 2.3: Schematic representation of a cpH run. Regular MD is in blue, cpH

specific in green. Image taken from (84).

2.2.2 MD data analysis

The trajectories generated by MD simulations can provide a very broad range
of information, the most common of which will be discussed here. A number of distance
based values can be obtained, including the root mean square deviation (RMSD). This
is a measure of how much the protein has deviated from a reference structure and is
given for every timepoint recorded in the trajectory. Typically, there will be a sharp
increase in RMSD at the start of the simulation followed by a brief plateau, due to the
protein in presence of explicit solvent relaxing to a lower energy state from the starting
point. Then, if the simulated protein remains very close to the reference structure this
value will remain within a narrow range of values. If the protein deviates from the
reference structure the RMSD will increase. A related value which can provide

structural information is the radius of gyration (Rg) which reports on the apparent size
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of the protein. It is defined as the root mean square average of the distance of all
scattering elements from the centre of mass of the protein. Therefore, a more
extended structure would have an increased Rg value with respect to a compact
structure of the same protein. Finally, root mean square fluctuation (RMSF) measures
the average displacement of individual atoms over the course of the trajectory, without
the use of a reference structure. This can be used to identify dynamic or flexible
regions within proteins.

Linked to the RMSF calculation is the cross-correlation value, which provides a
view of residues in the protein moving at the same time. This can inform, for example,
of potential sites to mutate for stabilising effects without affecting an active site. It can
also highlight whether multiple regions are likely to be involved in the same interaction
event such as membrane binding.

The solvent accessible surface area (SASA) of a protein can also be calculated
and monitored over time in MD trajectories, and can be used to detect structural
changes linked to burying more of the protein or exposing larger patches to the solvent.
This value can be obtained for both the full protein and on a residue basis, to detect
specific residues potentially involved in interactions linked to solvent accessibility.
2.2.3 Principal Component Analysis

Principal component analysis (PCA) is a useful tool for the classification of large
datasets and to identify patterns hidden within. It is based on the variation within the
sample and can be used to cluster similar groups of data points within the data set. In
the case of MD trajectories, it is used to group structures of similar conformations. This
can be used within a single trajectory to identify distinct conformations; but it is perhaps
better used when combining multiple trajectories and simulated conditions. By
applying PCA to a single trajectory combining multiple conditions, similar structures
can be grouped and the direct effect of the conditions can be observed by checking
the cluster distribution as a function of the conditions tested. A package for the R
language is available, Bio3D (85), which provides the tools to perform PCA and
clustering on a MD trajectory. The first step is to create a three dimensional matrix
from the trajectory. PCA is then applied to this matrix, and a first analysis determines

the optimal number of clusters to use to account for the majority of the variance. The
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PCA object is then grouped into the determined number of clusters and a two column
file comprising of frame number and cluster is generated. Finally, the frame which has
the lowest RMSD with respect to the other frames in the same cluster (the cluster mid-
point) is output. By linking the frames to their MD conditions, the distribution of clusters
per condition can be calculated and may reveal, for example, a conformation exclusive
to a particular condition.

2.2.4 Fitting of MD frames to experimental data

While MD data has proven increasingly reliable over time with the development
of more accurate force fields and solvent models, it is crucial to be able to compare
the simulations data with real-world results. Some tools are available to help with that,
and of particular interest for this project are two web-based servers which predict
circular dichroism (CD) and small-angle X-ray scattering (SAXS) data from MD
trajectories. The former is PDBMD2CD (59), which uses a combination of least-
squares and linear fitting of reference spectra for known secondary structures to
generate theoretical CD spectra of an input structure or trajectory. The latter is SASSIE
(57), which comprises multiple modules including the generation of theoretical SAXS
curves from input MD trajectories. These theoretical SAXS curves are then compared
to the experimental by using an R-factor fit using the equation:

B A y:3

Y WP T TT (Eq. 2.3)

with lexpt(Q) and Itheor(Q) the experimental and theoretical intensities at Q, respectively.
From Eq. 2.3, a perfect match of experimental and theoretical curves would lead to an

R-factor of 0%; and any deviation from this would result in an increased R-factor.

2.3 Solution structure methods

2.3.1 Circular dichroism (CD)
Circular dichroism (CD) relies on the absorbance of circularly polarized light by
a solution in the light path. Circularly polarized light is generated by rotating the

direction of the electric field vector about its propagation direction. The signal
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measured by CD is the difference between the absorbance of left- and right- circularly
polarized light. In the context of bio-applications CD is used to determine the
secondary structure of a protein, due to the specific CD signal produced by different
secondary structure features. U-h e | i esehse e tbsturne all prbduce recognisable
CD signals (figure 2.4) which can be deconvoluted by fitting to known CD signals and
the secondary structure distribution of any signal measured can be determined. The
most common used fheleds which proadsce d disantt mimifumUat
222 nm. This can be used to determine the percentage helicity of a sample, and can
be used to determine the melting temperature in a heating experiment or detect
induced unfolding with increasing chaotropic agent concentration. The raw CD signal
for proteins is usually converted into units of mean residue ellipticity (MRE) by dividing
the molar ellipticity of the protein by the number of residues. The raw output of CD is
in millidegrees (mdeg) which can be converted to molar ellipticity [d] by the following

equation:

L (Eq. 2.4)

with [d] the molar ellipticity, mdeg the raw CD output, M the average molecular weight

in g/mol, L the pathlength in cm, C the protein concentration in mg/mL.
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Figure 2.4: Typical CD signals of the most common secondary structural

features. Image taken from: (86).
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2.3.2 Analytical ultra-centrifugation (AUC)

Analytical ultra-centrifugation is a low-level biophysical study which can be used
to determine protein aggregation or conformational changes in a protein in solution.
The principle is straightforward: a protein sample is loaded into a sample cell alongside
a slightly larger volume of matching buffer, in separate chambers. The sample cell is
then spun at high RPM (typically 40K) and the protein is pushed through centrifugal
force towards the bottom end of the cell. As the cycle runs, the cell passes in front of
an objective which records the radial absorbance and the equipment stores all the
readings in order. At the end of the run, the files can be analysed and the
sedimentation velocity of the protein is determined by fitting the radial absorbance

scans using the Lamm equation:

— 00— -— 011 11— ¢ (Eq 2.5)

with ¢ the weight concentration of protein, D the translation diffusion coeffcient, t the
time, r the radius and ¥ the rotor speed. D is defined by RT/Naf, with R the gas
constant, T the temperature, NaAvogadr odés number, and f the f

The protein under these conditions is affected by a force Mp.¥ 2.R, where Mp is
t he parti ¢he ®torspeedsnd R1is the distance from the centre of the rotor
in radians per second. A counterforce is applied due to the mass of solvent displaced,
Ms, Ms. %.R. Therefore the observed, or buoyant, mass of the protein is measured as
Mo=Mp. (173} ), with 3 the partial specific vol u

density. Then, the sedimentation coefficient s is given by:

i — (Eq. 2.6)

The higher the value of s, the faster the protein is sedimenting. Therefore this
can be explained by either the buoyant mass increasing, or the frictional ratio

decreasing. If the protein aggregates the buoyant mass will increase faster than the
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frictional ratio and result in an increased sedimentation coefficient. If the protein does
not aggregate and the sedimentation coefficient measured changes, this indicates a
change in the frictional rati o which means
follows that an observed decrease in sedimentation coefficient translates to a more
extended conformation of the same protein.
2.3.2 Small-angle X-ray scattering (SAXS)
2.3.2.1 Data acquisition
Small angle X-ray scattering (SAXS) is a higher sensitivity solution based
method than AUC which can detect conformational shifts and give an indication of the
resulting structure, information lacking from the AUC analysis. The sample is placed
in the path of a focused X-ray beam which gets scattered by the electrons. The
scattered photons are then detected and the intensity recorded as a function of the
scattering angle. The recorded scattering data provides information on the rough size
and shape of the molecule. A s@=a2ddin@), & nigs equ i
t he wavelength, d the spacing between the pl
angle between the incident ray and diffraction planes) is used for SAXS measurements
using the scattered vectorksT ki(ks=2" / &, s c at tke=r2'e/dmcdentvectorn).;
The scattering vector magnitude is then:

0 (Eq. 2.7)

with 2d the scattering angle; and Q given in units of nm-,

In SAXS the process is elastic and coherent, meaning the scattered beam
keeps the same energy as the incident beam but modifies the propagation direction
(elastic) and multiple scattered waves can interfere to create a single wave in a specific
direction (coherent). The final scattering signal recorded is the sum of the contributions
from all pairs of scatterers. The final raw data output is given in intensity versus
scattering vector, 1(Q) vs Q. This is plotted in reciprocal space by integration of the
radial average of the scattering pattern about the position of the main beam, and can
be transformed to real space as the distance distribution of the point scatterers, P(r).
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The scattering intensity is recorded for both the protein in solution and the matching
solution free of protein. The solution only scattering data is subtracted from the protein
scattering data; and assuming a highly pure mono-disperse sample this scattering is
equivalent to the scattering of one single particle in every direction.

The intensity typically falls very quickly with increasing Q values, and it is
necessary to collect data from multiple concentrations of the same particle to then
merge low Q data from low concentrations and high Q data from higher
concentrations. This may not be possible if the protein is very aggregation prone, in
which case a single reading at an average concentration (& 1-2 mg/mL) can provide
sufficient information. A single reading of a SAXS measurement still records scattering
data from a large number of proteins, and is the average scattering signal from a short
exposure of & 3 seconds during which multiple snapshots are recorded. Intensity at
low Q values can be affected by inter-particle distances and are extremely sensitive
to aggregation, but also provide information about the size of the protein in a non-
aggregated sample. Data from the higher Q regions provide information about the
intra-particle distances and correspond to higher order structural information. The

intensity is measured at each Q value by the Debye equation:

"CO B B "0 (Eq. 2.8)

with f, and fq the scattering lengths of electrons at points p and g within the protein, at
a distance r from each other.

For a SAXS experiment, high energy X-rays are required due to the low
probability of a scattering event between X-rays and electrons. Sources of suitable X-
ray beams are relatively rare, with some synchrotron sources in Japan (INS-SOR,
Tokyo), France (ESRF, Grenoble) or the U.K. (Diamond Light Source, Harwell science
campus).

2.3.2.2 Data analysis

As mentioned previously, the raw data first needs to be processed by
subtracting the buffer only scattering data from the protein scattering data. Two key

aspects to look out for in this step is whether the sample is aggregated or not, and
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whether the buffer matches the sample buffer. If the protein is aggregated, the intensity
will have a steep upwards curve in the very low Q region, also referred to as the Guinier
region. If the buffer does not match perfectly the sample buffer, the curve will slope
downwards in the Guinier region. This is illustrated in figure 2.5, with a good sample
for reference. If the sample is monomeric and the buffer matches perfectly then the
Guinier region should be linear. This linear region is used for the Guinier analysis,
which provides a value for the Rg of the protein. This relies on the Guinier
approximation which states that in very low Q regions, 1(Q) = 1(0) x exp(-(Rc?.Q?)/3).
This can be rewritten as:

~

I "Co I Cn —_ (Eq. 2.9)

which when plotted as In(I1(Q)) vs Q? gives a linear plot with a slope of -Rc?/3. By fitting
this linear curve, the Rg value can be estimated. As an additional test to monitor
aggregation it is recommended to check 1(0)/c, with ¢ the concentration. If this remains
constant, the curves obtained at multiple concentrations can be merged. The linear fit
to the curve should only be used between values of Q.Rg of 0.5 and 1.5 for the best
accuracy (87). It is not unusual to measure a slightly higher Rg value than expected
due to the scattering of the hydration layer surrounding the protein. This is a small
layer of higher density electrons in the solvent in direct contact with the protein, and is
different enough from the bulk electrons to be detected in the scattering signal
recorded.

By applying an inverse Fourier transform on the full Q range, the I(Q) data can
be converted back into real space (nm). This new curve is the distance distribution
function, P(r), and gives a probability distribution of all atoms in the protein by distance.
This curve starts at 0, as no two pairs of atoms are at 0 nm distance, then increases
to a maximum probability which represents the distance most common between two
atoms. After this maximum, it falls back down to 0 beyond a maximum distance value,
Dmax, which corresponds to the maximum distance between two atoms. The shape of
this curve holds information about the structure of the protein, particularly in multi-

domain proteins such as antibodies, or BoNTs. For illustration purposes, a perfect
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sphere would have a Gaussian distribution, with a maximum at Dmax/2, Dmax being the
diameter of the sphere. A real-space Rg value can be obtained from this curve, which

should agree with the Guinier approximation value. The P(r) curve is defined by:

CA

i —  CO &89 Wi Q

>v

Ca

(Eq 2.10)

An optimal P(r) curve would use infinite Q values, in practice this is constrained by
Dmax.
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Figure 2.5: Example of a monomeric sample and highly / minimally aggregated

0.15 0.2

sample. Example of over / under subtracted buffer, if the sample and buffer did
not match. Images taken from: (88, 89).

A second commonly used transformation of the 1(Q) data is known as the Kratky
plot (figure 2.6), which is a representation of Q2.I1(Q) vs Q. This plot provides
information on the flexibility and structure of the protein based on the shape. A globular
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folded protein will display a single Gaussian-like peak; an unfolded protein would have
a logarithm-like increasing slope. Anything in between those two extremes inform on
flexible regions within proteins or multiple domains being responsible for the

scattering.

A

Globular protein

Unfolded protein

gl

Partially flexible protein

Multidomain protein

q

Figure 2.6: Example Kratky plot of theoretical proteins. Image taken from:

Stanford Synchrotron Radiation Lightsource web-page (at time of writing: https://www-

ssrl.slac.stanford.edu/smb-saxs/content/data-analysis-primer).

Finally, theoretical SAXS curves can be generated from MD simulations which
can then be directly compared to the experimental curves obtained using an R-factor
fitting as described previously. This reinforces the value of SAXS experiments, with

direct visualisation possible of matching three-dimensional structures.
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2.3.3 Single-molecule fluorescence resonance energy transfer (SmFRET)
Fluorescence is a physical property of certain molecules which absorb photons
at a particular wavelength and re-emit new photons at an increased wavelength. By
absorbing a photon they enter a higher energy state; and when relaxing back to their

ground state they release photons at a higher wavelength, as represented in figure
2.7.
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Figure 2.7: Jablonski diagram representing the process of fluorescence.
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Typically, due to the diffraction limit in optical microscopy it is impossible to
accurately resolve structures lower than a2, i.e. 200 nm when using far blue
wavelengths and up to 350 nm when using far red. Proteins are significantly smaller
than this, with even large proteins such as antibodies or BoNTs only reaching 10 nm.
Therefore it is not possible to observe any conformational changes directly using
standard microscopy. But by using the phenomenon of FRET, this becomes possible.

FRET, or fluorescence resonance energy transfer, is sometimes also referred
to as F" rster resonance energy transfer after Theodor F~ rster who developed the
technique in the late 1940s. It makes use of the physical properties of fluorescent
molecules and relies on the extreme distance dependence of the transfer of energy
between a donor and acceptor dye. The donor is excited at an appropriate wavelength,
which places it in a higher energy state. As it relaxes back to the ground state, it emits
a photon at a wavelength far enough to be detected separately to the excitation beam.
This photon in turn excites the acceptor dye, which undergoes the same process. A
fourth wavelength photon is emitted by the acceptor and can be detected using
appropriate detectors. The efficiency of the energy transfer is inversely proportional to

the sixth power of the distance between the two dyes following equation 2.11 (90).

Oi o (Eq. 2.11)

With Ro the F~ rster radius, defined as the distance where the efficiency is 50%, and r
the distance between the two dyes (91).

By using two dyes with a known F~ rster radius, FRET can be used as a highly
sensitive measurement tool, with minor displacements having a large effect on the
transfer efficiency. The optimal distance for FRET measurements is between 2 and 10
nm; with the efficiency above 10 nm falling to levels indistinguishable from background
noise in any measurements. The efficiency can also be measured by the ratio of
acceptor photons being emitted to the total emission detected by the donor and

acceptor dyes (equation 2.12).
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o — (Eq. 2.12)

With Fa and Fq the intensity detected in the acceptor channel and the donor channel,

respectively.

By measuring the intensity of the acceptor and donor channels, a value of the
transfer efficiency can be obtained and then matched to a distance by equating
equations 2.12 and 2.11.
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Figure 2.8: Example diagram of a FRET optical setup, with the excitation wavelength
slightly lower than the of the donor emission; the overlap between donor emission and

acceptor excitation; and the final acceptor emission wavelength.
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Other transfer efficiency detection methods are possible (92) such as the
recording of photon lifetimes, which are recorded over the duration of the
measurement and averaged at the end. If the donor and acceptor dyes are in close
proximity, the average lifetime of the donor photons will be shorter, as they are being
absorbed faster by the acceptor. If the distance is larger, their lifetime will be longer.
The efficiency is then defined as:

o p — (Eq. 2.13)

With T andt the average lifetime of a photon of the donor channel in the presence

and absence of the acceptor, respectively.

In smFRET, the FRET is measured within the protein itself rather than between
two proteins. To achieve this, two sites are labelled with respectively a donor and an
acceptor dye on the same protein, and concentrations used are low enough (10-100
pM) to only illuminate one single protein in the sample at any given time (93). The
efficiency is then determined by recording the photon lifetimes and the intensity in the
appropriate channels. The detectors used in a FRET setup do not natively select for
wavelengths and detect photons irrespective of their source. Typically, the back-
reflected light from the sample passes through a dichroic mirror which separates the
excitation beam; and is then focused using a pinhole (confocal microscopy) and
guided to the detectors with mirrors. By using a second dichroic mirror it is possible to
maximise the reflection of the donor photons onto one detector; while allowing photons
from the acceptor channel to leak through to a separate detector. To further select for
the donor and acceptor photons, appropriate filters are placed ahead of the detectors
to filter out any excess photons which could influence the readings and hence the
transfer efficiency value. This is represented schematically in figure 2.9. The detectors
are known as avalanche photodiodes (APDs), which have the capacity to detect single
photons. Also mounted into the equipment are electronics which record the arrival time
of every photon, which can then be used to determine the average lifetime.
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The data from smFRET measurements is usually referred to as FRET bursts,
due to the low background fluorescence with long photon lifetimes in the absence of
a tagged protein. In contrast, when a labelled single molecule passes in the focal point,
a burst of high intensity, short lifetime photons are emitted which can be differentiated
from the background (94, 95).
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Figure 2.9: Schematic representation of the FRET setup, with the different mirrors and
filters in place to select for the acceptor and donor photons. Image taken from: (96).
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The advantage of SmFRET compared to other bulk-based methods is the ability
to resolve each i ndThemahnsaven asmadl populatiod af raei g n a |
conformations can be detected and separated from the main population; whereas this
information would be lost in SAXS due to the averaging over all scattering particles
present in the sample. The use of confocal microscopy is crucial to the accurate
detection of single particles, as it removes out of focus light from the beam which
reaches the detectors. This means any scattered light from water molecules or

proteins outside of the focus is not recorded while one protein is in the focal point.
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Chapter 3

Molecular dynamics simulations show pH

mediated solution behaviour of BONT/E
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3.1 Summary

Molecular dynamics are still a relatively recent tool for the study of proteins
compared to more established methods such as X-ray crystallography or nuclear
magnetic resonance (NMR). However, even in the early days of computation, they
were able to accurately recreate known conformational changes in well-studied
proteins. Nowadays, thanks to exponentially increasing computational power, they are
an invaluable tool in drug design and optimisation. Continued interest in this field and
collaboration with computer scientists has led to more accurate force-fields, and the
ability to study larger systems on increased timescales. With high throughput testing
of multiple proteins and mutations, the theoretical properties of novel compounds can
be tested with minimal cost compared to experimental work. From binding studies to
stabilising mutations and environmental effects, a broad range of information can be
obtained to reduce the downstream experimental analysis required. This leads to
fewer target compounds requiring testing and speeds up the drug design process.

In this chapter, we have generated long MD simulations of the BONT/E protein
in explicit solvent, under simulated pH conditions. The range of pH studied
encompasses the critical pH 5 barrier required for activity of this protein, with 3
conditions at and below pH 5 and 3 conditions above pH 5. The results display a clear
conformational shift for this protein across the threshold and may help in
understanding the payload delivery across the membrane, a poorly understood step.
Specifically, we show that the protein requires an increase of its apparent size by
increasing the separation between the light chain (LC) and the binding domain (BD).
This is made possible by the increase of positive charge on both domains. A subtle
secondary structure change in the translocation domain (TD) contributes to a
membrane insertion mechanism, likely in unison with two other regions of the protein.
Finally, we show that a novel conformation of this protein is present exclusively in
simulations at a pH lower than 5.5, which may be crucial for membrane insertion by

increasing the overall surface exposure of the protein and exposing parts of the TD.
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3.2 Introduction

pH-mediated activation of proteins has been observed in a number of systems,
perhaps most notably in the close BONT/E structural homologue tetanus neurotoxin
(TeNT) (69). Another relevant example is the diphtheria toxin, of which some structural
features are conserved in BONT/E (72). Previous work has revealed that TeNT exists
in a conformation close to that of BONT/E in neutral pH conditions, and adopts a more
extended conformation after crossing the activation pH threshold (71). The sequence
and structur al homol ogy of TeNT to BONT/ E, €
spatial arrangement, warrants an investigation of BONT/E. Indeed, while the overall
action of BONT/E is well understood, so far the specific structural changes driving the
activation have not been observed; nor have the biochemical properties driving these
structural changes.

MD simulations are a relatively recent tool for the study of proteins and are
increasingly accurate (971 99). As advances in computational power and development
of user friendly tools accelerates, significantly longer simulation times can be achieved
on large systems such as BoNTs. The current MD landscape for BoNTs, and BONT/E
in particular, is limited to short simulation times and does not scope out the range of
pHs around pH 5 (100, 101). An in-depth analysis with additional pH conditions and
longer times may provide insight into the mechanism of action of BONT/E. Increased
simulation times are paramount when attempting to observe significant structural
changes in a large protein (102), as the system will have a longer equilibration time
which should not be used for analysis. Beyond the increased simulation times, more
repeat simulations can be performed in a shorter time. In MD, even more so than in
experimental conditions, repeats are critical for an objective look at a system. Despite
the starting point being the same in each simulation, the energy minimisation step may
result in a lower energy state which will in turn affect how the protein behaves. Building
a large array of structures and trajectories from the same starting point allows for
statistical analysis and the observation of potential short-lived states.

Previous MD based studies identified on BoNTs have focused primarily on
BoNT/A (100, 101, 103) and were limited in their range of pH simulated as well as their

simulation times. Typically, for MD simulations to accurately capture full domain
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movements they require to reach 10"1* i 10® s (102), which many of these studies fall
short of. Other works have focused on single domains in isolation, or truncated BoNTs
with just two of the three domains (66, 104). These studies also propose answers for
guestions relating to the catalytic activity or receptor binding of the toxin, but do not
offer insight into the specific membrane insertion process prior to LC release. Beyond
the particular importance of pH for these toxins, the protonation of precise residues
has been shown to increase flexibility in other systems in acidic environments, such
as chymotrypsin inhibitor 2 which displays a lower unfolding energy barrier (62, 64).
By performing longer simulations on a broader range of pH studies and using the full,
wild-type toxin we have provided a fresh look at the biochemical properties of this toxin
and some of the driving mechanisms for its transformation into a transmembrane
channel.

The MD simulations presented in this chapter revealed a paradigm shift for
BONT/E in pH conditions above and below pH 5, coinciding with the activation barrier
for this protein in vivo. This was first observed by an increased flexibility and apparent
size of the protein through raw RMSD and Rg data. The RMSD analysis was then
adapted to determine inter- and intra-domain structural changes by relevant residue
selections and revealed a translational movement of the BD with respect to the TD+LC
domain, with very little change observed in the intra-domain data. In an attempt to
explain the separation of the BD from the LC, the charge distribution as a function of
pH was obtained with particular focus on the interface of the two domains. This
revealed a sudden loss of positive/negative charge interaction when lowering the pH
from pH 5.5 to pH 5 and may explain the movement observed.

Additionally, the overall SASA of BONT/E increased in the lower pH conditions
up to a near maximum at pH 4.5, with the steepest increase found between pH 5.5
and pH 4.5. This was in part due to a local secondary structure change of the TD,
observed exclusively in pH conditions at and below pH 5. This region is conserved
across BoNT serotypes and TeNT, and has been shown to be critical in membrane
insertion for BONT/A (67). Furthermore, this region was found to have high dynamic
correlation with two other regions of the toxin with the highest correlation found at pH

5 specifically. Finally, using half of the total structures generated due to computational
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limitations, PCA was applied to a single trajectory made up from the full set of
structures generated (6 pH conditions, 4 repeats per pH, 400 ns for each simulation,
resulting in a total of 840,048 structures after removing the 50 ns equilibration time).
This analysis reinforced the pH dependent nature of the structural changes observed,
with one cluster of conformations exclusively obtained from pH conditions at and below
pH 5. This family of conformations has an increased Rg relative to the starting
structure, and leaves the TD more solvent exposed in good agreement with it being

critical for membrane insertion prior to LC release into the cytosol.

3.3 Methods

This section describes the specific protocols followed for the work presented in
this chapter. For a description of the theory behind the methods, see chapter 2.

3.3.1 Molecular dynamic simulation conditions

The starting PDB file for all of the simulations was taken from PDBID: 3FFZ
(22) which is a crystal structure obtained at pH 7.0. Simulations were performed on
the wild-type toxin to stay as close as possible to the real world; while experimental
work was performed on a mutant, non-toxic version of the toxin to remove the highly
constraining safety measures which would have been required with the wild-type toxin.
The mutations present in the toxin used experimentally are located in the buried zinc
binding region of the LC and are unlikely to impact the experimental studies described
herein.

A set of simulations was attempted using a NAMD (105) script for constant pH
(cpH) MD simulations (106). 6 pH conditions were simulated, 4, 4.5,5,5.5,6 & 7, ata
temperature of 300K and pressure of 1 bar. A timestep of 2 fs was used with
coordinates saved every 10 ps. However, the calculations involved and the size of the
system resulted in very slow progress and these simulations were stopped early. The
forcefield used was CHARMM36 (78) and the simulations were performed in explicit
solvent, with a water box using the SPC/E model (107); charge inside the box was
neutralized using Na and CIl counter ions. Only one 100 ns trajectory was obtained
from these simulations for pH 4, 4.5, 5 & 7; and one trajectory each for pH 5.5 & 6 of
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85.02 ns & 95.24 ns respectively. The analysis of the cpH trajectories is presented in
appendix 1.

A much larger dataset was obtained from MD simulations using gromacs v5.0.4
(108, 109) with pH conditions simulated on the starting structure without adjustment
throughout the trajectory. The same 6 pH conditions were tested and simulated using
the AMBERO3 forcefield (83) and the APBS portal (110), with 4 trajectories per pH
generated, each 400 ns long. The temperature was set at 300K with 1 bar pressure,
with the protein centred in a cubic box of explicit solvent (SPC/E water model) and
placed at least 1 nm from the sides. The system was first energy minimised using a
steepest-descent algorithm with maximum 50,000 steps, a step size of 0.01; and the
process stopped once the maximum force was < 1000 kJ/mol/nm. The system was
temperature equilibrated with an NVT algorithm of 100 ps, a timestep of 2 fs, using the
leap-frog integrator. A 1 nm cut-off distance was set for the short range electrostatic
and Van de Waals interactions. The temperature was maintained using a modified
Berendsen thermostat. The pressure was equilibrated using an NPT algorithm of 1 ns,
with a timestep of 2 fs and maintained with Parrinelo-Rahman coupling. Finally, for the
unrestrained simulation trajectory, the timestep was kept at 2 fs with coordinates saved
every 10 ps. The gromacs generated data and analysis is presented in this chapter.

3.3.2 MD trajectories analysis

3.3.2.1 Gromacs

The solvent accessible surface area (SASA) of the protein was calculated using
the GMX SASA function (111) of gromacs, which provided a global SASA
measurement of the full protein as well as an average SASA value for each residue.
For the SASA values, an average was calculated over the final 200 ns of the simulation

for each of the 4 repeats per pH; and the average of these values was taken as the

final val ue. Gromacs 6 GMX caRWas Fesidue noat maam n

square fluctuation (RMSF) values, and as for the SASA the average over the last 200
ns was used for each trajectory, and this value was averaged over the 4 repeats per
pH. For some of the subsequent analyses (PCA, RMSD, Rg) a backbone only file was
created from the main trajectory using GMX TRIJCONV.

3.3.2.2 VMD
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VMD (112) was used on an external high performance research computer to
rapidly manipulate the trajectories. The first step was to combine all 24 trajectories (6
pH conditions, 4 repeats per pH) into a single trajectory while removing the first 50 ns
of each trajectory, considered as equilibration time for the size of this system. The
protein in this new trajectory was aligned using the translocation domain and light
chain (TD+LC) residue selection, so as to observe the relative movement of the
binding domain (BD). Then 8 total trajectories were generated: 1 trajectory for each
pH combining all 4 repeats; 1 trajectory combining all 24 simulations; 1 reduced
trajectory combining all 24 simulations but skipping every other frame. The single
trajectory per pH was used for deriving dynamic cross correlation data (using Bio3D
package in R, see below); the full trajectory was used for root mean square deviation
(RMSD) and radius of gyration (Rg) calculations; and the reduced trajectory was used
for principal component analysis (PCA) (also using Bio3D in R).

The RMSD data included domain specific analyses and global protein RMSD.
Scripts were written to perform these actions using the VMD tool command language
(Tcl). First the reference backbone only PDB file was loaded, then the combined
trajectory file. Several atom selections were created: 1 for the BD, 1 for the TD+LC, 1
for the fAswitcho r egitommseléctdoa aduplidate seledidnevas) . For
also created at the fixed frame of reference. A loop over the full trajectory then
calculated the RMSD of each selection with respect to itself (intra-domain RMSD) and
with respect to its starting point (inter-domain RMSD). The Rg of the full protein was
also calculated for each frame. All this data was written to an excel compatible file for
further analysis.

3.3.2.3 Bio3D Package

The Bio3D package (85) in R was used to perform dynamic cross correlation
analysis on the combined pH trajectories, which provided insight into areas of the
protein displaying activity in a correlated manner. Using the reduced trajectory (24
trajectories, 50% of total frames) PCA was used to determine if and how the data could
be clustered into groups of similar structures. For this, several common R libraries

were used and some to help with the large amount of data to treat. Specifically, the
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fastcluster library (113) helped to perform the hierarchical clustering on a total of
420,024 frames and the parallel library enabled parallel computing on 36 cores.

3.4 Results and discussion

3.4.1 Whole protein RMSD and Rc analysis reveals a behaviour change in
pH OS5 and pH>5

The first level of analysis was to check the RMSD and Rg of the protein over
time, and is presented in figure 3.1. In simulations at and above pH 5.5, the majority
of the data remains at a close to constant level throughout the 400 ns and across all
repeats. There are only two trajectories displaying a change in RMSD, however this
change does not translate to a change in Re. These two trajectories will be addressed
further, in the PCA analysis. The Rg in these conditions remains at the starting value
of 3.60 nm, which corresponds to that of the PDB crystal structure (PDB ID: 3FFZ
(22)). By contrast, in simulations below pH 5.5, both the RMSD and Rg data fluctuates
significantly in several repeats. In some cases, the RMSD ends on an upward slope,
suggesting larger differences from the starting point could have been reached with
longer simulation times. Furthermore, the change in RMSD in most cases under these
conditions also translates to a change in Rg, and specifically an increase to a common
final value of 3.82 nm (+6%). The shift in behaviour occurs across the activation pH
barrier of these proteins in vivo, suggesting that the change observed here may be
directly related to the membrane insertion of this toxin. The behaviour change as a
function of pH is made more evident by sorting the above data into bins of 0.05 nm
width. This is shown in figure 3.2 and highlights the pH dependence, particularly for

the increase in Rg.
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Figure 3.1: Rc (top) and RMSD (bottom) over time for each repeat of BONT/E MD
trajectories. For future analyses, only the final 350 ns were used. This shows the
variability between repeats for pH 4 to pH 5, implying increased flexibility compared to
pHs 5.5t0 7.
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Figure 3.2: Data from Figure 3.1 sorted into 0.05 nm width bins, and combining
all trajectories for each pH. By accounting for all the repeats per pH into a single
plot, the pH dependence of the R and RMSD values stands out more clearly.
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3.4.2 Domain specific RMSD analysis shows that the binding domain separates
from the light chain

In order to establish what the contributing factors to the increases in RMSD and
Re were, atom selections covering domains were used. One selection comprised the
light chain and the translocation domain (TD+LC), the other the binding domain (BD).
Then the RMSD of these two selections was measured by aligning them to the
reference frame (time 0) so as to measure the intra-domain RMSD. This provided
information about whether the domains were unfolding or kept their structural integrity
throughout. Then, the RMSD of both selections were measured while aligning the
opposite selection. This measured the RMSD of the selection with respect to its
starting position, i.e. how far from its initial position the BD (or TD+LC) had moved
while the TD+LC (or BD) remains fixed. The data was then sorted into bins and is
presented in figure 3.3. The results show that each domain remains structurally sound
throughout the simulations, with the intra-domain RMSD never exceeding 0.5 nm in
any pH condition. When looking at the inter-domain RMSD however, there is a
paradigm shift at and below pH 5. Under pH conditions higher than pH 5, the inter-
domain RMSD remains low, while the higher value bins are populated by simulations
at and below pH 5. This indicates that the increase in global protein RMSD and Rg is
due to a translational movement of the BD with respect to the TD+LC rather than the
domains losing their secondary structure. A separation of the BD and the LC would
resultin an increase in SASA and, more specifically, expose new areas of the TD. This
is in good agreement with the pH mediated activity of this protein (and its homologues
BoNT/A and TeNT), which is believed to form a trans-membrane channel with the TD
(65, 114, 115), through which the LC is released into the cytosol.
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Figure 3.3: Domain specific RMSD analysis, sorted into 0.05 nm width bins. (a)
Intra-domain BD RMSD. (b) Intra-domain TD+LC RMSD. (c) Inter-domain RMSD with
mobile BD and fixed TD+LC. (d) Inter-domain RMSD with mobile TD+LC and fixed
BD. This representation shows that the domains remain stable throughout the

simulations, in all pH conditions. The RMSD observed previously comes from inter-

domain movements.
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3.4.3 Charge and salt-bridge content plays a crucial role in the activation of
BoONT/E

With a clearer picture of the contributions to the RMSD and Rg increases in low
pH simulations, the question of the underlying causes for such a behavioural shift
across the pH 5 barrier arose. The main differences of the protein setup for different
simulated pH conditions were protonation states of ionizable groups of amino acids
resulting in different charges of the protein under each pH condition. The total charge
on the protein was higher at low pHs, and lower in high pH conditions. By plotting the
charge as a function of pH (figure 3.4) it became apparent that the rate of change of
the charge per pH on each atom selection (BD and TD+LC) was significantly higher
between pH 5.5 and pH 4.5; matching the activation barrier of this toxin. Additionally,
pH 5.5 is the first pH (from high to low) where the charge on both atom selections is
positive. Therefore, the subsequent increase of positive charge on both selections as
the pH is lowered may also increase electrostatic repulsion between the BD and the
LC. To verify this theory, the charge locations were visualised in PyMOL and two
interaction sites were observed at the interface between the LC and the BD. On both
these sites (figure 3.5) there is a loss of positive/negative charge interaction between
pH 5.5 and pH 5, suggesting that these two sites play a role in the observed separation
of the BD from the LC. With the lower pH conditions also playing a role in salt-bridge
breaking, the quantity of salt-bridges present in the starting structure per pH was
plotted (figure 3.4). This revealed the same pattern as the charge plot: a steep loss of
salt bridges between pH 5.5 and pH 4.5; while the quantity is constant between pH 4.5
and pH 4 and between pH 5.5 and pH 7. These two factors combined are therefore
believed to play a role in the activity of this toxin and explain the differences in the data

presented above across the pH 5 barrier.
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Figure 3.4: Charge and salt-bridge distribution as a function of pH on BoONT/E.
This reveals that the steepest change in charge and loss of salt-bridges is found
between pH 5.5 and pH 4.5, coinciding with the activation pH of this protein.
Specifically, the charge on both atom selections is positive starting at pH 5.5, which

may explain the increased flexibility observed below pH 5.5.
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Figure 3.5: Interaction sites detected at the interface between LC and BD of BONT/E.
At the transition between pH 5.5 and pH 5, on both sites, a positive/negative charge
interaction is lost. This is suggested to contribute to the increased flexibility of this
protein below its activation pH. Protein is shown in cartoon representation, with blue
and red residues depicting negative and positive charges, respectively.
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344 SASA anal ysi s shows |l ow pH conditions i n
exposure

Now with a strong understanding of the underlying causes for the jump-starting
of this toxinds activity (the charge at the
bridges) a closer look at the more specific effect of the pH on the structure was
required. In particular, the effect on the SASA of both the full protein and individual
residues due to the pH environment was studied. Due to the nature of the activity of
this protein, forming a transmembrane channel, any effect on the SASA may be
revealing of a mechanism aiding the membrane insertion. Firstly, the overall SASA of
the protein displayed a similar trend to the charge and salt-bridge content. That is to
say, the highest rate of change of SASA as a function of pH was observed between
pH 5.5 and pH 4.5 (figure 3.6a). The SASA increased as the pH lowered, in good
agreement with the above RMSD and Rg data. An increase in SASA also means a
higher probability for areas of the protein interacting with the membrane and triggering
the membrane-insertion.

Broken down by domain (figure 3.6b), the most consistent increase with
lowering pH was observed in the BD, which is consistent with the separation of it from
the LC. The TD showed an increase between pH 7 and pH 5.5, a drop at pH 5 and a
subsequent increase down to pH 4. This reflected the pH 5 simulations where some
repeats showed less movement than others. Longer simulations for each condition
may have resulted in a more consistent pattern. Finally, the LC remained at a close to

constant SASA due to its larger exposure on the opposite face relative to the BD.
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Figure 3.6: Global and domain specific SASA of BONT/E as a function of pH. (a)
Global SASA of BONT/E as a function of pH, shows an increase as the pH is lowered.

The fastest rate of change is seen between pH 5.5 and 4.5. (b) Domain specific SASA

revealing the increased exposure of the BD due to the separation from the LC. The
TD average SASA fluctuated due to the variability within each repeat. The LC

maintained a near constant SASA throughout.
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Further breaking down this data to individual residues, some patches of higher

SASAwere discovered when comparing SA8Ah

difference of the TD residues with respect to pH 7 is shown on the structure in figure
3.7 and reveals a small helical region with a consistent increase in SASA between pH
4 and pH 5; while the same region remains neutral compared to pH 7 at pH 5.5 and
pH 6. After taking a closer look at this region during the simulations, it was found that
the alpha helix unfolds in simulations at pH lower than 5.5, exposing a lysine residue
(LYS618). This region was found to be the homologous region of BONT/E to a region
in BONT/A previously shown to undergo a similar structural change in acidic pH (67).
This structural change in BoNT/A proved to be crucial for membrane insertion, and
hence for activity. This region is also highly conserved in other serotypes of BONTs
and in TeNT.
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“top down” view of the
unfolding a-helix region

PDB structure

Figure 3.7: TD SASA difference with respect to pH 7, with residues coloured

according to scale on the left. (a) Scale for the residue colouring, and cartoon
representation of the TD of BONT/E from two angles. (b) A Swi t cho regi on as
the PDB structure and maintained in simulations atpH 55t0 7. (c)A Swi t clmin r egi o
an unfolded state observed exclusively in simulations at pH 4 to 5, with an increased

SASA with respect to pH 7.
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3.4.5 RMSF & cross-correlation analyses reveal a concerted action of

multiple regions for membrane interaction at pH 5

RMSF difference
wrtpH?7
{(nm)

+0.018

-0.196

Figure 3.8: Comparison of RMSF averages per pH, in terms of their difference with
respect to pH 7. Two areas stand out that ha

the end of the BD, responsible for the initial membrane binding event.

A measure of protein flexibility can also be obtained by measuring the RMSF
of the protein. This gives an average per residue, and highlights dynamic areas within
the protein. By measuring the RMSF over the final 200 ns of each repeat, and
averaging over the four repeats, the average difference in RMSF per residue with
respect to pH 7 for every pH was calculated. This is represented in figure 3.8, and
highlights 2 major areas of i nterest. The A
involved in the initial membrane binding event have the highest RMSF at pHs 4 to 5,
and remains stable above pH 5.

After identifying these regions of interest, the next step was to identify whether
they act independently towards the membrane insertion or if they act together,
potentially with other regions of the protein. To that end, and using a combined

trajectory with all 4 repeats for each pH, dynamic cross correlation matrices were
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generated. Particular focus was brought to previously identified regions of interest and
how they correlated with the rest of the protein. These regions were a selection of BD

residues involved in the original neur on men

section of the TD identified by Kumaran et al (22) using TmPred (116, 117) as a

potential membrane insertion region. The results showed that for all combinations of

these three regions (fiswitcho vs membrane i

residues vs membrane insertion) the correlation was among the highest of the full
protein; and specifically, their correlation was the highest at pH 5 (figure 3.9). This may
point to a concerted action of three spatially separated regions acting together at pH
5 to create the transmembrane channel,
these regions also displayed some of the highest RMSF values of the whole protein

and in particular had higher fluctuations at pH 5 than at any other pH.
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Figure 3.9: Cross correlation data of three regions of interest in BONT/E. Cross
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correlation data f ormembraee insertion regom identifieel gyi o n ,
Tmpred and a region of the BD involved in membrane binding. This shows that these

three regions have the highest correlation at or close to pH 5, suggesting a common
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action for membrane insertion. These go from pH 4 (top left) to pH 7 (bottom right),
from left to right.

3.4.6 PCA analysis uncovers a novel conformation exclusively observed
at pH O5

The final analysis performed on these MD trajectories was principal component
analysis (PCA). The aim of this was to establish whether the structural changes
observed in the simulations were merely random with similar RMSD and Rg values or
if they could be clustered into a small number of groups with similar structures. For
this method it was important that all 24 trajectories shared the same basis for the XYZ
coordinates, and so the protein was aligned across all trajectories based on the TD+LC
selection. This ensured that any variance found in the trajectories was due to the
movement of the BD relative to the TD+LC selection. A first search algorithm was used
to estimate the optimal number of clusters to use for the PCA analysis. This showed
that 4 clusters were enough to capture the major conformational differences between
all the frames, as represented by the flatte

the 420,024 frames were separated into 4 clusters.
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Different clustering methods were available, and six of these were tested to find

the most appropr i at e one. These were fAsingleo, ico
Amedi ano and Acentroidod. The fAsingled met hoc
of friendso approach, meaning that 100% of t

This is because the timestep of 20 ps (after skipping every other frame) between each

frame did not produce a large enough difference of structure, and thus each frame

was placed into the same <cluster as the pr
appeared to cluster frames based solely on the value of RMSD with respect to the

starting structure, leading to some significantly different structures being clustered

together due to their similar RMSDv al ues. The ficentroidd met ho
as it created clusters with as little as 20 frames. Given the nature of MD simulations

and the 20 ps timestep between each frame, this was considered extremely unlikely

to be representative of the dat a. Finally,
methods yielded similar results, with large clusters and robust clustering. The

robustness of the clustering was tested by measuring the average RMSD value of

every frame in a cl-pstetotothéeéemosustepr a@med
that cluster. The fadvwvas faugdketo hawe lthe bwestrRM8BDy me t h
values per cluster, meaning the structures in each cluster were closer to each other

than when using any other clustering algorithm. The average RMSD of each cluster

was then calculated with respect to the starting structure, and the average Rg of each

cluster was also calculated. This is shown in table 3.1 and confirms that each cluster

is only comprised of closely related structures with a low RMSD to their mid-points;

and low standard deviations in the average Rc and the average RMSD to the starting

structure. Table 3.1 also shows the proportion of each cluster found per pH.
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Table 1: Summary of clustering data.

Cluster 1 | Cluster 2 | Cluster 3 | Cluster 4
4 50.03 49.92 0.05 0.00
4.5 54.80 41.10 0.86 3.24
5 52.13 23.57 23.44 0.86
% total frames per | 5.5 75.36 2.00 0.64 22.00
pH 6 75.14 0.27 24.59 0.00
7 97.30 0.00 2.70 0.00
RMSD from 0.37+0.08 | 0.53+0.14 | 0.34+0.16 | 0.30 £ 0.09
centroid nm
RMSD from 0.33+0.06 | 0.63+0.13 | 0.63+0.13 | 0.75+0.14
reference
Re 3.58+0.04 | 3.76 £ 0.07 | 3.59+0.02 | 3.61 = 0.03
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Figure 3.11: PCA data breakdown shown as stacked histograms. (a) This shows
how much (in percentage) each pH condition contributed to the clusters. Cluster 1 is
the starting point of the simulations and is present in every condition. Cluster 2 is
exclusively found in simulations at and below pH 5. N represents the total number of
frames in each cluster. (b) This shows how much each cluster contributes (in
percentage) to the pH conditions. In pH 7, >90% of frames are in cluster 1. In pH 4,

approximately 50% of the frames are in cluster 1 and 50% in cluster 2.
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For each cluster, the contribution of the different pH simulations was calculated;
and for each pH, the contribution of the different clusters. This is shown in figure 3.11
and revealed that one cluster, termed cluster 2 here, was exclusively present in
simulations at and below pH 5. This cluster gained in prevalence the lower the pH,
climbing from 25% of all frames in pH 5 to 50% in pH 4. Looking at the cluster mid-
points (figure 3.12) it can be seen that cluster 1 is the starting structure of all the
simulations, and therefore explains its dominance over all the others. Clusters 3 and
4 are rare events that occurred in only one repeat of pHs 5 & 6 and pH 5.5,
respectively. These may be transient states or outliers. Cluster 2, however, is a novel
conformation of BONT/E with an increased Rg and the BD separated outwards from
the LC, therefore increasing its SASA and that of the TD. This novel conformation may
be a crucial step in the formation of the transmembrane (TM) channel required for

activity of this protein.
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Figure 3.12: Cluster mid-points shown with percentage contribution to total frames.
(a) Shows the percentage of total frames each cluster represents. (b) shows the most
representative structure of each cluster. Cluster 1 (black) is the starting point of each
of the simulations, and dominates the structure distribution. Cluster 2 is the 2" largest
cluster, despite being exclusively present in pH conditions lower than 5.5. This
indicates clusters 3 and 4 may be outliers or transient states of the protein. (c)
Schematic representation of the clusters as seen from a counter clockwise 90°

rotation.
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3.5 Conclusions

The raw RMSD and Rg data already shows a difference between the
simulations from pH 7 to pH 5.5 and those from pH 5 to pH 4, revealing a pH mediated
change in behaviour of this protein in good accordance with the knowledge of its
activation at pH 5. By combining all the repeats and sorting the data into bins of width
0.05 nm, the difference is made clearer still while highlighting the lack of increase in
Rc of the few repeats in pH > 5 where the RMSD increased. This suggests that an
increase in Rg is necessary for activity, and only happens below the pH 5.5 threshold.
This increase is suggested to be due to a translational movement of the BD with
respect to the LC, as shown by the domain specific RMSD analysis, in good agreement
with the previous work on the structurally similar TeNT (71). The driving force of this
motion is the sudden increase in charge on both domains, with two sites at the
interface losing a negative/positive charge interaction which keeps the two domains
together. Combined with a general loss of salt bridges, the protein is able to explore
more conformations and has increased flexibility. The extended conformation results
in a general increase to SASA which contributes to the membrane interaction, while
more localised structural changes may facilitate membrane insertion. Specifically, the
Aswitcho region undergoes a |l oss of helicit)
seek to bury itself in a membrane. This region is conserved across all serotypes of
BoNT and in TeNT, and has been shown to be crucial for membrane insertion in
BoNT/A (67). It is possible that several other regions of the protein aide the membrane
interaction, as shown by highly correlated movement, especially at pH 5, between the
Aswitchd and regions within the BD and in a
membrane interactions (22). Finally, the sum total of all frames generated can be
divided into just 4 clusters of closely related conformations, with one cluster exclusively
observed in simulations at and below pH 5. This conformation may be of paramount

importance in the transmembrane functionality of this toxin and hence in its activity.
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Chapter 4

Analytical ultra-centrifugation and small-angle
X-ray scattering of BONT/E confirm the main

results from the MD simulations
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4.1 Summary

Fixed imaging methods for proteins have provided invaluable insight into
understanding the structure/function relationship of proteins, and comprise the vast
majority of known structures to this day. However, they are inherently imperfect due
to their inability to detect protein dynamics and typically have poor resolution for
flexible regions within proteins. Furthermore, molecules studied in fixed methods are,
by definition, fixed in a conformation. In the case of crystallography, by far the highest
contributor to protein structures, this conformation is guided by the crystallisation
process. It is therefore possible that if a mixed population of protein conformations
exists in solution, only one will favour crystallisation and effectively remove the other
population from the analysis. The crystallisation process may also coerce the protein
into a non-native state which would not naturally occur in solution conditions.

To complement the data acquired through fixed methods, it is important to also
observe proteinsé behaviours in a solwution ¢
ray scattering (SAXS) provides a highly sensitive method to detect protein dynamics
where a relatively small conformational change can result in a visible difference in the
scattering properties of the protein. Combined with an increasing amount of
bioinformatics tools to predict biophysical properties of proteins based on sequence
and PDB structure, SAXS has become a valuable method to further our understanding
of protein behaviours under solution conditions.

In this chapter, we have combined a selection of solution methods applied to
BoNT/E in the same six pH conditions used for the MD simulation trajectories. Firstly,
using mass spectrometry (MS) to confirm the correct expression of the endopeptidase-
negative BONT/E. Then using circular dichroism (CD) to ensure the expressed protein
displayed the expected secondary structure features, by comparing the signal to a
theoretical signal determined by PDBMD2CD wh
in a range of buffers at the selected pH values. Finally, we subjected BoNT/E to
analytical ultra-centrifugation (AUC) and SAXS to assess the validity of the MD results
presented previously. Namely, whether the protein is observed in experimental
conditions to behave similarly to the in silico simulations. The results of all three

methods point to the same conclusion: the MD simulations are representative of

91



experimental observations, with no secondary structure loss observed while a novel

conformation with an increased Rg is detected in pH conditions lower than 5.5.

4.2 Introduction

Currently, studies on BoNTs have been focused primarily on one or two out of
the three domains comprising the full protein (26, 27). Some studies also focus on
identifying interaction sites by imaging individual domains in complex with potential
targets (25, 28, 118); or focus on the complexes formed with the toxin prior to entering
the bloodstream (119). This is in part due to the difficulty in crystallising or expressing
the full length BoNT. Moreover, the majority of these studies are performed in fixed
conditions such as crystallography or cryo-EM (61). With the participation of Ipsen, we
had access to an endonegative mutant of BoNT/E for over-expression in E.coli cells.
This facilitated the study of the full toxin, and a purification procedure is available with
no affinity tags.

While the data obtained by fixed methods have helped identify parts of the
mechanism of action of these toxins, the dynamics of it are still elusive. In particular,
the effect of pH has not been extensively studied using fixed methods, and structures
have been primarily obtained at neutral pH values. Using recent advances in
computational tools in conjunction with solution based methods, we are now able to
directly compare features such as secondary structure and solution conformations
obtained by CD and SAXS to theoretical data obtained from MD trajectories.

Here, we present a combination of solution-based methods applied to BONT/E
to assess the structural changes occurring under a range of pH conditions. CD informs
on the secondary structure changes of
stability in the buffers selected for study. Analytical ultra-centrifugation reports on the
monomeric or aggregated state of the sample, while providing a first look at potential
conformational changes. Small-angle X-ray scattering, the highest sensitivity method
presented here, combined with bioinformatic tools delivers a direct comparison to the
MD results obtained for BONT/E. The conclusions of all three experimental tools
corroborate the computational findings. No major loss of secondary structure was

observed in the CD, while AUC data inferred that a more extended conformation
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existed in solution in pH environments lower than 5.5. Finally, the SAXS data identified
two distinct populations of BONT/E with one observed in pH 4. The two populations
found very good matches in the MD trajectories, corresponding to cluster 1 (i.e. the
closed, crystal structure) and cluster 2 (i.e. a novel, extended conformation). This
confirms the validity of the crystal structure in all the pH conditions observed, but also
identifies and validates the novel extended conformation of BONT/E seen exclusively

in MD simulations at a pH value lower than 5.5.

4.3 Methods

This section describes the specific protocols followed for the work presented in
this chapter. For a description of the theory behind the methods, see chapter 2.

4.3.1 Protein expression

A plasmid containing an endopeptidase-negative (i.e. non-toxic) BONT/E DNA
sequence was provided by Ipsen; with mutations in the zinc binding region of the toxin.
These mutations are unlikely to affect the pH-based properties of the protein as they
are buried inside the LC; hence the MD work was performed on the wild-type to stay
as close as possible to the real-world. The endopeptidase-negative toxin used
experimentally allowed the work to be undertaken with no cumbersome safety
measures in place. The plasmid was transformed into E. coli BL21(DE3) (New
England Biolabs) cells, and grown in modified terrific broth (mTB), using Kanamycin
at 30 e€g/mL. An overnight starter cult
were grown at 37°C until ODeoo reached 0.6. The temperature was lowered to 16°C
and once cooled, 1 mM IPTG was added for induction. The induced culture was
incubated for a further 21 hours, after which the cells were harvested by centrifugation
at 3,196 RCF. The pellets were re-suspended with 3 mL lysis buffer (35 mM NaCl, 50
mM Tris, pH 8.0) per gram of cell paste. The cells were lysed by sonication with 10
cycles of 30 second bursts, 30 second rest. The lysed mixture was centrifuged at
19,802 RCF for 30 minutes. The supernatant was then diluted with an equal volume
of 2 M ammonium sulfate, 50 mM Tris, pH 8.0; and centrifuged again at 19,802 RCF
for 30 minutes. A Butyl column (hydrophobic interaction) equilibrated with 1 M

ammonium sulfate, 50 mM Tris, pH 8.0 was used to capture the protein, using a 50
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mM Tris, pH 8.0 elution buffer. The relevant elution fractions were pooled and desalted
using a 53 mL desalting column, exchanging into 10 mM Tris, pH 8.0. The desalted
sample was loaded onto a Q column (ion exchange), and eluted using 500 mM NacCl,
10 mM Tris, pH 8.0. A high purity fraction of this elution was isolated and
concentrated/diluted to 0.5 mg/mL. It was th
at37°C for 40 mins, to cleave the | ink betwee]
activated sample was then mixed with 1.6X its volume of 5 M NaCl, 10 mM Tris, pH
8.0 and loaded onto a Butyl column equilibrated with 3 M NaCl, 10 mM Tris, pH 8.0.
The final product was highly pure, activated (but still safe, endopeptidase-negative)
BoNT/E and was eluted using 10 mM Tris, pH 8.0. The purity was assessed by SDS-
PAGE, using 4-12% Bis-tris gels (Thermo-Fisher) and the activation was assessed by
a d d i #Mgrcapto-Ethanol in one of the lanes, which separated the band at 150 kDa
into two bands at 100 and 50 kDa, respectively.
4.3.2 Protein characterisation
The expected properties of the mutant version of BONT/E were calculated from
the sequence using the ProtParam tool of ExPasy. This showed a pl of 6.07; and an
expected MW prior to activation of 143,531.75 Da; 143,219.5375 Da after activation.
After purification, the protein was characterised using first order biophysical
methods to ensure no extra residues were cleaved during the activation step, and the
structure observed matched the expected structure of BoONT/E. The protein was
prepared for MS analysis by buffer exchanging into a volatile buffer, 50 mM ammonium
acetate. This was achieved using Zeba™ spin desalting columns, 40K MWCO, 2 mL.
The column was first spun to remove the storage buffer, then spun 3 times with the
ammonium acetate buffer and finally the sample was loaded. After the final spin, the
sample was collected in the new buffer, and impurities lower than 40K molecular
weight (MW) were removed. The samples were analysed on the Agilent 6510 QTOF
LC-MS systeminUCL Chemi stry Mass Spectrometry Faci
(at & 0.2 mg/mL of proteBnp)lwa@adAjnBeeMedlbat
mm column, which was maintained at 60 °C. The separation was achieved using
mobile phase A (water with 0.1% formic acid) and B (acetonitrile, with 0.1% formic

acid) using a gradient elution at the flow rate 0.3 mL/min. The column effluent was

94



continuously electrosprayed into the capillary electrospray ionisation (ESI) source of
the Agilent 6510 QTOF mass spectrometer. ESI mass spectra were acquired in
positive ESI mode at the m/z range 1, 00071 3, .
converted to zero charge mass spectra using maximum entropy deconvolution
algorithm within the MassHunter software version B.07.00.

In order to check the structural integrity of the final purified sample, it was
loaded in a CD machine at different pH levels, and compared to the theoretical CD
signal obtained via PDBMD2CD (59). The purified protein sample was buffer
exchanged into six different buffers, at six different pH values, using 10 mM sodium
acetate for pH 4, 4.5, 5, and 5.5, and 10 mM sodium phosphate for pH 6 and 7. All the
buffers were made at 20 mM ionic strength using NaCl. The final purified sample was
diluted or concentratedt o a4 0.2 mg/ mL and separated int
aliquot was then buffer exchanged against 500 mL of the appropriate buffer in a cold-
room overnight, using 0.5 mL Slide-A-Lyser G2 dialysis cassettes (Thermo-Fisher)
with a 20K MWCO. After dialysis, the protein samples were loaded into a Hellma®
guartz cuvette, 1 mm pathlength and placed in the CD equipment. 3 scans were
recorded between 260 and 180 nm at every nm at 20°C. This was repeated for the
matching buffers without protein for later subtraction. The average of the 3 scans was
used as the final data, which was then converted from mdeg to molar ellipticity using
t he equation: [d] = (mdeg x M) [/ (10 x L x (
the average molecular weight in g/mol, L is the pathlength in cm and C is the protein
concentration in mg/mL.
4.3.3 AUC data acquisition

The sample was dialysed into 6 different pH conditions as described above.
Then 450 eL of sample at 0.5 mg/mL was | oade
in the AUC cells. The density and viscosity of the buffers were estimated using
SEDNTERP (120), the partial specific volume of the protein was estimated using
SLUV (121, 122). Sedimentation curves were fitted using DCDT+ by John Philo,
version 2.5.1 (123). AUC data was obtained using a Beckman Coulter Optima AUC,
with a spin speed of 40,000 RPM at 20°C.

4.3.3 SAXS data acquisition
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Samples were buffer exchanged as descri

mg/mL using spin concentrators immediately prior to being loaded onto a 96-well plate
for auto-sampling into a SEC-HPLC (KW 403, SHODEX) with buffer-matched mobile
phase to each sample. The SEC-HPLC then fed the sample directly into a
temperature-controlled quartz cell capillary (20°C) with a diameter of 1.5 mm of X-ray
scattering instrument B21 at the Diamond Light Source (Rutherford Appleton
Laboratory, Didcot, UK), operating with a ring energy of 3 GeV, and an operational
energy of 12.4 keV. This recorded 3 second snapshots for 32 minutes, while the
sample was loaded and eluted off the SEC. The start of the elution, corresponding to
buffer, was subtracted from the sample signal. Buffer subtraction was performed on
ScAtter 3 (BIOSIS) (124, 125); and the generated scattering curves saved for analysis.
Theoretical scattering curves were generated from the MD structures using the
SASCALC module on the SASSIE web-server (57) in order to find a structure which
fit the experimental curve best. The raw trajectories from Gromacs were converted to
.dcd format using VMD, and loaded onto the SASSIE server with a reference PDB at
the relevant pH. For analysis, the best fit structure was assessed by R-factor. A
hydration shell around the protein was included using the explicit solvent of the
trajectories for the best-fit frame obtained by the full-atom trajectory analysis.

To facilitate comparison between all the experimental curves and the theoretical
curves generated using SASSIE, the experimental data was interpolated to a fixed
number of Q points using a MATLAB script. To ensure a good fit to the true data, 800
Q points were used as this was close to the actual number of Q values collected
experimentally. All the intensities of every sample were then normalised by dividing by
their intensity at Q=0.05. This maintained the shape of the curve, while allowing for
comparison between each condition. Analysis of In(I(Q)) vs Q curves and Kratky plots

provided information about the approximate size and shape of the protein.

4.4 Results and discussion

4.4.1 BoNT/E Expression
As described in the methods, a plasmid was provided by IPSEN with the

endopeptidase-negative BONT/E sequence and kanamycin resistance. This plasmid
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was transformed into BL21(DE3) E.coli cells for expression using the T7 promoter,
induced by 1ImM IPTG. After expressing for 21 hours at 16°C the cells were harvested
and resuspended, then sonicated and prepared for the chromatography purification
steps. Purification was performed as described in the methods, and a representative
summary gel is shown in figure 4.1. A fraction from each step of the purification is
shown in the lanes from left to right: from the first butyl column loading to the final
purified fraction, shown non-reduced and reduced to confirm complete activation of

the protein.

P

150 kDa
1. Butyl Load

100 kDa
2. Desalt Load

3. QlLoad

4. Activation Pool bl
5. Activation Pool Reduced SR 50 kDa
6. Marker

7. Final Purified Product

8. Final Purified Product Reduced

%

Figure 4.1: SDS-PAGE of a purification procedure for BONT/E.

4.4.2 BoONT/E Characterisation

After purification and confirmation of activation, the protein was further
investigated to confirm with certainty that no extra residues were cleaved during the
activation step and that the structure was conserved and matched the expected
structure. Three fractions of the final purified protein were therefore used for MS
analysis, and were prepared as described in the methods. The results are shown in
figure 4.2, and confirm the correct MW of BONT/E to within 6 Da (expected from
sequence: 143,219 Da; experimental: 143,225 Da). This also confirmed the high purity

97



of the sample, with only a small fraction of lower MW contaminants relative to the main
BoNT/E mass peak. Therefore, the protein was ready for the next steps of the analysis.

Average: 143,225 Da

100 |- .
= Repeat1
Expected MW: 143,219 Da * Repeat 2
+ Repeat 3

Relative Abundancy (%)
(&)}
o

130000 140000 150000
Mass (Da)

Figure 4.2: Mass spectrometry readings of the final purified fraction of BoONT/E.
Reading obtained in 50 mM ammonium acetate at 0.2 mg/mL.

Before higher order analyses could be undertaken, the structural integrity of the
protein needed to be confirmed. This was tested using CD under the different pH
conditions wishing to be later explored, in order to ascertain the stability of the protein
in the planned buffers. These were sodium acetate for pH 4, 4.5, 5 & 5.5, and sodium
phosphate for pH 6 & 7. The protein samples were prepared for CD as described in
the methods, and using the average of 3 scans per sample and per buffer, the data
was subtracted then converted to the concentration independent unit of molar
ellipticity. This provided a direct comparison of the structure in the different pH

conditions, unaffected by differences in the raw signal caused by concentration effects.
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The results are shown in figure 4.3, alongside a theoretical CD curve obtained from
the crystal structure of BONT/E used for starting the MD simulations (PDB ID: 3FFZ,
(22)). The curves match the expected curve as predicted by PDBMD2CD for every pH
studied and support two conclusions. Firstly, BONT/E is stable in all of the buffers
tested at room temperature; and secondly, its secondary structure remains unchanged
in these conditions. This matches the MD simulations results, where the only change
detected was the | oss of a s h @Hdonddidnpldwar
than 5. Such a small change on a system of this size would not cause a detectable
signal modification in CD experiments. Therefore, the buffers tested here, and in the
conditions tested (i.e. 20°C, atmospheric pressure) are suitable for the study of

BoNT/E and are unlikely to result in protein degradation or aggregation.
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Figure 4.3: Top: Comparison of theoretical CD signal obtained from the PDB structure
(PDB ID: 3FFZ) and the experimental CD signal converted to molar ellipticity. The
discrepancy is due to the arbitrary units of the simulated CD signal; but the overall

shape of the curve is maintained with the signature minima at 222 and 208 nm,
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indicating high U-helical content. Bottom: Comparison of molar ellipticity of BONT/E
as a function of pH. No clear correlation was identified, meaning BoNT/E does not rely
on major secondary structure modifications for activity.

4.4.3 AUC reveals a more extended conformation at pH O5 and a more
compact conformation at pH >5

AUC is a solution method which can be used to determine aggregation of
proteins over time, but can also be used to detect conformational changes in proteins.
This is due to the high RPMs used to sediment proteins, which produce large drag
resistances. A protein in a compact sphere-like conformation will have lower drag
resistance than the same protein in a more extended conformation. Hence, the same
protein will sediment faster in the compact conformation than the extended, but will
display the same buoyant MW. In order to compare the sedimentation rates under
different buffer conditions, the raw data is converted to the neutral unit of s(20, w)
which is the sedimentation if the molecule was placed in water at 20°C. This
conversion requires knowledge of the b
estimated or measured. In this research they have been estimated using SEDNTERP
(120).

The AUC data obtained from BoNT/E is shown in figure 4.4 and confirms the
trend identified by the MD previously, in which the protein explores conformations with
increased apparent size (Rg) in lower pH values. This can be seen by the lower s(20,
w) values at pH environments lower than 5.5, indicating an increase to the drag
resistance. The sedimentation over time of the protein remains constant, which means
BoNT/E is not aggregating under these conditions. Due to repeated equipment
failures, only one repeat out of the four attempts produced reliable data. Other repeats
suffered from leaks of the sample cell and obstructions in front of the AUC detector
which resulted in unreliable data.
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Figure 4.4: Sedimentation data from BoONT/E as a function of pH; after correction for
viscosity and density of the respective buffers. Only one experiment out of four yielded

usable data due to repeated equipment failures.

4.4.4 SAXS confirms the extended conformation at low pH, and matches
structures observed in MD simulations at the same pH values
While the AUC analysis appears to confirm the MD data presented previously,
it is a low sensitivity method and relies on accurate determinations of the buffer
viscosities and densities and of the protein
were estimated using software predictions and may not be totally accurate. For a more
robust test of the MD data, BONT/E was subjected to SAXS, a higher sensitivity
method, and independent of user estimations. As for the AUC, the protein was placed
into 6 different pH conditions using dialysis. However, due to the use of SEC-HPLC,

the protein was concentrated to a 4 mg/ mL i
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system. The increased concentration ensured a strong enough signal out to large Q
values, because of the dilution effect of the column.

H7 H 5 HaspH4,CIosed._pH4
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Figure 4.5: HPLC trace of the elution prior to loading into the path of the X-ray. At pH
7 through to pH 5 BONT/E eluted in a single peak (data for HPLC of pH 5.5 and pH 6
were not saved on the beamline server); while at pH 4.5 and pH 4 the protein displayed
multiple elution peaks. The highest peak was found to be aggregated protein, and in

pH 4 a distinct population was identified in the later elution.

The HPLC trace is shown in figure 4.5, and shows where the data was taken
from for each pH. The flat area at the start of each trace was used for the buffer
subtraction, and areas around the peaks of the protein elution were used as the protein
data. Due to the high concentration (for this protein) the more acidic conditions (pH
4.5 and 4) suffered some aggregation. Despite this, regions of non-aggregated protein
were found and used for analysis, marked in figure 4.5 with vertical lines. Despite a
large shift in the elution time of the protein across the range of pH studied, the SAXS

data revealed the protein was intact and monomeric, in the regions selected for study.
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It is unclear what caused this shift, however this was not pursued further due to the
absence of effect on the SAXS data. The resulting curves are shown in figure 4.6,
which displays the In(I(Q)) vs Q (top) and the Kratky (bottom) plots. The curves are
overlaid with the best fit theoretical curve obtained from the SASSIE webserver using

the MD simulations presented in chapter 3.
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Figure 4.6: (a) Natural log of intensity vs Q plots for BONT/E as a function of pH; with
the best fit from MD trajectories overlaid. (b) Kratky plots of BONT/E as a function of

pH; with the best fit from MD trajectories overlaid.

Under all of the conditions tested, BONT/E exists in solution as it is seen in the
crystal structure 3FFZ. Using the Guinier approximation on the experimental curves,
the Rg of the structure was found to be 3.60 nm, matching that of the crystal structure.
The experimental curve was compared to the theoretical curve generated on SASSIE
from the MD using a backbone-only trajectory to obtain a best fit frame. This frame
was then extracted with all atoms reinstated and multiple hydration shell depths, until
an optimal best fit was identified (figure 4.7). The hydration shell which gave the most
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accurate fit was 1.60 A deep, using the explicit solvent of the MD. The pair distance
distribution function (figure 4.8) shows a well folded structure, with a real-space Rg
close to the Guinier approximation and PDB values. This structure, previously only
seen in fixed methods such as crystallography or cryo-EM (61), is therefore now

confirmed in solution conditions, and in several pH environments.
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Figure 4.7: (a) Best fit refinement of the closed structure. (b) Best fit refinement of the

open structure.
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Figure 4.8: (a) Pair distance distribution function of the closed structure identified in

the SAXS and the best fit structure obtained from the MD. (b) Pair distance distribution

function of the open structure identified in the SAXS and the best fit structure obtained
from the MD.

However, in pH 4, a second population was identified, on the shoulder of the
aggregated protein peak. This population was not aggregated, as confirmed by the
linear curve in the Guinier approximation region, and displayed a significantly different
scattering curve than the other populations. Using the Guinier approximation, the Rg
of this structure was found to be 3.82 nm. This is in good agreement with the MD
structures identified in pH conditions lower than 5.5. The second main difference with
the first structure, best seen in the Kratky plot, indicates a more extended structure by
the slower drop-off of the tail end of the curve. The secondary smaller peak indicates
a new part of the protein is creating its own scattering profile, and is separate from the
main body of the protein. By comparing this curve to the theoretical curves generated

from SASSIE, a new best fit structure was identified. This structure corresponds to
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that identified by PCA as ficluster 20 in cha
LC. As with the other structure, a first best fit frame was obtained with backbone atoms

only. This fit was then refined with all atoms and by varying the hydration shell depth,

with the best fit found to be 2.25 A depth. The increased hydration shell depth is in

good agreement with the extra charge found on the protein in low pH conditions, with

water molecules further afield being affecte d by t he proteinds surf a
distance distribution function has an increased maximum distance compared to the

Acl osedo popul ati on, spade Rb waklie close toithatcof tkea s e d r
Aopeno PDB c¢onf or m-éattar fit to.the ieotetical data (5®4), ths

novel structure has been shown to exist in solution conditions at pH 4, and validates

the in silico results obtained using approximate pH simulations. A superposition of the

top 100 best fit structure from the MD to the two populations identified in SAXS

represents their differences clearly, and is shown in figure 4.9.
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Figure 4.9: Overlaid top 100 best fit structures from the MD to the two populations
identified in SAXS data for BONT/E. In cyan are the 100 best fits to the open structure,
and in orange the 100 best fits to the closed structure. In blue and red are the single

best fit structures to the open and closed structures, respectively.
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4.5 Conclusions

After expressing a safe-to-use variant of BONT/E using E. coli as a host
organism, biophysical analyses were performed to identify any systematic effects of
pH on the toxinds structure. Direct mksmpari s
to tools developed to predict biophysical properties of proteins based on PDB
structures and MD trajectories (571 59). The correct expression of BoNT/E was
confirmed in the first instance by SDS-PAGE, which displayed the critical split of the
main protein band under reducing conditions. Further confirmation was provided by
accurate MS measurements, validating the expected MW to within 6 Da. Finally, the
suitability of the buffers chosen for the study of this protein was assessed by CD
measurements, while also providing a first look at the effect of pH on the secondary
structure of BONT/E. The CD data confirmed the stability of the protein in the selected
buffers, with no loss of secondary structure seen under any conditions, in agreement
with a previous study which identified little to no secondary structure changes across
the BONT/E domains (126). It also provided a first validation of the MD data, with no
effect of the pH seen on the secondary structure at the scale of the whole protein. This
suggests that any structural changes required for activity of this protein are primarily
focused on tertiary structure, i.e. full protein conformational changes.

AUC analysis provided more insight into the structural changes and stability of
BoNT/E in the range of pH environments studied. By monitoring the sedimentation
velocity at high RPMs, it was shown that the protein does not tend to aggregate at the
concentration used (0.5 mg/mL) with a constant sedimentation speed over time. The
first notable difference based on pH environment was seen here, after converting the
sedimentation data to the common unit of s(20, w) for each pH condition. This showed
two distinct populations in solution, one above pH 5 and one at and below pH 5. The
higher pH population sedimented faster than the lower pH population, despite
displaying the same buoyant MW. This indicated that the lower pH population was
subjected to higher drag resistance, and hence in a more extended conformation. This
agrees well with the MD data in which the protein explores more conformations and

has an increased Rg in simulations at and below pH 5.
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AUC, however, is a low-sensitivity method and relies in part on user estimations

of the buffer densities and Vvi scodume.iFa s,

a deeper look at this, SAXS experiments were performed on BONT/E in the same
buffer conditions. The first result was to confirm the currently known BoNT/E structure
(PDB ID: 3FFZ2) in solution conditions, which had currently only been observed in fixed
methods (22, 61). The experimental curve was matched to the theoretical curve of the
PDB structure with an R-factor of 1%, with 0% being a perfect match. This structure
was observed in solution at every pH, however in pH 4 a second population was
identified. This population had an increased Rc and a unique scattering profile. By
comparing this new scattering curve to the MD trajectories, a novel conformation was

identified in solution with an R-factor of 5.6%. This conformation matches the family of

structures identified as fAcluster 20 by

resulting in the increased exposure of the TD. The increased Rg also agrees with the
AUC data, which while incomplete stildl

This novel conformation may be crucial for the activity of this toxin.
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Chapter 5

Biophysical studies of BONT/A identify a

potential pathway to membrane insertion
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5.1 Summary

Despite sharing a high sequence homology, BoONT/A and BONT/E have
differences in their properties and domain positioning. Notably, and of interest to the
pharmaceutical industry, BONT/A has a longer duration of action post-injection than
BoNT/E. BoNT/E on the other hand has a faster onset of action than BONT/A. Some
groups have argued that this difference is due to the conformational differences
between BoONT/E and the other BONT serotypes. Where the majority of serotypes have
a buiterflyo0 s hape, oiBD onloppbste siaes ofthe TD, BONT/E forms a more
compact shape with interacting residues between the LC and BD. Building on the
information presented in previous chapters, the same studies were applied to BONT/A
in an attempt to elucidate the structural basis for the different properties of BONT/A
and BoNT/E.

The MD results did not reveal a structural change on the scale of that seen for
BoNT/E, with the R and RMSD values staying comparatively low with respect to the
starting structure. However, by clustering the data through PCA, some rare events
were identified with potential links to the increased onset of action relative to BONT/E.
In these rare events, exclusive to pH 5 and 5.5, multiple interactions between the
Aswitcho r egi on talhedr rartyimay eBplain thelonger dnsetof action
due to the statistical likelihood of BONT/A adopting this structure in vivo. CD data
revealed a transition between pH 5.5 and pH 4.5, coinciding with the activation barrier
for this toxin. When lowering from pH 5.5 to pH 5, a loss of alpha helicity and an
increase in beta-sheet content was observed. This continued to pH 4.5 and then
stabilised. This is in good agreement with a previous study identifying an alpha helical
region in the TbcHomaiemg, obhhe whbs wh -haigio
extending out from the TD at and below pH 5. Finally, AUC and SAXS studies were in
good agreement with the MD results, displaying the same properties across all pH
conditions studied. This provides some insight into the differences of properties
between the two serotypes of BoONT studied. While BoONT/E requires a larger
conformational shift than BoNT/A for its activity, this shift is driven by biochemical
properties and electrostatic repulsion starting at pH 5. This change is therefore likely

to happen faster than the complex secondary structure changes happening in BONT/A.
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Specifically, the change observed in the
BoNT/A than in BONT/E.

5.2 Introduction
While all BoNT serotypes share a high sequence homology, and display

functional similarities, they differ in some key properties. The specific targets within
the SNARE family of proteins are different from one serotype to another, but the end
result is the same: blocking of neurotransmission. The spatial arrangement of the
domains, while individually highly similar, differs greatly from the majority of known
serotypes to BONT/E. BONT/E, as discussed in previous chapters, forms a compact
protein with interacting residues from the BD and the LC (22) similar to the structure
of Tetanus neurotoxin (TeNT) (figure 5.1). Most other serotypes, BONT/A included,
di splay a more extended Aflato conformati on,
TD and no interaction sites between the two domains (60). This is suggested to play
a role in their most important difference of relevance to the pharmaceutical sector: the
onset of action. BONT/E exerts its activity on the subjects faster than the other

serotypes; but remains in the system for a shorter duration (6, 127).
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Figure 5.1: Cartoon representations of BONT/A (a) and BoNT/E (b). (c) represents a

superposition of BONTs A and E and TeNT. (d) is a schematic representation of the
spatial arrangement of the domains in BONTs A and E and TeNT.

5.3 Methods

This section describes the specific protocols followed for the work presented in

this chapter. For a description of the theory behind the methods, see chapter 2.

5.3.1 MD simulations

MD simulations of BONT/A were performed using the same conditions as for
BoNT/E. The starting structure for these simulations was the crystal structure
extracted from PDB ID: 3BTA (60); obtained at pH 7.0. The same tools and conditions
described in chapter 3 were used for the generation and analysis of these trajectories.
Due to the time spent exploring the BoNT/E MD landscape, only2 repeats were
generated for BONT/A; with a 3" repeat added later for pHs 4, 4.5 & 5 to explore a
potential rare event identified by PCA and clustering.

5.3.2 Protein expression

A plasmid containing an endopeptidase-negative (i.e. non-toxic) BONT/A DNA
sequence was provided by Ipsen; and was expressed and purified following the same

protocol as BoNT/E up to the activation step, and with the Tris concentration
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maintained at 50 mM throughout. The activation differed by the use of endoproteinase
Lys-C instead of Trypsin and the activation being achieved with a 20 hour incubation
at 4°C, with a final concentration of Lys-c of 0. 8 e€g/ mL i n a
mg/mL. The final polishing step was achieved using a phenyl hydrophobic column
equilibrated with 1M ammonium sulfate, 50 mM Tris, pH 8.0 and eluting the protein
with a linear gradient using 50 mM Tris, pH 8.0.

5.3.3 Protein characterisation

Expected properties of the expressed protein were calculated from the
sequence using ProtParam tool from ExPasy and were as follows: expected MW prior
to activation: 149,319.7 Da; post-activation: 148,198.5585 Da; with a pl of 6.10.

The correct expression of endopeptidase-negative BONT/A was validated using
the same methods as for BONT/E: SDS-PAGE, MS, CD. The conditions for all
experiments were the same as described for BONT/E in chapter 4.

5.3.4 AUC and SAXS data acquisition

The same conditions were used for both AUC and SAXS as described in

chapter 4.

5.4 Results and discussion

5.4.1 MD simulations

5.4.1.1 RMSD and Rg contrasts to BONT/E

In contrast to BONT/E, BONT/A did not explore a wide range of conformations
and remained close to the crystal structure in every pH condition. This is reflected in
the near constant RMSD and Rg curves (figure 5.2) throughout every pH and every
repeat. By splitting the data into bins of 0.05 nm width for both RMSD and Rg the
contrast to BONT/E was clear, with the range of values explored staying constant
irrespective of the pH condition simulated and staying within low RMSD bins (figure
5.3).

These results were further analysed by splitting the protein into two distinct
selections: the BD as one, the TD and the LC as another (figure 5.4). The intra-domain
and inter-domain RMSD were measured and this revealed some similarities to

BoONT/E. The intra-domain RMSD remained very low throughout, indicating the
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individual domains remain stable and do not undergo random melting or unfolding
during these simulations. A change within the TD in line with that observed in BONT/E
in the #WAswitcho r egi ohowever,anultiple interactioesewere
identified between it and the BD (figure 5.12, see PCA analysis). These interactions
would not have been present in the study performed by Lam et al (67) as they studied
the TD in isolation, perhaps facilitating their observations. Using higher temperature
simulations, or running these for a longer duration, it is possible a similar result would
have been observed.

The inter-domain RMSD revealed some displacement of one domain with
respect to the other, but on a significantly smaller scale compared to that observed in
BoNT/E. Additionally, the recorded displacement is unaffected by pH with similar
movements seen at every pH. Together, these results appear to indicate that BONT/A
does not undergo a large-scale spatial rearrangement of its domains under specific

pH conditions, as was observed in the BONT/E simulations.
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Figure 5.2: 1 ns smoothed R (a) and RMSD (b) data from the MD simulations of
BONT/A.
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Figure 5.3: Binned RMSD (a) and Rg (b) data from the MD simulations of BONT/A.

This is in stark contrast to BoNT/E with no clear effect of pH on the distribution of

conformations explored.
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Figure 5.4: Binned data after measuring RMSD of two distinct atom selections. (a)
and (b) show the intra-domain RMSD of the BD and the TD+LC, respectively. (c)
shows the inter-domain RMSD with mobile BD and fixed TD+LC and (d) shows the
inter-domain RMSD with mobile TD+LC and fixed BD. This showed that the domains
remain stable throughout, and the RMSD observed over whole protein comes from
inter-domain movement.

5.4.1.2 SASA

The SASA of BONT/A was also assessed as a function of pH, with similar results
as discussed above. No clear pH-dependent trend was observed, with a relatively
constant SASA across all pHs (figure 5.5). This is not unexpected, as the domain
organisation is less prone to changes in SASA, even if a large domain shift had been
observed. In BoNT/E, the BD separates outwards from the LC which increases the
SASA of all three domains: the area of the BD and the LC which faced each other,
and the area of the TD which was shielded by this interface. In BONT/A, the three
domains are in a dAflato alignment, SABAAh | i tt

minor loss of SASA was seen in pHs 5.5 and 6, which may be due to a minor

119



conformation change at these conditions. Breaking this down by domain showed a
near constant area over the pH range studied (figure 5.6).
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Figure 5.5: Average global SASA of BoNT/A as a function of pH. Average taken from

the final 200 ns of each repeat. At pHs 5.5 and 6, a slight dip was observed compared

to the rest. This may be due to a minor structural change.
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Figure 5.6: Average SASA by domain. The area was found to be near constant
throughout every pH simulated. Average taken from the final 200 ns of each repeat.

5.4.1.3 Charge and salt-bridge content

As for BONT/E, the starting structures of each pH simulation were assessed for
salt bridge content and charge distribution (figure 5.7). This contrasted again, with two
sharp increases in charge from pH 7 to pH 5.5; and from pH 5 to pH 4. The slope
flattens between pH 5.5 and pH 5, which may be related to the activity though it is
unclear how at this stage. Similarly to BONT/E however, the first pH with positive
charge on both atom selections was observed at pH 5.5, hinting at a common
electrostatic requirement for the activity of these two proteins. The headgroups on cell
membranes are negatively charged; hence the positive charge on the protein would
favour an interaction. The salt bridge content, however, declined with a constant rate
between pH 6 and pH 4.5.
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Figure 5.7: The charge and salt-bridge distribution as a function of pH in BONT/A.

5.4.1.4 PCA

By combining all the generated MD frames into a single trajectory, using
backbone only atoms and removing the first 50 ns of each repeat, the conformational
space explored was separated into clusters of structural similarity. By first obtaining
the elbow plot (figure 5.8) of the combined trajectory, the MD frames were split into 4
clusters of closely related structures. This was the same number of clusters as used
for BONT/E, however the distribution as a function of pH differed as well as the
differences between each cluster. In BONT/E, the 4 clusters were distinct structures
with large differences in the position of the BD with respect to the TD+LC, and even
the least populated cluster was made up of over 18,000 frames. In BoNT/A, two
clusters make up the overwhelming majority of frames, while the two remaining

clusters are made up of 5 and 1 frames (figure 5.9).
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Figure 5.8: Elbow plot of the BoNT/A combined trajectory, indicating 4 clusters as a

reasonable value to use for the grouping.
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Figure 5.9: (a) pH contribution to each cluster; (b) Cluster contribution to each pH.
This revealed the disappearance of cluster 1 at pH 5.5 and pH 6, while clusters 1 and
2 are otherwise evenly distributed across all other pHs. Clusters 3 and 4 are exclusive

to pH 5 and 5.5, respectively, but are extremely rare events.

The robustness of the clustering was monitored by measuring the average
RMSD o f each cluster with posme ©t atnad twhe dlows
satisfactory with values lower than 0.3 nm for every cluster. The structural differences
between the clusters were minor, with only slight displacement of the BD from one
cluster to the other. In cluster 2, which dominates at pHs 5.5 and 6, the BD is displaced
Ahorizontallyo, . e. around the TD; whil e i
alignment with the rest of the protein (figure 5.11). At pHs 5.5 and 6, the total charge
on the protein is the closest to neutral, which may facilitate more movement in the
Ahorizontal 06 plane. 't is of interest that
singled out by the clustering occur in pHs 5 and 5.5, matching the activation barrier of

this protein. While less noticeable than the change observed in BONT/E, and much
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rarer, these structures may be relevant to the membrane insertion mechanism of the
protein. Their relative rarity (5 consecutive frames in pH 5; 1 single frame in pH 5.5;
out of 17,501 frames per trajectory) compared to the open structure of BONT/E may
explain the overall increased delay of activity post injection in BoNT/A compared to
BONT/E.

i

Figure 5.10: PCA clusters viewed as a dendrogram. Clusters 3 & 4, blue & green
respectively, are the most distinct; while clusters 1 & 2, black & red respectively, are

closely related and account for the majority of frames.
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Figure 5.11: Cluster mid-points and their contribution to total frames generated.

Figure 5.12: Interactions between a BD lysine and several residues in the switch
region. This contact would have been lost in the Lam et al study due to the absence

of the BD.
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