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Abstract
This thesis is divided into two sections; the first part describes our work in the field of botulinum neurotoxins (presented in
papers I, II, III, and manuscript IV) and the second part summarizes our work involving the design of a new biochemical
tool (presented in paper V).

Botulinum neurotoxins (BoNTs) produced by the anaerobic bacterium Clostridium botulinum are the most poisonous
substances known to date. They have a conserved structure that consists of three domains (receptor-binding, translocation,
and catalytic domain), each of which has a distinct function. The receptor-binding domain binds to neuronal receptors, and
after endocytosis the translocation domain shuttles the catalytic domain into the cytosol, where it cleaves neuronal proteins
of the SNARE family, which are part of the vesicle-membrane fusion machinery.

In paper I, we studied proteins of unknown function (OrfX1, OrfX2, OrfX3, and P47), which are co-expressed with
certain BoNTs. We solved the crystal structures of OrfX2 and P47, and their structural resemblance to tubular lipid binding
proteins (TULIP) together with lipid binding studies, led us to conclude that OrfX1 and P47 are able to bind phosphatidyl
inositol phosphates (PIPs) in vitro.

In paper II, we studied the binding of BoNT/B, /DC and /G to their protein receptor synaptotagmin (Syt). We determined
their affinities to synaptotagmins from different species, and concluded that residue F50 in bovine Syt-II is responsible
for its increased affinity towards BoNT/DC. In addition, we studied the interaction between BoNT/G and Syt-II via STD-
NMR. Our results showed the binding to be similar to BoNT/B and Syt-II, and that the N-terminal region of the Syt peptide
is important for the binding of BoNTs to synaptotagmin, even though it is not part of the binding interface.

In paper III and manuscript IV, we present the identification of a novel BoNT serotype named BoNT/X. We showed that
BoNT/X cleaves the non-canonical substrates VAMP4, VAMP5 and Ykt6, as well as the canonical substrate VAMP1-3
at a new cleavage site, distinct from other BoNTs. In addition, we present the cryo-EM structure of BoNT/X in complex
with its non-toxic interaction partner NTNH. Our pH stability experiments revealed that BoNT/X-NTNH remain bound at
neutral to moderately high pH, in contrast with what is observed for BoNT/A-NTNH.

In paper V we present the design of a novel epitope tag named the ALFA system. The ALFA tag is a short α-helical
protein tag that is highly stable and electroneutral. The ALFA nanobody has a very high affinity for the tag and is small
enough to allow for high performance in high-resolution microscopy. The crystal structure of the ALFA nanobody in
complex with the tag led to a modified version of the ALFA nanobody that can release the tag via competitive elution with
free ALFA peptide. Our results showed that this system outperforms several commercially available systems in protein
purification and high-resolution microscopy.
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Summary 

This thesis is divided into two sections; the first part describes our work in 
the field of botulinum neurotoxins (presented in papers I, II, III, and manu-
script IV) and the second part summarizes our work involving the design of a 
new biochemical tool (presented in paper V). 

Botulinum neurotoxins (BoNTs) produced by the anaerobic bacterium 
Clostridium botulinum are the most poisonous substances known to date. 
They have a conserved structure that consists of three domains (receptor-
binding, translocation, and catalytic domain), each of which has a distinct 
function. The receptor-binding domain binds to neuronal receptors, and af-
ter endocytosis the translocation domain shuttles the catalytic domain into 
the cytosol, where it cleaves neuronal proteins of the SNARE family, which 
are part of the vesicle-membrane fusion machinery.  

In paper I, we studied proteins of unknown function (OrfX1, OrfX2, OrfX3, 
and P47), which are co-expressed with certain BoNTs. We solved the crystal 
structures of OrfX2 and P47, and their structural resemblance to tubular lipid 
binding proteins (TULIP) together with lipid binding studies, led us to con-
clude that OrfX1 and P47 are able to bind phosphatidyl inositol phosphates 
(PIPs) in vitro.  

In paper II, we studied the binding of BoNT/B, /DC and /G to their protein 
receptor synaptotagmin (Syt). We determined their affinities to synaptotag-
mins from different species, and concluded that residue F50 in bovine Syt-II 
is responsible for its increased affinity towards BoNT/DC. In addition, we 
studied the interaction between BoNT/G and Syt-II via STD-NMR. Our results 
showed the binding to be similar to BoNT/B and Syt-II, and that the N-termi-
nal region of the Syt peptide is important for the binding of BoNTs to synap-
totagmin, even though it is not part of the binding interface. 

In paper III and manuscript IV, we present the identification of a novel 
BoNT serotype named BoNT/X. We showed that BoNT/X cleaves the non-ca-
nonical substrates VAMP4, VAMP5 and Ykt6, as well as the canonical sub-
strate VAMP1-3 at a new cleavage site, distinct from other BoNTs. In addi-
tion, we present the cryo-EM structure of BoNT/X in complex with its non-
toxic interaction partner NTNH. Our pH stability experiments revealed that 
BoNT/X-NTNH remain bound at neutral to moderately high pH, in contrast 
with what is observed for BoNT/A-NTNH. 

In paper V we present the design of a novel epitope tag named the ALFA 
system. The ALFA tag is a short α-helical protein tag that is highly stable and 
electroneutral. The ALFA nanobody has a very high affinity for the tag and is 
small enough to allow for high performance in high-resolution microscopy. 



The crystal structure of the ALFA nanobody in complex with the tag led to a 
modified version of the ALFA nanobody that can release the tag via compet-
itive elution with free ALFA peptide. Our results showed that this system out-
performs several commercially available systems in protein purification and 
high-resolution microscopy. 
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Structural biology primer 

This work has been carried out primarily through the use of several struc-
tural biology methods, focusing in the field of botulinum neurotoxins, as well 
as protein tag design. Structural biology is the study of the atomic structure 
of biological macromolecules, such as proteins and nucleic acids. Through the 
understanding of the spatial arrangement of these molecules we can gain 
very detailed insights into their mechanism and function. A series of great 
advances (and wrong guesses) in the 20th century led to the birth of structural 
molecular biology, which are extensively described in the book Present at the 
Flood: how structural molecular biology came about.1 Before 1926, proteins 
were thought to be a colloidal dispersion of organic matter in water, until the 
crystallization of urease contested that idea, given that no heterogenous ag-
gregate of anything should be able to crystallize.2 This idea was later rein-
forced in 1934 with the first protein fibre X-ray diffraction experiments, 
which showed repeating features in keratin fibres, hinting at the idea of pol-
ypeptide chains.3 Since then, the publication of the first ‘high resolution’ crys-
tal structure of haemoglobin,4 as well as the structure of deoxyribonucleic 
acid (DNA) relying on DNA fibre diffraction experiment results (after a previ-
ous wrong guess of an inside-out triple DNA helix),1,5–7 represent key mile-
stones in the way we are able to look at biological macromolecules today.  

The three main methods widely used today in structural biology to obtain 
high resolution data are X-ray crystallography, electron cryo-microscopy 
(cryo-EM) and nuclear magnetic resonance spectroscopy (NMR). 

X-ray crystallography 
Conventional imaging of microscopic objects is achieved by the use of a 

lens that can bend visible light diffracted from an object and reconstruct an 
image of said object on its focal point. However, for the object to diffract light 
in the first place, it must be larger than the wavelength of light. Visible light 
has a wavelength of 400-700 nm, which can be more than 3000 times the 
length of an atomic bond. X-rays have the correct wavelength to visualize 
atomic bonds, which is around 1 Å (or 0.1 nm). However, two main problems 
need to be confronted for successful imaging with X-rays. 

Firstly, there is no lens capable of bending X-rays. To circumvent this issue, 
diffracted X-rays can be measured by a detector, thus recording a diffraction 
pattern of an object to later reconstruct an image of it computationally. The 
computer plays the role of the lens in this setup.  
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Secondly, a single molecule would not diffract enough X-rays to record a 
proper diffraction pattern, and therefore we need to resort to the use of 
crystals where all proteins are identical and oriented consistently throughout 
the crystal, so that they diffract the same way. This allows for the amplifica-
tion of the signal of diffracted X-rays, which can then be detected and rec-
orded. For protein crystals to grow, very pure protein has to be present at 
high concentrations in a carefully supersaturated solution for the protein to 
form crystals instead of disordered aggregates. The smallest volume in the 
crystal that is representative of the full-sized crystal is called the unit cell, and 
the crystal is formed of repeats of the unit cell just like stacked boxes in three 
dimensions. 

Once a protein crystal has been obtained, it can be placed between a pow-
erful X-ray source and a detector, and the crystal will diffract multiple dis-
crete beams that will be recorded as spots on the detector called reflections, 
which carry the information about the molecular arrangement of the crystal. 
These reflections form the reciprocal lattice, and the distance between them 
is inversely proportional to the distance between the corners of the unit cell 
in the crystal, which form the real lattice. It is important to note that by re-
cording the diffraction pattern of a single orientation of the crystal we can 
only obtain a two-dimensional cross-section of the reciprocal lattice, and 
therefore to record a complete dataset the crystal will need to be rotated to 
record multiple cross-sections. The reflections diffracted with steepest an-
gles carry the information of the highest resolution details of the protein, 
therefore in order to obtain a high-resolution structure the reflections that 
are furthest away from the beam path will have to be recorded. An example 
of a diffraction image is shown in Figure 1. 

The challenge in solving a crystal structure after the X-ray diffraction ex-
periment has been carried out lies in converting the measurements in recip-
rocal space to distances in real space. This is achieved by a Fourier transform 
operation, for which a mathematical description of every diffracted beam is 
needed. The beams are described as a wave function with components de-
scribing their amplitude (easily derived from the intensity of the reflections, 
by integrating their area), frequency (derived from their hkl index, or where 
in the diffraction pattern the reflection is) as well as their phase. Unfortu-
nately, the phases of the diffracted beams cannot be directly measured, and 
need to be determined in some other way. This is known as the phase prob-
lem, and common ways to solve it include molecular replacement, where the 
phases of the novel structure are guessed from a similar previously solved 
structure; or isomorphous replacement, where a heavy atom acting as a 
strong diffractor is introduced consistently in the unit cell to observe the way 
its contributions change the diffraction pattern, using it as a molecular bea-
con to obtain an initial estimation of the phases of the diffraction pattern. 
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Another more modern approach is anomalous dispersion, where the wave-
length of the incident X-rays is set to match the absorption peak of a given 
atom in the structure. When this happens, said atoms will shift the phase of 
the X-rays, a process called anomalous scattering. This results in certain dif-
ferences in the diffraction pattern that can be discerned to estimate initial 
phases that later can be refined. An advantage of this method is that the 
heavy atoms employed can be lighter than those used in isomorphous re-
placement. A common choice is introducing Selenium atoms as selenomethi-
onine residues, by enriching this unnatural amino acid in the expression me-
dium, replacing methionine residues in the original sequence of the protein.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Diffraction pattern from a frame of the dataset that yielded the 1.5 Å 
NbALFA-ALFA peptide complex crystal structure. 
 
The Fourier transform operation yields an electron density map that de-

picts the spatial arrangements of the X-ray scatterers in the crystal, which are 
the electron clouds of the atoms in the protein. An X-ray crystallographer can 
then build a model of the protein based on the electron density map.8 
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Cryo-EM single particle analysis 
Another way to visualize proteins is by using electrons instead of X-rays, 

in a transmission electron microscope. In electron cryo-microscopy (cryo-
EM), a purified protein sample is blotted onto a grid containing a holey car-
bon film, which is rendered hydrophilic via a glow discharge process. Through 
a rapid freezing process using liquid ethane, the sample suspended on the 
holes of the carbon film is frozen in a vitreous ice layer that is almost trans-
parent to electrons. This allows for direct visualization of single proteins with-
out the need of crystals, although obtaining a grid with an even distribution 
of visible particles can be challenging. Large amounts of protein are usually 
lost when blotting the sample on the grid to remove excess buffer, both on 
the filter paper or by denaturation upon contact with both air-water inter-
faces. Some proteins may also stick to the carbon layer preferentially instead 
of distributing evenly in the holes. Furthermore, proteins can adopt prefer-
ential orientations in the ice, causing anisotropic resolution in final cryo-EM 
maps. Some of these issues can be overcome using a graphene oxide or car-
bon support film over the holey carbon grid, or by tilting the grid to image 
the particles from a predetermined different angle. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Frame from a grid blotted with BoNT/X-NTNH at 130,000X nominal 
magnification. The complex is visible as small diamond-shaped particles. 
 
Once a suitable grid has been obtained, areas of the holes can be imaged 

in a series of frames called movies, where the total dose received by the spec-
imen is divided in frames, which allows us to correct for the specimen drift. 
The frames can then be realigned to reconstruct the image, thus avoiding 
image blurring by beam-induced motion and specimen drift. These frames 
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are dose-weighted to improve the final averages, meaning that high resolu-
tion information in the latest frames will be downweighed, since they will 
have received the highest radiation damage. An example frame from a grid 
blotted with BoNT/X-NTNH is shown in Figure 2. 

A small part of the contrast in cryo-EM micrographs (5-10%) comes from 
amplitude contrast, which is generated by the difference in electron absorb-
ance of the protein relative to the empty ice around it.9 Most of the infor-
mation in the micrographs is in the phase contrast. It is useful to think of 
electrons as waves in order to understand the nature of this phenomenon. 
As opposed to X-rays, electrons can be bent by using a magnetic objective 
lens that will form a magnified image of the specimen on the image plane. 
Once an electron reaches the specimen, a component of the electron wave 
will not be scattered, will go through the objective lens and then hit the de-
tector with a given phase (this is the non-scattered beam). Another compo-
nent of the electron will be elastically scattered by the specimen at a given 
angle and undergo a phase shift, to then be bent back by the objective lens, 
travelling a longer path through the microscope before reaching the same 
pixel on the detector as the non-scattered electron component. The initial 
phase shift and the longer path may cause the scattered electron component 
to reach the detector with a different phase relative to the non-scattered 
electron component, which can cause them to interact constructively or de-
structively depending on their relative phases. This phenomenon can signifi-
cantly affect the probability of detecting an electron at any given point on 
the detector, thus affecting the detected image.  

Because of the nature of the magnetic lenses, the phase contrast of an 
image generated with an electron microscope is described by a contrast 
transfer function (CTF), which is an oscillating function of contrast in the y 
axis and spatial frequency in the x axis. The CTF plays the role of a sinusoidal 
bandpass filter, modulating the recorded image in reciprocal space. A CTF 
must be estimated for each image in order to accurately reconstruct a mag-
nified image of the specimen. It is important to note that this oscillation func-
tion has multiple zero-crossings, which will result in no signal at those fre-
quencies. One of the parameters that define the CTF is the defocus, and as 
the defocus varies, the zero-crossings of the CTF change. Therefore, to mini-
mize the problems caused by the lack of information at certain frequencies, 
images are taken at different defoci. This process is illustrated in Figure 3. 

The CTF decays faster with increasing image defocus, and therefore high-
resolution details of the micrographs are lost at high defocus distances. How-
ever, a certain defocus distance is needed in order to visualize the particles, 
especially when they are of small size. This is why it is often difficult to obtain 
high resolution structures from small proteins. 
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Figure 3. Examples of a contrast transfer function. The lower function shows 
that at higher defocus the CTF shifts, losing contrast at high resolution and 
enhancing contrast at low resolution (in absolute values). The dotted line 
shows that a zero-crossing in the function above is not a zero-crossing in the 
function below, illustrating the need to obtain images at different defoci in 
order to scan the whole Fourier space. 
 
Particles can be selected and averaged in the processed micrographs, 

forming 2D classes of different orientations of the protein. Once the orienta-
tions have been assigned to the particles, a 3D volume can be constructed 
and refined from hundreds of thousands of particles, which represents the 
Coulomb potential of the protein. A model of the protein can be built in this 
volume, if it is of sufficient resolution. 

Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy is a method that is ca-

pable of retrieving structural information from proteins in solution.10 In order 
to do this, a protein solution is placed inside a strong magnetic field, where 
all nuclei within the solution that possess a magnetic nuclear moment will 
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align with respect to the external magnetic field. The sum of the magnetic 
moments of all nuclei is called the nuclear magnetization vector. Using a ra-
diofrequency pulse, the nuclear magnetization vector can be excited and 
thus rotated at a given angle. The component of the excited vector that is 
transversal to the external magnetic field rotates around the field (or pre-
cesses) with a particular frequency called the Larmor frequency, which is 
unique to the kind of nuclei that are excited. This precessing component is 
the signal that can be detected by a receiver coil. For the excitation to be 
effective, the radiofrequency pulse must have a frequency that matches (is 
resonant to) that of the nuclei to be excited. After excitation, the process by 
which the nuclear magnetization returns to equilibrium is known as relaxa-
tion. 

There are local magnetic field variations perceived by nuclei depending on 
the electronic environment around them, which partially shield the nuclei 
from the external magnetic field. These local variations are named chemical 
shifts, and they cause small variations on the Larmor frequency of each nu-
cleus. As a result, we can derive information about the chemical environment 
of a nucleus from its Larmor frequency. This is a fundamental principle by 
which NMR spectroscopy can provide information about specific atoms in a 
molecule. For the determination of protein structures, a second important 
effect is utilised by which magnetization can be transferred between nuclei 
that are close in space. This effect is known as the Nuclear Overhauser En-
hancement (NOE) and depends on the distance between the spins. By de-
tecting this phenomenon, a large number of distances between atoms can 
be determined from which the structure of proteins can be derived. 
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Botulinum neurotoxins 

Early botulism research history 
In 1802, the Royal Government in the Kingdom of Württenberg in south-

ern Germany issued a public alert warning the citizens about the potentially 
lethal consumption of smoked blood-sausages. The Napoleonic Wars (1795-
1813) had taken their toll on the economy, which resulted in insufficient san-
itary measures in food production.11,12 Many cases were registered and at-
tributed to food poisoning from poorly preserved meats, and the initial 
symptoms were described as progressive muscle paralysis and dilation of the 
pupils. Shortly after, German physician and romantic poet Justinus Kerner 
(1786-1862) systematically studied 76 patients of ‘sausage-poisoning’ and 
concluded that the capacity of nerve conduction is interrupted by the toxin in 
the same way as in an electrical conductor by rust.13,14 Several years would 
pass until the identification of a bacterium that produces this toxin by Belgian 
microbiologist Emile Pierre van Ermengem (1851-1922) in 1896, who origi-
nally named it ‘Bacillus botulinus’.15 van Ermengem isolated the bacterium 
from pickled and smoked ham served at a funeral meal in the Belgian village 
of Ellezelles, which took the life of 3 guests and nearly 10 more, and con-
cluded that it is highly probable that the poison in the ham was produced by 
an anaerobic growth of specific microorganisms during the salting process.16  

Introducing the botulinum neurotoxins 
Today we refer to this bacterium as Clostridium botulinum, and to the dis-

ease it causes as botulism, a term derived from the Latin word for sausage 
botulus. Botulism is a rather rare disease in humans and is caused by the ex-
tremely potent botulinum neurotoxins (BoNTs), which are synthesized by an-
aerobic bacteria C. botulinum and other clostridial species such as C. baratii, 
C. butyricum and C. argentinense. The lethal dose of the toxin via intraperi-
toneal injection in mice ranges from 0.1 ng/Kg to 1 ng/Kg, making it the most 
poisonous toxin known.17 It is so lethal that 100 grams of pure toxin would 
suffice to kill the whole human population. Its outstanding toxicity sparked 
military interest in the early 20th century: The Japanese biological warfare 
group fed C. botulinum cultures to war prisoners during Japan’s occupation 
of Manchuria in the 1930s. Later, the US biological weapons program first 
produced BoNT during World War II, as well as a botulinum toxoid vaccine in 
response to concerns that Germany would weaponize the neurotoxin.18 In 
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fact, it is classified as a dangerous agent of potential use in bioterrorism.18 
However, due to the low occurrence of the disease, nowadays the general 
population is not vaccinated against botulism, which allows for the use of the 
toxin as a therapeutic agent for the treatment of a growing list of medical 
conditions such as chronic low back pain or cerebral palsy, as well as for cos-
metic purposes.19,20 This was already hypothesized by Kerner in the 19th cen-
tury, who wrote that the toxin in such doses, that its action could be restricted 
to the sphere of the sympathetic nervous system only, could be of benefit in 
the many diseases which originate from the hyperexcitation of this system.12 

Mechanism of action 
The botulinum neurotoxins are synthesized as a 150 kDa protoxin and 

later cleaved by bacterial or host proteases into two chains: The N-terminal 
light chain (LC, 50 kDa), which is a zinc-dependent metalloprotease; and the 
heavy chain (HC), which is functionally divided into the N-terminal transloca-
tion domain (HN, 50 kDa) and the C-terminal receptor-binding domain (HC, 50 
kDa). This way, BoNTs are built of three functional modules that, with the 
help of companion proteins encoded in the BoNT gene cluster, efficiently 
navigate the host after ingestion to reach their target: SNARE (soluble N-
ethylmaleimide-sensitive factor attachment protein receptor) proteins inside 
motor neurons.21–23 The domain arrangement of BoNTs is represented in Fig-
ure 4.  
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Figure 4. Cartoon representation of the crystal structure of botulinum neuro-
toxin serotype A (PDB ID 3BTA).24 The light chain is shown in magenta (LC), 
translocation domain in green (HN) and receptor-binding domain in blue (HC). 
 
SNARE proteins are crucial for the fusion of synaptic vesicles to the pre-

synaptic membrane in neurons, and without them the neuron is unable to 
release neurotransmitters into the neuromuscular junction (NMJ), effectively 
blocking nervous signal transmission. This leads to flaccid paralysis symptoms 
in the host, which can be lethal once the diaphragm is paralyzed, causing suf-
focation. The SNARE protein superfamily includes more than 60 proteins that 
have a conserved 60-70 residue segment known as the SNARE motif, which 
can oligomerize into the extraordinarily stable SNARE complex.25,26 SNARE 
proteins synaptobrevin (also known as vesicle-associated membrane pro-
tein, VAMP) and  syntaxin also contain a transmembrane domain, while 
SNAP-25 is a peripheral membrane protein attached to the membrane by 
palmitoyl groups. These are specialized fusion proteins that by forming the 
SNARE complex, disrupt the electrostatic repulsive forces between vesicle 
and cell membranes, as well as the lateral tension of the membrane itself, in 
order to facilitate the exocytosis process. Syntaxin 1, VAMP1-3 and SNAP-25 
are specifically cleaved by the catalytically active light chain of different 
BoNTs.21–23 By targeting these related substrates that fulfil a related function 
in the cell, BoNTs cause similar effects in the host even if they cleave different 
proteins. In addition, the vesicle-membrane fusion process is further regu-
lated by synaptotagmin, which is also a protein receptor for certain BoNTs. 
Synaptotagmin binds to the neuronal SNARE complex and mediates vesicle 
docking, and also contains two Ca+2 sensing luminal domains that might in-



   
 

11 

sert into the membrane upon Ca+2 influx caused by voltage-gated ion chan-
nels, in order to induce a local curvature in the membrane to make pore for-
mation more energetically favourable.27 

The process by which BoNTs enter neurons and reach their substrates is 
depicted in Figure 5. BoNTs recognize their receptors on the neuronal surface 
and enter the cell via endocytosis. Upon acidification of the endosome, the 
LC is translocated into the cytosol, where it goes on to cleave the SNARE pro-
teins. 

 
Figure 5. Schematic depiction of the synapse at the neuromuscular junction 
(NMJ). The neuron is depicted in light brown and the muscle cell in red. The 
receptor-binding domain of BoNT is depicted in blue, the translocation domain 
in green, and the protease domain (light chain, LC) in purple. (1) Synaptic ves-
icle containing the neurotransmitter acetylcholine, SV2, synaptotagmin (Syt) 
and VAMP proteins in its membrane. (2) Voltage-gated calcium channels 
transport Ca2+ ions inside the neurons upon sensing nervous action potential. 
Syt binds the calcium and facilitates the formation of the SNARE complex, 
which mediates vesicle-membrane fusion. (3) Neurotransmitters are released 
into the NMJ, where ligand gated ion channels will transform the chemical sig-
nal back into an action potential in the muscle cell. (4) Vesicular membrane 
proteins that form the SNARE complex are recycled back into the neuron. 
BoNTs hijack this mechanism by using gangliosides and protein receptors (SV2 
or Syt) as receptors to enter the neuron. (5) Upon acidification of the endo-
some, the translocation domain of BoNT translocates the catalytically active 
light chain (LC) into the cytosol, where it cleaves proteins of the SNARE fam-
ily.21,22,28 The neuron is left unable to mediate vesicle-membrane fusion, and 
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therefore cannot transmit the nervous signal to the muscle cell, causing paral-
ysis in the host. 
 
But why is this exquisite intoxication mechanism so potent? Neurotoxi-

genic clostridia have evolved an extraordinarily efficient way to kill their tar-
gets, although they do not often colonise the host, which is unusual for in-
fectious bacterial diseases.29 Hosts intoxicated via foodborne botulism will 
most often die at a distant place and time from the place of intoxication. Live 
maggots can also feed on contaminated carcasses and spread the toxin to 
their predators without being affected by it. It has been suggested that the 
death of a vertebrate host provides with plenty of nutrients for clostridial 
spores to germinate and grow, playing the role of a large anaerobic fer-
menter.30–32  
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Differences among botulinum neurotoxins 
There are seven traditional serotypes of BoNT, alphabetically named 

BoNT/A-G. A given BoNT is classified as a new serotype when antisera raised 
against all other serotypes fail to recognize it. Additionally, BoNTs are further 
divided into subtypes designated by Arabic numerals, on the basis of a mini-
mum of 2.6% sequence divergence.33–36 A number of mosaic toxins have also 
been described, which are built of segments that originate from different 
serotypes. This variety is a consequence of the mobility of the bont genes and 
their spread through horizontal transfer between strains.35,37 The tetanus 
neurotoxin (TeNT) is also related to the botulinum neurotoxins,38s and shares 
a similar architecture and fold, although the symptoms it causes differ from 
botulism, as it causes rigid paralysis in the host.39 A genetic tree showing the 
traditional BoNT serotypes, BoNT-like proteins, TeNT, and BoNT/X – the new 
serotype we identified – is shown in Figure 6. 

 
Figure 6. Genetic tree of BoNT variants, BoNT-like proteins and TeNT gener-
ated with SplitsTree using the NeighbourNet method.40 BoNT/X is highlighted 
in bold. 
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Toxicity and BoNT gene cluster 
In order to intoxicate the host BoNTs have to make their way into motor 

neurons, and they can accomplish this through three different routes. Infant 
botulism occurs after the ingestion of neurotoxigenic spores that can colo-
nize the intestines of the host, due to the limited intestinal microbiota of in-
fants younger than 12 months in comparison with adults.41,42 Wound botu-
lism is another infectious form of botulism, where clostridia infect wounds in 
the host and produce the toxin. Foodborne botulism is the most common 
occurrence of the disease, caused by the ingestion of the toxin.43 In order to 
survive the acidic pH of the stomach and be absorbed into the bloodstream 
through the gastrointestinal tract, BoNTs are aided by several proteins en-
coded in the BoNT gene cluster. NTNH (nontoxic nonhemagglutinin protein) 
is a protein present in every BoNT cluster. It forms a heterodimeric complex 
together with BoNT known as the M-PTC (minimal-progenitor toxin com-
plex). NTNH shares a similar three-domain architecture with BoNT, and the 
crystal structures of BoNT/A and BoNT/E in complex with their respective 
NTNH proteins have revealed that they form a tight interlocked complex 
driven by a rearrangement of the HC domain of BoNT.44,45 The M-PTC complex 
formation is pH dependent, and in the case of BoNT/A is stable at pH 6.5 but 
disassembles at pH 7.5, which allows BoNT to be released once it crosses the 
intestinal epithelial barrier and enters the bloodstream. 

bont gene cluster archetypes: the ha and orfX-p47 clusters 
There are two known archetypes of bont gene clusters: the ha cluster, en-

coding hemagglutinin proteins HA17, HA33 and HA70; and the orfX-p47 clus-
ter, which encodes proteins OrfX1, OrfX2, OrfX3 and P47. Examples of both 
clusters are shown in Figure 7. The HA proteins form a triskelion-shaped com-
plex that together with the M-PTC form the 760 kDa L-PTC (large-PTC).46–49 
This interaction is facilitated by a flexible loop in NTNH known as the nLoop. 
The HA proteins contain a carbohydrate binding site that binds to glycopro-
tein 2 (GP2) on the surface of microfold cells (M-cells) in the intestine.47,50 
They are also able to bind to E-cadherin and disrupt its function, a protein 
that mediates cell-cell adhesion in epithelial tissue, thus opening up a para-
cellular route across the epithelial barrier.51 These two interactions enhance 
the potency of BoNTs when administered orally, as shown by Lee et al. in an 
experiment where they observed reduced oral toxicity of point mutants of 
recombinant L-PTC that disrupted carbohydrate or E-cadherin binding.52 All 
BoNTs that have been identified so far are encoded in either an ha cluster or 
an orfX-p47 cluster.  
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It is unclear whether BoNTs in orfX-p47 clusters form higher molecular 
weight oligomers together with OrfX or P47 proteins, or what the function of 
the proteins in this cluster is, although they have previously been found as-
sociated with BoNT/A and /F preparations, and are even present in commer-
cially-available purified BoNT/E.53 A recent study concluded that the orfX-p47 
gene cluster is not exclusive to strains associated with BoNT-like proteins, 
and is consistently found in the vicinity of other toxins, like the crystal toxin 
(Cry) and vegetative insecticidal protein (VIP).54 Furthermore, the study sug-
gested that OrfX1, OrfX2, OrfX3 and P47 share a common ancestor. 

 

 
Figure 7. Schematic representation of the bont gene clusters in A1 Hall (ha-
type cluster) and A2 Kyoto-F (orfX-p47-type cluster) Clostridium botulinum 
strains. 

Studies on orfX-p47 cluster proteins of BoNT/A2  
The C. botulinum Kyoto-F strain produces a BoNT/A2 subtype neurotoxin 

encoded in an orfX-p47 cluster. Interestingly, this subtype shares 90% se-
quence identity with the BoNT/A1 subtype in the Hall A strain, which is en-
coded in a ha cluster. In an effort to shed some light on the function of the 
orfX-p47 cluster proteins, we solved the crystal structures of P47 and OrfX2 
from the Kyoto-F strain A2 cluster at 1.75 Å and 2.1 Å respectively (presented 
in Figure 8), which showed no significant structural similarities to any of the 
HA proteins. This work was published in paper I. 

Can we learn anything from these structures? 
Structural similarity searches through PDBeFOLD55 and DALI56,57 servers 

revealed significant resemblance to proteins belonging to the tubular lipid-
binding protein (TULIP) superfamily for both P47 and OrfX2.58 TULIP domains 
contain a characteristic β-sheet wrapped around an α-helix, forming a hydro-
phobic cavity that plays the role of a lipid binding site. It is worth noting that 
the synaptotagmin-like mitochondrial lipid-binding domain (SMP) of ex-
tended synaptotagmin 2 is also structurally similar to P47 and OrfX2, which 
is interesting given that synaptotagmins are neuronal-surface receptors for 
BoNTs.59 
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Figure 8. (A) F2 Kyoto-F strain BoNT/A2 gene cluster with OrfX2 and P47 struc-
tures (PDB accession codes 6EKV and 6EKT respectively). (B) Structure of bac-
tericidal/permeability increasing protein (BPI, PDB accession code 1EWF)60 
bound to phosphatidylcholine as an example of a TULIP domain. 
 
Based on these findings, we used a series of nitrocellulose strips with sev-

eral types of common cell membrane lipids spotted on the surface in order 
to search for lipids that could potentially bind to orfX-p47 cluster proteins. 
The lipid-strip interaction studies (shown in Figure 9) revealed that OrfX1 and 
OrfX2 bind to phosphatidyl inositol 3-phosphate, as well as to phosphatidyl 
inositol 4-phosphate (PtdIns (3)P and PtdIns (4)P respectively). 

Phosphorylated phosphatidylinositols (PIPs) are composed of a glycerol 
molecule esterified by two fatty acid chains in positions SN1 and SN2, and 
linked by a phosphate group to an inositol ring  which can have multiple phos-
phorylations in positions D1, D2 and D3.61 Approximately 1% of all cellular 
phospholipids are PIPs, and their presence is tightly regulated at different 
membranes by phosphatases and lipid kinases.62 Their relatively low local 
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concentration in membranes allows for rapid variations in concentration, 
which regulates certain cellular events involved in intracellular trafficking, 
membrane fusion and vesicular budding. 

 

Figure 9. Lipid strip experiment results with OrfX1 and OrfX2, and TeNT as a 
negative control. Acronym legend: LPA, lysophosphatidic acid; LPC, lysophos-
phocholine; PI, ,PtdIns, phosphatidylinositol; PtdIns(3)P, phosphatidylinositol 
(3) phosphate; PtdIns(4)P, phosphatidylinositol (4) phosphate; PtdIns(5)P, 
phosphatidylinositol (5) phosphate; PE, phosphatidylethanolamine; PC, phos-
phatidylcholine; S1P, sphingosine-1-phosphate; PtdIns(3,4)P2, phosphatidylin-
ositol (3,4) bisphosphate; PtdIns(3,5)P2, phosphatidylinositol (3,5) bisphos-
phate; PtdIns(4,5)P2, phosphatidylinositol (4,5) bisphosphate; PtdIns(3,4,5)P3, 
phosphatidylinositol (3,4,5) trisphosphate; PA, phosphatidic acid; PS, phos-
phatidylserine; DAG, diacylglycerol; PG, phosphatidylglycerol. This figure is 
adapted from paper I. 

Concluding remarks and future perspectives 
Our studies on orfX-p47 cluster proteins revealed the crystal structures of 

P47 and OrfX2, which show structural resemblance to proteins from the TU-
LIP superfamily. The results of the lipid interaction studies indicate that OrfX1 
and OrfX2 can bind to PtdIns (3)P and PtdIns (4)P, but not to similar PIPs with 
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multiple phosphorylations or to the non-phosphorylated phosphatidyl inosi-
tol, suggesting that the binding might be specific to the head group of these 
lipids. Interestingly, the local concentration of several PIPs has been found to 
play a role in membrane fusion events. PtdIns (3)P in particular is enriched in 
endosomal membranes,63 and PtdIns (4)P is involved in the formation of se-
cretory vesicles originating from the Golgi apparatus and targeted to the 
plasma membrane.64 The orfX-p47 cluster proteins will have to be studied 
further to understand whether these interactions are meaningful in vivo. 
However, it has been observed that orfX1 is absent in all orfX-p47 gene clus-
ters found in Gram-negative bacteria, leading to the speculation about a pos-
sible function of OrfX1 related to membranes in the cell envelope of Gram-
positive bacteria.54 

These structures provide initial insights into the significance of OrfX and 
P47 proteins, which are conserved in all orfX-p47-type bont clusters known 
to date. Further efforts are required in order to fully understand their func-
tion, and whether they form a large complex together with the BoNT-NTNH 
as is the case in ha-type bont clusters.  
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Botulinum neurotoxin receptors 
In order to be effective at very low doses, botulinum neurotoxins have 

evolved a highly specific dual-receptor recognition strategy, by which they 
first bind to an abundant ganglioside receptor on the surface of neurons and 
then firmly attach to the membrane via binding to a distinct protein recep-
tor.65  

Ganglioside receptors 
Complex gangliosides are used as receptors by BoNTs. They consist of a 

ceramide tail and a carbohydrate head group containing N-acetylgalactosa-
mine (GalNAc) and galactose (Gal), as well as several sialic acid groups at-
tached to it, which extend out of the membrane surface and are recognized 
by various ligands, virus and bacterial toxins. Knock-out (KO) mouse lines 
lacking enzymes required for the synthesis of these complex gangliosides 
show reduced susceptibility to BoNT (and TeNT) intoxication, supporting the 
physiological relevance of ganglioside recognition by these toxins.66–73 
BoNT/A, /B, /E, /F, /G and TeNT possess a conserved ganglioside binding site 
(GBS) with the motif SXWY close to the C-terminal of HC.74,75 BoNT/C and /D 
lack this conserved motif, but there is in vivo evidence of their use of complex 
gangliosides as receptors, and they contain a second sialic acid binding site 
termed Sia-1.67,73,76 BoNT/DC, a naturally occurring chimeric toxin of /D and 
/C, also lacks the SXWY motif and contains the Sia-1 site. It is unique in that 
mice lacking complex gangliosides suffer from similar toxicity by BoNT/DC 
compared to WT mice.77 The crystal structure of the HC domain of BoNT/DC 
(HC/DC) revealed that it recognizes gangliosides at its GBS analogous site, but 
only interacts with the sialic acid moiety, and therefore is able to utilize a 
wide range of neuronal surface molecules as receptors. Some BoNTs, partic-
ularly those which bind the protein receptor synaptotagmin, contain a loop 
between the GBS and the protein receptor binding site which forms unspe-
cific hydrophobic interactions with the membrane that are complimentary to 
(and independent from) the ganglioside and protein recognition.77–79 

Protein receptors: SV2 and synaptotagmin 
The protein receptors of BoNTs are involved in the synaptic vesicle-mem-

brane fusion process, after which they are exposed to the neuromuscular 
junction. BoNTs can then exploit the recycling mechanism of these proteins 
to gain access inside the neurons. This way the toxins also ensure that the 
neuron they recognize is currently active and releasing neurotransmitters. 
Among these receptors are synaptic vesicle glycoprotein 2 (SV2) isoforms A, 
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B and C. BoNT/A, /E and TeNT have been shown to bind to SV2,70,80–82 and 
also BoNT/D, although through a different mechanism.76 The third of three 
glycosylation sites within SV2 is critical for the high affinity binding of BoNTs 
to SV2, since it doubles the binding interface area and provides specific in-
teractions that complement the otherwise non-specific backbone-backbone 
binding to SV2 β-strands.70,83–85 This type of recognition might provide these 
toxins with a broader range of targets across species. 

Other protein receptors of BoNTs include synaptotagmin I and II (Syt-I, 
Syt-II). These proteins are involved in triggering synaptic vesicle exocytosis 
upon sensing of Ca2+.86 BoNT/B, /G and /DC have been shown to bind to syn-
aptotagmin, generally showing higher affinity for Syt-II.87–91 Hydrophobic in-
teractions between several residues in synaptotagmin and a hydrophobic 
groove in BoNT/B and /DC drive this interaction, as shown in their crystal 
structures.78,92,93 Interestingly, the synaptotagmin binding site in BoNT/DC is 
located in a perpendicular position to the one in BoNT/B, and in both cases 
close to the GBS. Furthermore, a crystal structure of HC/B in complex with Syt 
and a ganglioside revealed that the two binding sites are independent of each 
other and no large conformational changes occur upon binding of either re-
ceptor.94 There is only a crystal structure of HC/G in the absence of receptors, 
but its high sequence identity with HC/B as well as their conserved structure 
suggest that they both bind to synaptotagmin in a similar manner.95,96 Amino 
acid residues F47 and F54 are highly conserved across Syt-II in vertebrates, 
although human and chimpanzee Syt-II contain an L residue at the analogous 
position. This single mutation explains why a higher dose of BoNT/B is nec-
essary to achieve the same paralysis effects in humans in comparison to 
BoNT/A, but not in other animals.91,97  

Insights into synaptotagmin binding of BoNTs 
The interaction between BoNT/B, /DC, /G and synaptotagmin is more se-

quence-specific compared to the interaction between BoNT/A or /E and SV2, 
which consists of backbone-backbone hydrogen bonds, except for those 
around the third glycosylated site. This sparked our interest in potential dif-
ferences across synaptotagmin variants in different species that could ac-
count for changes in susceptibility to BoNT intoxication. An example of this 
is the prevalence of BoNT/DC intoxication cases in cattle.98 This work is pre-
sented in paper II. 

In order to quantify the affinity of BoNT/B, /DC and /G to synaptotagmin 
variants, we designed four peptides based on the BoNT binding region in hu-
man Syt-I, human Syt-II, rat Syt-II and bovine Syt-II and measured their bind-
ing constants to HC/B, HC/DC and HC/G via isothermal titration calorimetry 
(ITC). A multiple sequence alignment of these sequences is shown in Figure 
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10. The regions of synaptotagmin chosen for the peptide design have been 
previously identified as the BoNT-binding regions in pull down experiments, 
as well as being confirmed by their crystal structure in the case of BoNT/B 
and BoNT/DC.78,89,92,94 The structure of HC/B bound to its protein receptor Syt-
II is shown in Figure 11, revealing a hydrophobic cavity that houses the inter-
actions with several hydrophobic residues in Syt-II, which itself adopts an α-
helical conformation. Although the selection of Syt species might seem lim-
ited, we worked under the assumption that certain sequences should behave 
identically given that they only differ in amino acids that are facing away from 
the binding interface. This is the case for rat and mouse Syt-II. Additionally, 
human and bovine Syt-I BoNT-binding regions are identical.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Multiple sequence alignment of Syt-I and Syt-II peptides encom-
passing the BoNT binding region. (*) indicates a fully conserved residue, (:) 
stands for functionally conserved residue, (.) stands for partially conserved 
residue. Residues are numbered according to the rat Syt-II frame. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Structure of HC/B bound to Syt-II (grey and blue respectively, PDB 
accession code 2NM1). F47, F54 and F55 are highlighted, and hydrophobic sur-
faces in HC/B are coloured in yellow. 
 



 
 
22 

Our initial results confirmed that all three serotypes bind very poorly to 
human Syt-II in comparison to the rat and bovine variants, agreeing with pre-
vious studies that identified L54 to be the main cause for this. BoNT/B binds 
the strongest to rat Syt-II (0.1 μM KD), and similarly to human Syt-I (0.9 μM 
KD) and bovine Syt-II (1 μM KD). As expected, BoNT/DC binds strongest to bo-
vine Syt-II (0.8 μM KD), and BoNT/G binds strongest to human Syt-I (0.3 μM 
KD) and rat Syt-II (0.6 μM KD) and worst to bovine Syt-II (1.9 μM KD). Our re-
sults are presented in table 1. 

Based on these results, we concluded that residue F50 in bovine Syt-II 
could be the reason for its increased affinity to BoNT/DC and decreased af-
finity to BoNT/B, as all other synaptotagmin variants have a conserved L res-
idue in that position. The hydrophobic packing of the F residue in BoNT/DC-
bovine Syt-II would not be optimal when bound to other serotypes if this is 
true. In order to test this hypothesis, we designed a bovine F50L mutant pep-
tide and measured its binding constants to HC/B and HC/DC. As predicted, the 
affinity of bovine F50L to HC/B increased five-fold in comparison to WT bo-
vine Syt-II, whereas it decreased three-fold towards HC/DC. These results are 
shown in Figure 12.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. Comparison of KD values derived from ITC traces for BoNT/B-HC and 
BoNT/DC-HC with WT bovine Syt-II and mutant F50L Syt-II. This figure is 
adapted from paper II. 
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Table 1. Results from ITC experiments with HC/B, DC and G and synaptotag-
min peptides 

 KD (µM) 
DH 

(kcal/mol) 
TDS 

(kcal/mol) 
DG 

(kcal/mol) 

Syt-I (human)     

BoNT/B 0.9 ± 0.1 -4.4 ± 0.5 3.8 ± 0.4 -8.2 

BoNT/DC 6.7 ± 0.2 -6.7 ± 3.1 0.3 ± 3.2 -7.1 

BoNT/G 0.3 ± 0.1 -17.6 ± 0.9 -7.7 ± 0.1 -9.1 
 

Syt-II (human) 
    

BoNT/B 20 ± 6 -3.9 ± 1.1 2.5 ± 1.3 -6.4 

BoNT/DC N.D. 

BoNT/G 

 

N.D. 

Syt-II (rat)     

BoNT/B 0.1 ± 0.05 -7.5 ± 0.1 1.9 ± 0.2 -9.4 

BoNT/DC 3.0 ± 0.3 -14.5 ± 0.4 -6.9 ± 0.5 -7.6 

BoNT/G 

 

0.6 ± 0.2 -10.3 ± 0.4 -1.7 ± 0.1 -8.6 

Syt-II (bovine)     

BoNT/B 1.0 ± 0.4 -6.7 ± 0.5 1.5 ± 0.7 -8.2 

BoNT/DC 0.8 ± 0.3 -17.3 ± 5.0 -8.9 ± 5.1 -8.4 

BoNT/G 1.9 ± 0.1 -5.8 ± 0.3 2.0 ± 0.3 -7.8 
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NMR studies of synaptotagmin binding of HC/G 
The crystal structure of HC/G in complex with synaptotagmin remains elu-

sive. After multiple crystallization attempts, we decided to study the interac-
tion of HC/G and bovine Syt-II via saturation transfer difference NMR (STD-
NMR).99,100 This technique works well to study the interactions of proteins 
and ligands, but since the signal is detected from the free ligand that retains 
the magnetization transferred by the protein right after it leaves the binding 
site, a ligand that will not bind too tightly is optimal. We selected rat Syt-II 
(KD 0.6 μM) for this reason. 

The free rat Syt-II peptide was characterized first, and its secondary struc-
ture was confirmed to be α-helical according to a methodology known as the 
chemical shift index (CSI), where 1H NMR chemical shifts of α-protons are 
compared to reference values and given an index value of -1, +1 or 0, corre-
sponding to α-helical, β-sheet or random coil secondary structure respec-
tively.101 Subsequently, HC/G-rat Syt-II interactions were studied in STD and 
STD-TOCSY experiments. The residues where strong STD effects were ob-
served are namely F47, L50, K53, F54, F55, N56 and I58.  

In order to test whether the F47-N59 region is sufficient for the binding to 
occur, we designed a shorter rat Syt-II peptide comprising only these residues 
and conducted more STD-NMR experiments. No clear binding was detected 
between HC/G and the truncated rat Syt-II. The CSI analysis revealed much 
less pronounced α-helix indexes compared to the original rat Syt-II peptide, 
suggesting that the shorter peptide is in a random coil conformation. 

Concluding remarks and future perspectives 
In conclusion, in this study we provide a comprehensive quantitative sum-

mary of the relative affinities of BoNT/B, DC and G for several synaptotagmin 
variants. These data, cross-referenced with a closer look at the alignments of 
synaptotagmin sequences to the known Syt binding sites in BoNT/B and 
BoNT/DC, allowed us to hypothesize and confirm that the unique L50F mu-
tation in bovine Syt-II is responsible for the enhanced binding affinity of 
BoNT/DC, whereas BoNT/B prefers the canonical L50 residue in that position. 

Our NMR studies allowed us to study the binding of BoNT/G to synapto-
tagmin in solution, and our results support the idea that the binding mecha-
nism is similar to that of BoNT/B. Furthermore, although most of the contacts 
occur in the C-terminal region of the peptide we used originally (G40-K60 in 
rat Syt-II frame), our results suggest that the N-terminal residues are im-
portant for the inherent α-helicity of the binding region, and therefore for 
the binding of BoNTs to synaptotagmin. The structure of BoNT/G together 
with its receptor synaptotagmin remains elusive, and it is within our plans to 
pursue it further. 
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A novel botulinum neurotoxin 
Until recently, seven traditional BoNT serotypes had been isolated 

(BoNT/A-G).102–107 There are also other mosaic BoNTs that are built from seg-
ments belonging to different serotypes, among which a ‘type H’ was reported 
in 2013, although there is still no consensus about its classification.108–112 Be-
sides these, two new botulinum neurotoxin-like proteins have been recently 
identified in Weissella oryzae and Enterococcus faecium designated 
BoNT/Wo and BoNT/En respectively.113,114 PMP1 from Paraclostridium bifer-
mentans has also been recently identified as the first clostridial-like neuro-
toxin that targets invertebrates, specifically anopheline mosquitoes.115 Over-
all, several new botulinum neurotoxin-like proteins have been identified as a 
result of rapid advances in genome sequence analysis and bioinformatics. 
The identification of the seven traditional serotypes are summarized in table 
2 together with the source of their isolation. 
 
Table 2. History of the identification of botulinum neurotoxin serotypes. 
 

Serotype Year Source 

BoNT/A 189716,102 Human 

BoNT/B 1904102,116 Human 

BoNT/C 1922103 Chicken 

BoNT/D 1929104 Bovine 

BoNT/E 1934105 Human 

BoNT/F 1960106 Human 

BoNT/G 1970107 Soil 

BoNT/X 2018117 Human 
 
 In papers III and manuscript IV, we report the finding of a novel botulinum 
neurotoxin serotype named BoNT/X, as well as the electron cryo-microscopy 
(cryo-EM) structure of the BoNT/X-NTNH/X complex.  

How was BoNT/X found? 
The finding of BoNT/X is the first identification of a botulinum neurotoxin 

by genomic sequencing and bioinformatics analysis. While searching public 
genomic sequences with iterative Hidden Markov model searches, a novel 
BoNT gene encoded in the chromosome of Clostridium botulinum strain 111 
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was found. The origin of this strain was an infant botulism patient from a case 
in Japan in 1996.118 The toxicity in this case was caused by a BoNT/B2 toxin 
encoded in a plasmid of strain 111, but the genomic data was not deposited 
into the GenBank database until February 2015.119,120 There is no evidence of 
detectable levels of BoNT/X expression by C. botulinum strain 111. 

Characterization of BoNT/X 
BoNT/X is the least identical toxin to serotypes BoNT/A-G based on pairwise 
alignments, and the sequence differences are evenly distributed across the 
whole protein. The bontX gene cluster is of the orfX-p47-type, but shows 
some notable differences compared to other orfX-p47 clusters. The reading 
frame of genes orfX1, orfX2 and orfX3 is in the same direction as bont and 
ntnh, whereas in all other cases they are encoded in the opposite direction. 
In addition, there is an additional open reading frame that is similar to orfX2, 
which we called orfX2b. 

Experiments performed by our collaborators show that the BoNT/X light 
chain is capable of cleaving canonical substrates vesicle-associated mem-
brane proteins VAMP1-3, also known as synaptobrevins. These proteins are 
present in the membrane of synaptic vesicles, and are part of the SNARE pro-
tein family involved in vesicle-membrane fusion. VAMP cleavage assays to-
gether with liquid chromatography-tandem mass spectrometry experiments 
revealed that BoNT/X cleaves VAMP2 at a novel site, between residues R66 
and A67. Furthermore, BoNT/X is the only BoNT known capable of cleaving 
VAMP4, VAMP5 and VAMP family protein Ykt6, at a site that is homologous 
to the VAMP2 cleavage site.121 BoNT/X also induced flaccid paralysis in vivo 
in mice Digit Abduction Score (DAS) assays, although at significantly higher 
doses than other BoNTs.117 

 
 
 
 
 
 
 
 
 
Figure 13. BoNT/A, /B, /C, /DC, /E, /F, /G and /X subjected to trivalent anti-
ABE, anti-C, anti-DC and anti-F horse antisera, as well as anti-G and anti-D goat 
antisera. This figure is adapted from paper III.  
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In order to prove that BoNT/X is serologically unique and therefore can be 

classified as a novel serotype, dot blot assays were carried out using antibod-
ies raised against all seven traditional serotypes, as well as antiserum raised 
against BoNT/DC mosaic toxin. These antisera were able to neutralize their 
target BoNT in cultured neurons, and did not affect all other BoNTs. The dot 
blot assays are shown in Figure 13, confirming that BoNT/X is not recognized 
by antisera raised against all other serotypes. 

Cryo-EM BoNT/X-NTNH structure 
In regard to BoNT/X structural studies, so far only the crystal structure of 

the BoNT/X light chain has been solved.122 After many unsuccessful crystalli-
zation attempts with full-length BoNT/X, we resorted to cryo-EM. We ex-
pressed both BoNT/X and NTNH/X, since a structure of the complex of both 
proteins would be of higher interest and would also increase the chances of 
success using this technique. NTNH (nontoxic nonhemagglutinin protein) is a 
protein found in the gene cluster of every BoNT and BoNT-like protein found 
to date, encoded directly preceding the bont gene. BoNT and NTNH share a 
similar fold and form a complex that shields BoNT from the acidic pH and 
proteases present in the stomach of the host. In manuscript IV we report the 
cryo-EM structure of BoNT/X-NTNH (also known as the minimal-progenitor 
toxin complex, or M-PTC/X) at a nominal resolution of 3.12 Å, calculated us-
ing the gold-standard Fourier-Shell Correlation (FSC) of 0.143.123 The Overall 
structure of the complex is shown in Figure 14. The two proteins interact in 
a similar way to the previously reported BoNT/A-NTNH and BoNT/E-NTNH 
structures.44,45 BoNT/X and NTNH/X interlock exchanging the receptor-bind-
ing domain (HC/X) and the analogous domain in NTNH/X (nHC/X), burying a 
large solvent-accessible area of approximately 4,600 Å2. There are several 
salt bridges between the two proteins across this area, which are illustrated 
in Figure 15A.  

pH-sensing mechanism 
The BoNT/X-NTNH complex needs to sense the environmental pH in order 

to release the neurotoxin once it leaves the acidic environment of the gas-
trointestinal tract. We hypothesize that a solvent-accessible patch of acidic 
and basic residues on the interface of HCN/X and nHN is responsible for the 
pH-dependent stability of the complex, similarly to BoNT/A-NTNH and 
BoNT/E-NTNH. This patch is shown in Figure 15B. The acidic residues in this 
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patch will be deprotonated in neutral or basic pH environments, causing elec-
trostatic repulsion between the proteins.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. (A) Surface view of BoNT/X-NTNH, coloured in green and blue re-
spectively. (B) Domain arrangement of BoNT/X (dark shades, LC, HN, HC) and 
NTNH (light shades, nLC, nHN, nHC). This Figure is adapted from manuscript IV. 
 
 
Predicting the exact pH at which the disassembly occurs is not trivial, since 

the pKa of the residues involved in the pH-sensing mechanism will be largely 
shifted from reference values based on the chemical microenvironment 
around each residue.124 In order to assess the pH-dependent stability of 
BoNT/X-NTNH we carried out an experiment in which we loaded the complex 
onto size-exclusion chromatography (SEC) columns equilibrated at pH levels 
ranging from pH 5.5 to pH 9.5. The resulting traces revealed that at pH 7.5 
most of the protein elutes in a peak corresponding to the size of the BoNT/X-
NTNH complex, whereas at pH 8.5 two peaks are discernible, the later peak 
corresponding to the size of BoNT/X and NTNH/X monomers. In contrast with 
BoNT/A-NTNH, which is stable at pH 6.0 but not at pH 7.5, BoNT/X-NTNH is 
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more stable at neutral to moderately basic pH levels.44 The SEC traces from 
the pH stability experiment are shown in Figure 16. 

 
Figure 15. (A) Salt bridges across the interface between BoNT/X (green) and 
NTNH/X (blue). (B) Residues in the pH-sensing patch of BoNT/X-NTNH. This 
figure is adapted from manuscript IV. 
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Figure 16. SEC elution profiles from the M-PTC/X pH stability SEC experiments. 
This figure is adapted from manuscript IV. 

The receptor-binding domain in BoNT/X 
The neuronal receptor for BoNT/X remains to be identified, and the struc-

ture we present reveals the receptor-binding domain of BoNT/X for the first 
time. An alignment of synaptic vesicle protein 2 (SV2) with HC/X is shown in 
Figure 17B, which is the protein receptor for BoNT/A,80,81,84 /D,76 /E70 and po-
tentially /F.71,125 The alignment shows that HC/X has enough room to house 
glycosylated SV2C, and although residues F953 and H1064 from HC/A that 
stack with the glycan moiety in SV2C are not conserved in HC/X, residues 
K1153-G1164 form a β-hairpin that could form backbone-backbone interac-
tions extending the β-sheet that is characteristic of the quadrilateral β-helix 
found in SV2.84 However, there is no experimental evidence that supports 
SV2 being a receptor for BoNT/X. 

BoNT/B, /DC and /G bind to synaptotagmin I and II.68,87–91 As shown in Fig-
ure 17A, aligning HC/X with Syt-II peptides in BoNT/B and BoNT/DC synapto-
tagmin binding sites reveals that loop 1139-1144 overlaps with the HC/B Syt 
binding site, and loops 1201-1209 and 1247-1252 overlap with the HC/DC 
binding site. Therefore, BoNT/X would have to undergo significant structural 
changes in order to accommodate a synaptotagmin receptor. Comparing the 
crystal structures of HC/B and HC/B-Syt-II reveals that both structures agree 
with a root-mean-square deviation (rmsd) of 0.73 Å, and only a few 
sidechains change their position in order to accommodate synaptotag-
min.78,92,126 
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Figure 17C shows an alignment of HC/X and GD1a from a ganglioside-
bound HC/A structure.127 The ganglioside binding motif SXWY is conserved in 
HC/X and could accommodate a complex ganglioside with small sidechain re-
locations. Several hydrophobic residues around this area of HC/X are also 
shown, which could interact with the membrane complimenting the poten-
tial ganglioside and protein receptor interactions. 

 
Figure 17. (A) HC/X structure (green) superposed with glycosylated SV2C (yel-
low) extracted from an HC/A-gSV2C complex (PDB accession code 5JLV)84; with 
GD1a (blue) from an HC/A-GD1a complex (PDB accession code 5TPC)127; with a 
synaptotagmin II peptide in BoNT/B site (black) from a HC/B-Syt-II complex 
(PDB accession code 2NM1)92; and with synaptotagmin II in BoNT/DC site (or-
ange), from an HC/DC-Syt-II complex (PDB accession code 4ISR)93. (B) Align-
ment of HC/X with HC/A (magenta) in complex with glycosylated SV2C (yellow), 
showing residues from HC/A stacking with the glycan moiety in sticks. (C) Align-
ment of HC/X and GD1a, showing the conserved ganglioside-binding motif 
SXWY residues in sticks and also a patch of hydrophobic residues in HC/X in 
grey sticks. This figure is adapted from manuscript IV. 

Concluding remarks and future perspectives 
BoNT/X is the first botulinum neurotoxin serotype found since the identi-

fication of BoNT/G in 1970. We have shown that its catalytic domain is capa-
ble of cleaving BoNT canonical substrates VAMP1-3, but also cleaves VAMP4, 
VAMP5 and Ykt6, which are not cleaved by any other known BoNT. VAMP4 
plays a role in trans-Golgi network (TGN) vesicle fusion, as well as in the fu-
sion of homotypic endosomes.128,129 Ykt6 is an unusual SNARE protein that 
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lacks a transmembrane domain and is anchored to the membrane through 
lipidation, is essential in yeast and involved in multiple membrane-fusion 
events, although its function in mammalian cells remains elusive.130 It can 
also suppress α-synuclein toxicity in Parkinson’s disease models.131,132 
VAMP5 has no established function, and is expressed in muscle cells.133 We 
believe that BoNT/X will prove to be a valuable tool in the research of the 
function of its substrates. 

The structure of the BoNT/X-NTNH complex reveals an extensive network 
of interactions between BoNT/X and NTNH/X. In addition, the structure of 
the receptor-binding domain of BoNT/X reveals the first clues about its po-
tential neuronal receptors. The pH stability studies also reveal its unusual 
stability at neutral to moderately basic pH. These results, combined with the 
relatively high dose of BoNT/X required to cause paralysis in mice,117 suggest 
that BoNT/X could target an organism with a different pH in the gut environ-
ment compared to mammals. An example of a BoNT-like protein that targets 
insects is the recently discovered PMP1, which targets Anopheles mosqui-
toes.115  

We plan to further investigate the role of the acidic and basic residues in 
the reported pH-sensing patch, by assessing the pH stability of point mutants 
that truncate the interactions required for the pH-dependent disassembly of 
the complex. 
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Affinity protein tags 

Affinity protein tags are amino acid sequences that can be recombinantly 
fused to proteins of interest (POIs) or inserted in their sequence, in order to 
detect or purify the recombinant construct in a highly specific manner. An 
early example of such tag was the staphylococcal protein A, a relatively large 
protein of 280 residues that is used to improve the solubility and expression 
of recombinant proteins. Protein A fusion proteins can then be purified via 
affinity chromatography using immobilized IgG, and eluted with proteases or 
a low pH buffer.134 More recent advances allow competitive elution using a 
biotinylated form of the FcIII peptide (Bio-Ox), which has very high affinity 
towards IgG.135 Other examples of proteins that are useful in fusion con-
structs include LacZ (β-galactosidase), polyhistidine tags, glutathione S-trans-
ferase, maltose binding protein and the streptavidin/biotin system, among 
others.136–141 The highly specific interactions used in these systems rely on 
enzyme-substrate, protein-ligand, antibody-antigen or other interactions 
such as the metal ion specificity of polyhistidine sequences. In order to select 
an appropriate tag for a POI, several factors should be considered, such as 
the location of the tag in the fusion construct, to maximize solvent accessi-
bility; compatibility of the POI with detection or elution methods; and poten-
tial contamination by endogenous proteins from the expression organism 
that might be too similar to the protein tag. 

Designing a protein tag 
The design of a given protein tag might make it optimal for a specific ap-

plication while flawed for other uses. This is often a consequence of the way 
the tags have been developed, which is usually as a byproduct of antibody 
development against a specific protein, as is the case for the myc-tag, the 
HA-tag and the Spot-tag.142–145 The His-tag has been rationally designed and 
works very well for protein purification, and in fact it has been our tag of 
choice in the experiments presented in this thesis, but it does not perform 
well in imaging applications.146 Furthermore, many of these tags rely on con-
ventional antibodies as binders, which are not optimal for expression nor for 
use in super-resolution microscopy. 

An ideal epitope tag should allow a POI to retain its structure, topology 
and its ability to oligomerize, as well as not affect its subcellular localization. 
It should be a monomer of a small size, soluble and electroneutral. In addi-
tion, its sequence should be unique in common prokaryotic and eukaryotic 
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expression systems, and resist harsh chemical fixation treatments. The opti-
mal binder should ideally fulfill the requirements mentioned above, as well 
as binding the epitope tag with high affinity and specificity, and being small 
enough to bind to the epitope in crowded conditions. For analytical and pre-
paratory biochemistry uses the binder should resist stringent washing and 
allow for native elution of proteins. For in vivo applications the binder should 
also be able to express and fold in various host organisms. 

The ALFA-tag 
In order to design a novel protein tag with a certain set of desirable prop-

erties, an artificial sequence reported to form a stable α-helix in solution was 
used as a starting platform (SRLEEELRRRL).147 This sequence forms a stable 
α-helix in solution, and is not found in eukaryotic systems of common use. 
With a slight alteration of two additional TE residues it becomes hydrophilic 
and electroneutral at physiological pH, and the whole sequence is framed by 
two proline residues to minimize its potential effect on the secondary struc-
ture of neighboring amino acids in the recombinant protein. The final se-
quence of this new system named ALFA-tag is thus PSRLEEELRRRLTEP. This 
work is presented in paper V. 

Alpacas were immunized with ALFA-tagged proteins in order to obtain 
nanobodies targeting the ALFA-tag specifically (NbALFA), and the sequence 
of the best binder was modified to incorporate ectopic cysteines for fluoro-
phore attachment or site-specific immobilization.148 Camelid single-domain 
antibodies (sdAbds), also known as nanobodies149, are monomeric and of 
small enough size to perform better than full-sized antibodies in intracellular 
applications and super-resolution microscopy.150–153 The work in paper V 
completed by our collaborators from NanoTag Biotechnologies GmbH 
demonstrates the performance of the ALFA system in immunofluorescence 
imaging, western blot detection, affinity chromatography purification and 
isolation of cell populations. 

 

Structure-guided rational design of an ALFA nanobody variant 
The affinity of NbALFA to ALFA-tagged proteins was measured by surface 

plasmon resonance (SPR) to be approximately 26 pM, which made it very 
difficult to elute POIs via competitive elution in affinity chromatography ap-
plications. NbALFA immobilized on an agarose-based resin remained bound 
to ALFA-tagged GFP after an hour of incubation with free ALFA peptide at 
25°C. In order to address this issue, we solved the crystal structure of the 
ALFA nanobody-ALFA tag complex at 1.5 Å resolution, which allowed us to 
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rationally redesign the nanobody to lower the affinity enough for successful 
competitive elution. 

 
Figure 18. Structure of the NbALFAST-ALFA peptide complex. NbALFAST is rep-
resented in carton view and orange color, and the ALFA peptide is shown in 
stick view and in blue. The electron density map of the 1.5 Å resolution dataset 
is shown at σ=1.0 around the ALFA peptide. 

 
The structure of the complex is shown in Figure 18. The paratope that 

binds the ALFA peptide comprises the complementarity determining regions 
(CDRs) 2 and 3, as well as a hydrophobic cavity that extends parallel to the β-
sheet. Residues L4, L8 and L12 in the ALFA peptide interact with this hydro-
phobic cavity, and the binding is further stabilized by intermolecular polar 
interactions around both N- and C-terminals of the peptide. The interactions 
revealed by the crystal structure of the complex were factored in the design 
of a second NbALFA, a variant of the original nanobody with an affinity of 
approximately 11 nM named NbALFAPE (peptide elution). The original nano-
body was named NbALFAST (super-tight). NbALFAPE is able to bind ALFA-
tagged GFP and release it upon incubation with free ALFA peptide, as shown 
in Figure 19. We have filed a patent application that describes the sequence 
of NbALFAPE. The sequence of NbALFAST is open sourced for academic users, 
who are free to express the nanobody and ALFA-tagged POIs to use the sys-
tem in their research. 
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Figure 19. Results from one-step affinity chromatography purifications using 
ALFA-tagged GFP blended with HeLa lysates. The columns conteined immobi-
lized ALFA SelectorST resin and ALFA SelectorPE resin, demonstrating that com-
petitive elution using free ALFA peptide is possible with ALFA SelectorPE. The 
control experiment had no nanobodies immobilized. This figure was adapted 
from paper V. 

Conclusions 
In this work we designed the ALFA system, a novel epitope tag system 

suitable for a broad range of biochemical and cellular applications. The crys-
tal structure of the complex at 1.5 Å resolution revealed in high detail the 
interactions that make the NbALFA-ALFA complex extraordinarily stable, and 
allowed us to design a second nanobody variant suitable for competitive elu-
tion with the free ALFA peptide. 

There is an interesting resemblance between the way NbALFA binds to the 
ALFA peptide and the way BoNT/B and /DC bind to synaptotagmin, where 
the ALFA and synaptotagmin peptides both adopt an α-helical conformation 
exposing a hydrophobic residue to one of their sides in every turn. This hy-
drophobic moiety binds to a hydrophobic crevice in NbALFA and HC/B and 
/DC respectively, and is complemented with specific intermolecular hydro-
gen bonds in the terminals of the peptides. This architecture could be a com-
mon way of developing high affinity interactions in nature. 
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Populärvetenskaplig sammanfattning 

Avhandlingen består av två delar. Första delen handlar om vår forskning 
kring botulinumtoxiner och andra delen beskriver vårt arbete med att skapa 
ett nytt biokemiskt verktyg.  
 
Botulinumtoxin 

 
Proteiner är en av livets byggstenar. De fyller många olika fundamentala 

funktioner i cellerna som bygger upp våra kroppar. Allt från att ge dem struk-
turellt stöd till att möjliggöra de kemiska reaktioner som gör livet möjligt. 
Detsamma gäller bakterierna. De kan t.ex. använda proteiner (toxiner) för att 
attackera och döda större organismer för att sedan ”äta” de döda cellerna. 
Clostridium botulinum är en bakterie som vanligtvis hittas i jord och som pro-
ducerar botulinumtoxiner (BoNT), de mest giftiga toxinerna någonsin. Unge-
fär 100 gram rent Botulinumtoxin skulle räcka för att döda hela jordens be-
folkning. Redan på 1800-talet hittades flera olika typer av botulinumtoxin 
som namngavs i alfabetisk ordning, från BoNT/A till BoNT/G. 

Botulinumneurotoxiner attackerar nerverna i kroppen genom att klyva 
proteiner som används för att skicka signaler från nervcellen till muskeln. Re-
sultatet bli att hjärnans signaler aldrig når fram till musklerna, vilket leder till 
förlamning, ibland med dödlig utgång. Den här sjukdomen heter Botulism. 
Namnet kommer från det latinska namnet för korv, botulus, eftersom Botul-
ism upptäcktes för första gången i Tyskland på 1800-talet i en patient som 
blev förgiftade efter att ha ätit korv som inte förvarats på rätt sätt. Trots dess 
höga giftighet, används botulinum neurotoxiner nu för att behandla många 
olika medicinska tillstånd. T.ex. skelning, cerebral pares, hemifacial spasm 
och migrän. Toxinet används också i stor omfattning inom skönhetsindustrin 
under namnet Botox.  

Publikation I-IV i avhandlingen fokuserar på forskningen kring olika 
aspekter av toxinets funktion.  

I publikation I studerade vi fyra proteiner (OrfX1, OrfX2, OrfX3 och P47) 
som i vissa bakterier i C. botulinum familjen utsöndras tillsammans med tox-
inet. Deras funktion är dock fortfarande okänd. Vårt bidrag bestod av att ta 
fram en 3D-bild av hur OrfX2 och P47 ser ut med tekniken röntgenkristallo-
grafi. När vi jämförde våra bilder av OrfX2 och P47 med andra proteiner som 
man har tagit fram tredimensionella bilder av så märkte vi att OrfX2 och P47 
liknar proteiner som binder en viss typ av lipider. Vår publikation är ett viktigt 
första steg för att förstå vad de här proteinerna gör.  
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I publikation II studerade vi varför BoNT/B, BoNT/G och BoNT/DC (en 
blandning av BoNT/D och BoNT/C) är mer potenta mot vissa djurarter än 
andra. Till exempel så krävs en lägre dos av BoNT/B för att förlama möss jäm-
fört med människor. BoNT/DC är en vanlig orsak till botulism i nötkreatur 
men inte hos människor. Botulinum neurotoxiner känner igen och binder till 
receptorer på nervcellernas yta. Möss, människor och nötkreatur har lite 
olika receptorer på nervcellerna. Med en teknik som heter Isothermal Titrat-
ion Calorimetry (ITC), kunde vi mäta hur starkt de olika botulinum neurotox-
inerna binder till olika receptorer från olika djur. Vi identifierade skillnaderna 
i nötkreaturs DNA som leder till att BoNT/DC är giftigare för kor än för män-
niskor.  

I publikation III beskriver vi upptäckten av en ny typ av botulinumtoxin 
som vi döpte till BoNT/X. BoNT/X upptäcktes i DNA från en bakterieart i C. 
botulinum familjen som infekterade ett japanskt barn 1996. Vi visade att 
BoNT/X kan klippa sönder fler proteiner i nervcellen än andra Botulinum neu-
rotoxiner och att den klipper vid ett annat ställe än de andra tidigare stude-
rade toxinerna. Vi visade också att BoNT/X är giftigt för möss, fast vid betyd-
ligt högre doser än andra Botulinum neurotoxiner. 

I publikation IV studerade vi strukturen av BoNT/X. Vi tog fram en 3D-bild 
av BoNT/X tillsammans med det skyddande NTNH proteinet. NTNH skydda 
toxinet från den fientliga miljön i våra matsäckar. 3D-bilden skapades med 
en teknik som heter elektron kryo-mikroskopi. Den tredimensionella bilden 
ger oss en grund för att kunna förstå hur BoNT/X agerar även om vi fortfa-
rande saknar kunskapen om vilka receptorer som toxinet binder till. Vi visar 
också att BoNT/X binder till NTNH vid högre pH än andra Botulinum neuro-
toxiner. Baserat på våra resultat så tror vi att BoNT/X kan vara riktat mot 
andra organismer som har högre pH värde i magsäcken än däggdjur. Vi tror 
att BoNT/X kommer att vara ett viktigt verktyg inom forskningen och inom 
utveckling av nya terapeutiska botulinumtoxiner. 
 
ALFA-tagg systemet 

 
Förr i tiden, när forskarna ville studera ett protein som de var intresserade 

av behövde de extrahera det direkt från naturen, som till exempel från djur, 
bakterier eller växter. Nuförtiden kan man producera proteinet i laborato-
rium genom att tillsätta en bit DNA till celler (vanligtvis i Escherichia coli bak-
terier). Dessa genetiskt modifierade bakterier kan då växa och producera 
stora mängder av proteinet vi är intresserade av. 

En stor utmaning som forskare möter är att rena fram proteinet från en 
blandning av tusentals andra sorters proteiner som finns i bakterien. För att 
underlätta reningen brukar proteinet märkas med en tagg. Protein-taggen 
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(märkningen) har specifika egenskaper som utnyttjas för att rena fram pro-
teinet.  

I publikation V presenterar vi en ny protein-tagg som vi har döpt till ALFA-
tagg. ALFA-tagg är en kort tagg med flera önskade egenskaper, som hög sta-
bilitet och att den inte påverkar stabiliteten av det proteinet som den är bun-
den till. Vi visar i vårt arbete att komplexet mellan ALFA-tagg och ALFA-na-
nobody (en sorts antikropp som binder ALFA-tagg) presterar bättre än många 
andra kommersiella märkningssystem i både proteinrening och mikroskopi-
tekniker. Vi tror att ALFA-tagg system kommer att vara ett användbart verk-
tyg för både forskning och biokemisk industri. 
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Popular summary 

This thesis is divided into two sections; the first part summarizes our re-
search in the field of botulinum neurotoxins, and the second part summarizes 
our work involving the design of a new biochemical tool. 
 
Botulinum neurotoxins 

 
Proteins are an integral part of life, fulfilling a broad range of functions in 

the cells of our bodies; from providing structural support, to facilitating the 
chemical reactions that keep us alive. This is also true for bacteria, some of 
which have even weaponized proteins in order to kill organisms much larger 
than themselves. Clostridium botulinum, a bacterium that is commonly found 
in the soil, is able to produce the botulinum neurotoxin (BoNT), which is the 
most toxic substance identified to date. Only 100 g of pure toxin could kill the 
entire human population. Several types of botulinum neurotoxins have been 
discovered since the nineteenth century, which have been named alphabet-
ically (BoNT/A to BoNT/G). 

BoNTs act by making their way into neurons, and then cleaving certain 
proteins that the neurons require to transmit their signal; consequently ren-
dering them unable to communicate with the muscle cells. In this way, the 
muscles of the host are paralyzed, as the nervous signal sent from the brain 
is unable to reach them. This disease is known as botulism, a name derived 
from the Latin word for sausage botulus; the disease first being identified in 
the late nineteenth century in Germany from people who had food-poisoning 
resulting from poorly preserved sausages. Botulinum neurotoxins, in spite of 
their high potency, have also been successfully used to treat a wide range of 
neurological illnesses such as strabismus, cerebral palsy, hemifacial spasm or 
migraine, as well as for cosmetic purposes.  

The overall aim of papers I-IV presented in this thesis was to expand our 
structural and functional knowledge of botulinum neurotoxins. 

In paper I, we studied four C. botulinum proteins (named OrfX1, OrfX2, 
OrfX3 and P47) which some strains of the bacterium produce together with 
the neurotoxin, and whose function remains largely unknown. Specifically, 
we were able to determine the three-dimensional (3D) structures of OrfX2 
and P47 using a technique called X-ray crystallography. By comparing these 
structures to those of other proteins, we noticed that OrfX2 and P47 resem-
ble proteins that bind particular lipid molecules. While the function of OrfX2 
and P47 still remains uncertain, this work provides initial clues as to what 
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their potential function could be, and is therefore a helpful foundation for 
future studies regarding these proteins. 

In paper II, we aimed to elucidate the reason for why BoNT/B, BoNT/G 
and BoNT/DC (a mix of BoNT/D and BoNT/C) are more potent in certain ani-
mal species. For example, a much lower dose of BoNT/B will cause paralysis 
in mice compared to humans, and BoNT/DC is a common cause of botulism 
in cattle, yet does not affect humans to the same extent. These BoNTs rec-
ognize a protein on the neuronal surface called synaptotagmin in order to 
enter the neurons and mice, humans, and cattle have slightly different ver-
sions of this protein. Using a technique called Isothermal Titration Calorime-
try (ITC), we were able to precisely quantify how well these BoNTs recognize 
the different variants of synaptotagmin, and we identified a specific differ-
ence in the DNA sequence of cattle, which makes it more prone to BoNT/DC 
intoxication.  

In paper III, we describe the finding of a new type of botulinum neuro-
toxin, which we named BoNT/X; this BoNT was found in the DNA of a C. bot-
ulinum strain that had infected a Japanese child in 1996. We showed that 
BoNT/X is able to cleave more neuronal proteins than other BoNTs, and that 
cleavage occurs at a different location in those proteins. We also showed that 
BoNT/X can cause paralysis in mice, albeit at significantly higher doses com-
pared to other types of BoNT. 

In manuscript IV, we expanded on the work presented in paper III by de-
termining the 3D structure of BoNT/X in complex with its partner protein 
NTNH. These proteins bind together in order to resist the acidic environment 
of the host stomach. This work was performed using a technique called Elec-
tron cryo-microscopy (cryo-EM). The BoNT/X-NTNH structure provides a 
solid platform for understanding how BoNT/X works, as the neuronal recep-
tors that BoNT/X might use to enter neurons are still unknown. In addition, 
we observed that BoNT/X remains bound to NTNH at a higher pH than what 
has been shown for other BoNTs. These results, taken together with the fact 
that BoNT/X does not paralyze mice very efficiently, led us to speculate that 
BoNT/X might target other non-mammalian organisms, particularly those 
with a higher gut pH. We believe that BoNT/X will be a valuable lab tool for 
the study of neuronal proteins, and may also contribute to the development 
of novel therapeutic applications of botulinum neurotoxins. 
 
The ALFA-tag system 

 
Biochemical and structural studies often require large amounts of pure 

protein. In the past, this presented a significant challenge, as in order to study 
a given protein of interest (POI) researchers had to purify the POI from its 
natural source; meaning that it was only the most abundant animal, bacteria 



 
 
42 

or plant proteins that were able to be studied. Nowadays, many more POIs 
can be studied as researchers can produce their proteins recombinantly. This 
involves inserting an artificial piece of DNA encoding the POI into an expres-
sion organism, such as the bacterium Escherichia coli. Growing and harvest-
ing cultures of these genetically modified bacteria mean that almost any POI 
is able to be produced in large amounts, as recombinant protein. 

However, a common challenge that researchers then face is the task of 
purifying their recombinant POI from the numerous other proteins present 
in the expression organism. In order to overcome this, POIs are often modi-
fied to include what is called a protein tag. Such a tag makes the POI stand 
out from the contaminating proteins, so that it can be purified more easily 
through one or several purification steps. 

In paper V, we present the design of a novel protein tag named the ALFA-
tag system. The ALFA-tag is a short protein tag with several desirable prop-
erties; such as high stability and the fact that it does not negatively affect the 
protein into which it is inserted, the latter of which can be a problem with 
other protein tags. We showed that the combination of the ALFA-tag and 
ALFA-nanobody (an antibody developed in Alpacas that binds to the ALFA 
tag) outperforms several commercially available protein tag systems; both in 
terms of protein purification and in the imaging of POIs through different 
types of microscopy. We believe that the ALFA-tag system will prove to be a 
valuable tool in both the academic research community and in biochemical 
industry. 
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Sumario 

Esta tesis está dividida en dos secciones: la primera tiene como objeto 
nuestra investigación en el ámbito de la toxina botulínica, y la segunda, el 
trabajo que hemos realizado en el diseño de una nueva herramienta para la 
investigación en bioquímica. 
 
Toxina botulínica 

 
Las proteínas desempeñan funciones tan esenciales en las células de nues-

tro cuerpo como mantener su estructura interna o facilitar las reacciones quí-
micas que nos mantienen vivos. Esto también es cierto en el caso de las bac-
terias, algunas incluso han desarrollado armas proteicas capaces de matar 
organismos mucho mayores que ellas. Clostridium botulinum, una especie de 
bacteria que se encuentra comúnmente en la tierra, es capaz de producir la 
toxina más potente identificada hasta la fecha: la toxina botulínica (Tb), de la 
que tan solo 100 g serían suficientes para matar a toda la población humana. 
Existen siete formas tradicionales de toxina botulínica, que se han clasificado 
alfabéticamente (Tb/A-Tb/G). 

La toxina botulínica actúa en la unión neuromuscular, donde es capaz de 
infiltrarse en las neuronas motoras y degradar parte de la maquinaria que les 
permite transmitir el impulso nervioso al músculo, provocando la paraliza-
ción de este. Esta enfermedad que se conoce como botulismo -del latín ‘bo-
tulus’ embutido o salchicha- fue identificada por primera vez en Alemania a 
finales del siglo XIX, en personas que lo contrajeron por consumo de embu-
tidos mal preparados. Sin embargo, pese a su toxicidad, la toxina botulínica 
se usa clínicamente para tratar diversas patologías como el estrabismo, la 
parálisis cerebral, el espasmo hemifacial y la migraña. 

El objeto de los artículos I-IV presentados en esta tesis ha sido la investi-
gación sobre ciertos aspectos de la toxina botulínica. Así, en el artículo I es-
tudiamos cuatro proteínas llamadas OrfX1, OrfX2, OrfX3 y P47, que son pro-
ducidas junto a la toxina por ciertas cepas de C. botulinum. Utilizando una 
técnica denominada cristalografía de rayos X, hemos reconstruido modelos 
en 3D de las estructuras de las proteínas OrfX2 y P47 y los hemos comparado 
con otras proteínas que ya se han caracterizado, lo que nos ha permitido 
constatar que tanto OrfX2 como P47 comparten una estructura común con 
ciertas proteínas que son capaces de unirse a ciertas moléculas de lípidos. 
Aunque la función de OrfX2 y P47 sigue siendo desconocida, los resultados 
obtenidos en este trabajo facilitarán futuros estudios sobre estas proteínas. 
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En el artículo II investigamos sobre la causa por la que Tb/B, Tb/G y Tb/DC 
(una mezcla de Tb/D y Tb/C) son más potentes contra ciertos animales. Por 
ejemplo, la dosis de Tb/B necesaria para causar parálisis en ratones es menor 
que la que se precisa para hacerlo en humanos. Asimismo, Tb/DC es causa 
común de botulismo en vacuno, pero no en humanos. Estas variantes de la 
toxina botulínica reconocen una proteína de la superficie neuronal llamada 
sinaptotagmina, de la cual humanos, ratones y el vacuno tienen variantes li-
geramente distintas. Usando una técnica llamada calorimetría isoterma de 
titulación, hemos cuantificado la medida en la que cada una de estas toxinas 
se une a las distintas variantes de sinaptotagmina, e identificado una diferen-
cia clave en el ADN de la sinaptotagmina vacuna que hace al bovino más vul-
nerable a la intoxicación por Tb/DC. 

En el artículo III presentamos la identificación de una nueva variante de 
toxina botulínica, que llamamos Tb/X. Esta es la primera nueva variante des-
crita desde la identificación de Tb/G en 1970. Tb/X ha sido encontrada en el 
genoma de una cepa de C. botulinum que fue aislada de un caso de botulismo 
infantil en un niño japonés en 1996. En nuestro estudio demostramos que 
Tb/X es capaz de degradar más proteínas neuronales que otras variantes de 
Tb, y que, aunque con una dosis bastante mayor, es capaz de causar parálisis 
en ratones. 

En el artículo IV desarrollamos el trabajo presentado en el artículo III. Em-
pleando una técnica llamada criomicroscopía electrónica, reconstruimos un 
modelo 3D de la estructura de Tb/X unida a una proteína llamada NTNH, que 
es producida junto a todas las variantes de toxina botulínica. NTNH se une a 
la toxina haciéndola más resistente al pH ácido del estómago para sobrevivir 
a la digestión y llegar al torrente sanguíneo a través del intestino. Esta estruc-
tura aporta una plataforma sólida para futuros estudios de Tb/X, ya que aún 
se desconocen sus receptores neuronales. Además, concluimos que Tb/X 
permanece unida a NTNH en ambientes de mayor pH en comparación con 
otras variantes de toxina botulínica. Teniendo en cuenta que Tb/X no causa 
parálisis en ratones de manera muy eficiente, estos resultados apuntan a la 
posibilidad de que Tb/X intoxique preferentemente a otro tipo de organis-
mos como los insectos, cuyo pH es más alto en su tracto intestinal. Creemos 
que Tb/X será una herramienta útil en el estudio del funcionamiento de las 
proteínas neuronales, y que podrá contribuir al desarrollo de nuevas terapias 
basadas en la toxina botulínica.  
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La etiqueta proteica ALFA 
 
En el pasado, a la hora de estudiar una proteína de interés (PDI), era pre-

viamente necesario encontrar una fuente natural -normalmente animal, ve-
getal o bacteriana- de dicha proteína, que permitiera su extracción en abun-
dancia. Hoy en día, los investigadores pueden producir proteínas en el labo-
ratorio, insertando una secuencia de ADN artificial que codifique su PDI en 
un organismo cultivable, que a menudo suele ser la bacteria Escherichia coli. 
De esta manera, E. coli producirá la PDI en grandes cantidades. Estas bacte-
rias modificadas genéticamente se pueden cultivar en grandes volúmenes 
para luego extraer grandes cantidades de PDI. 

No obstante, aislar la proteína de interés de la sopa de proteínas produci-
das por E. coli en los cultivos puede suponer un verdadero desafío. Para re-
solver este problema, a menudo las PDI se modifican para que incluyan una 
etiqueta proteica. Estas etiquetas hacen que la proteína tenga propiedades 
químicas por las que se pueden distinguir del resto de proteínas presentes 
en el cultivo, y por ende pueden ser aisladas en uno o varios procesos de 
purificación. 

En el artículo V presentamos el diseño de una nueva etiqueta proteica que 
hemos llamado ‘sistema ALFA’. La etiqueta ALFA es una etiqueta proteica de 
pequeño tamaño que posee varias características deseables en esta tecnolo-
gía, como su alta estabilidad y el hecho de que no afecta a las propiedades 
de la proteína en la que se inserta. Demostramos que la etiqueta ALFA y el 
nanoanticuerpo-ALFA (un anticuerpo desarrollado en alpacas capaz de reco-
nocer la etiqueta) forman un sistema que rinde mejor que muchos sistemas 
comerciales, tanto para la purificación de proteínas como para su uso en va-
rios tipos de microscopía. Creemos que el sistema ALFA será una herramienta 
útil para la comunidad científica y para la industria bioquímica. 
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Laburpena 

Tesi hau bi ataletan banatuta dago: lehenengoak toxina botulinikoaren ar-
loan burututako ikerketa du helburu, eta bigarrenak biokimikan ikertzeko 
tresna berri baten diseinuan egin dugun lana. 
 
Toxina botulinikoa 

 
Proteinek gure gorputzeko zeluletan funtsezko funtzioak betetzen dituzte, 

hala nola beren barne-egitura mantentzea edo bizirik mantentzen gaituzten 
erreakzio kimikoak erraztea. Hori bakterioen kasuan ere egia da: batzuek be-
raiek baino askoz handiagoak diren organismoak hiltzeko gai diren arma pro-
teikoak ere garatu dituzte. Clostridium botulinum, lurrean aurkitu ohi den ba-
kterio espezie bat, orain arte ezagututako toxinarik bortitzena sortzeko gai 
da: toxina botulinikoa (Tb). Giza populazio guztia hil ahal izateko 100 g baino 
ez litzateke beharrezkoa izango. Toxina botulinikoaren zazpi mota tradizional 
daude, alfabetikoki izendatuak (Tb/A-tik-Tb/G-ra). 

Toxina botulinikoak lotura neuromuskularrean paralisia eragin dezake; 
neurona motorretan sartzeko eta muskuluari nerbio-bulkada transmititzea 
ahalbidetzen dien makineriaren zati bat degradatzeko gai da, muskulua gel-
diaraziz. Botulismo izena duen gaixotasun hau -latineko 'botulus' hitzetik: 
hestebete edo saltxitxa- Alemanian identifikatu zuten lehen aldiz XIX. men-
dearen amaieran, gaizki prestatutako hestekiak jateagatik gaixotu ziren per-
tsona batzuk aztertu ondoren. Hala ere, toxikoa izan arren, toxina botulinikoa 
hainbat patologia tratatzeko erabiltzen da medikuntzan, hala nola estrabis-
moa, garun-paralisia, espasmo hemifaziala eta migraina. 

Tesi honetako lehenengo lau artikuluen helburua toxina botulinikoaren 
zenbait alderdi ikertzea da. Horrela, I. artikuluan OrfX1, OrfX2, OrfX3 eta P47 
izeneko lau proteina aztertzen ditugu, C. botulinum andui batzuek toxinare-
kin batera sortzen dituztenak. X izpien bidezko kristalografia izeneko teknika 
erabiliz, OrfX2 eta P47 proteinen egituren hiru dimentsioko (3D) ereduak 
eraiki eta dagoeneko aztertu diren beste proteina batzuekin alderatu ditugu. 
Horri esker, zera egiaztatu dugu: bai OrfX2k bai P47k egitura komun bat dute 
lipidoen molekula jakin batzuekin bat egiteko gai diren proteina batzuekin. 
OrfX2ren eta P47ren funtzioa oraindik ezezaguna bada ere, lan honetan lor-
tutako emaitzek proteina hauei buruzko geroagoko ikerketak erraztuko 
dituzte.  

II. artikuluan zera ikertzen dugu: zergatik Tb/B, Tb/G eta Tb/DC (Tb/D eta 
Tb/C-ren nahasketa) animalia jakin batzuen aurka eraginkorragoak diren. 
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Adibidez, saguetan paralisia eragiteko behar den Tb/B dosia gizakietan sor-
tzeko behar dena baino txikiagoa da. Era berean, Tb/DC botulismoaren kausa 
arrunta da behietan, baina ez gizakietan. Toxina botulinikoaren aldaera 
hauek gainazal neuronaleko sinaptotagmina izeneko proteina bat ezagutzen 
dute; sinaptotagmina honen aldaera ezberdinak dituzte gizakiek, saguek eta 
behiek. Titulazioko kalorimetria isoterma izeneko teknika erabiliz, toxina ho-
rietako bakoitza sinaptotagminaren aldaera desberdinekin zein neurritan el-
kartzen den kuantifikatu dugu eta behi-sinaptotagminaren DNAn funtsezko 
diferentzia bat bereizi dugu, behiak Tb/DC-ren bidezko intoxikazioarekiko 
ahulago egiten dituena. 

III. artikuluan toxina botulinikoaren aldaera berri baten identifikazioa aur-
kezten dugu: Tb/X deitu duguna. 1970ean Tb/G identifikatu zenetik deskri-
batutako lehen aldaera berria da. Tb/X C. botulinum andui baten genoman 
aurkitu genuen, haur japoniar baten botulismo kasu batetik isolatu izan zena 
1996an. Gure ikerketan Tb/X Tb-ren beste aldaera batzuk baino proteina 
neuronal gehiago degradatzeko gai dela frogatu genuen, baita, dosi dezente 
handiagoarekin bada ere, saguetan paralisia eragiteko gauza dela ere. 

IV artikuluan hirugarrenean aurkeztutako lana garatzen dugu. Kriomikros-
kopia elektronikoa izeneko teknika erabiliz, Tb/X egituraren 3D eredu bat 
eraiki dugu, toxina botulinikoaren aldaera guztiekin batera ekoizten den 
NTNH izeneko proteina bati lotuta. NTNH toxinarekin elkartzen da urdaileko 
pH azidoarekiko erresistenteagoa bihurtuz, digestiotik bizirauteko eta 
hesteetan zehar odol-korrentera iristeko. Egitura honek etorkizuneko Tb/X-a 
ikertzeko abiapuntu sendo bat eskaintzen du, oraindik ez baitira ezagutzen 
bere neurotransmisoreak. Gainera, Tb/X-k, toxina botulinikoaren beste al-
daera batzuekin alderatuta, NTNHrekin loturik irauten du pH handiagoko in-
guruneetan. Tb/X-k saguetan paralisirik oso modu eraginkorrean eragiten ez 
duela kontuan hartuta, emaitza horien arabera, Tb/X-k intsektuak bezalako 
beste organismo mota batzuk intoxikatzeko aukera du, horien pH-a handia-
goa baita heste-traktuan. Gure ustez, Tb/X-a proteina neuronalen funtziona-
mendua aztertzeko tresna baliagarria izateaz gain toxina botulinikoan oi-
narritutako terapia berriak garatzeko lagungarria izango da. 
 
ALFA proteina-etiketa 

 
Iraganean, proteina interesgarri bat (PI) aztertu ahal izateko beharrezkoa 

zen proteina horren iturri natural bat aurkitzea -animalia, landare edo bakte-
rianoa, normalean- proteina ugari atera zitekeen iturria. Gaur egun ikertzai-
leek proteinak ekoitz ditzakete laborategian beren PI-a organismo kultibaga-
rri batean kodifikatzen duen DNA artifizialeko sekuentzia bat -Escherichia coli 
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bakterioa izan ohi da- txertatuz. Horrela, E. coli-k PI-a kopuru handitan ekoit-
ziko du. Genetikoki eraldatutako bakterio horiek kantitate handitan kultibatu 
daitezke, gero PI kopuru handiak ateratzeko. 

Hala ere, E. coli-k sortutako proteina zopatik nahi duguna isolatzea be-
netako erronka izan daiteke. Arazo hau gainditu ahal izateko sarritan PI-ak 
eraldatzen dira proteina-etiketa bat izan dezaten. Etiketa horien ondorioz 
proteinak ezaugarri kimiko bereziak ditu, kultiboan dauden gainontzeko pro-
teinetatik bereizteko aukera ematen diotena; beraz, purifikazio-prozesu ba-
tean, edo batzuetan, isolatu daitezke. 

V. artikuluan ‘ALFA sistema' deitu dugun proteina etiketa berri baten di-
seinua aurkezten dugu. ALFA etiketa tamaina txikiko proteina etiketa bat da, 
teknologia honetarako hainbat ezaugarri desiragarri dituena, hala nola egon-
kortasun handia eta txertatzen den proteinaren ezaugarriei eragiten ez 
diena. ALFA etiketak eta ALFA nanoantigorputzak (etiketarekin elkartzeko gai 
den alpaketan garatutako antigorputza) merkataritza-sistema askok baino 
hobeto errenditzen duen sistema bat osatzen dutela frogatzen dugu, bai pro-
teinak arazteko, bai mikroskopia mota batzuetan erabiltzeko. Alfa sistema 
komunitate zientifikoarentzat eta biokimika industriarentzat tresna balia-
garria izango dela uste dugu. 
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elkartzen garenean denbora pasa izan ez balitz bezala sentitzen garelako. Ea 
sarriago egiten dugun. E-ki-po! 

Muchas gracias a Ane, y a Aita y a Ama, sin los cuales esta tesis no hubiera 
sido posible. Aunque no la entendáis muy bien, esta tesis es más vuestra que 
mía. Eskerrik asko por mandarme hasta aquí y ayudarme en tantísimas cosas. 
Eskerrik asko también a Amama, Dani, Itziar, Jesús, y a Leire y Simón, y a 
toda la familia Martínez, por todos los ánimos y los brazos abiertos cada vez 
que vuelvo. A Amama otra vez por todos los remiendos en la ropa agujereada 
que le llevo cada vez, ya va siendo hora de que aprenda yo a coser. A Ama 
otra vez por la ayuda con el sumario de la tesis y la traducción al euskera, que 
lo tengo un poco oxidado; y por todas las cosas que me ha mandado junto a 
Aita, y también por supuesto por los deliciosos pimientos y productos varios 
de la huerta que se curra. 

 
Eskerrik asko guztioi! (that’s Basque for ‘lots of thanks to you all’). 
Markel Martínez-Carranza, Stockholm, 31/01/2020 
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