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Abstract
Prion diseases, are associated with the misfolded form of the prion protein (PrPSc ). The
prion protein (PrP) has a unique means of transferring infectious diseases, based on a misfolded conformation. However, the mechanism of formation of PrPSc remains unclear owing to difﬁculties in deﬁning the structure of PrPSc . Understanding the different folding
pathways available to the protein and identifying those that lead to misfolding and aggregation, is possible through the use of single-molecule methods. However, ﬁnding these
pathways is not easy due to the complexity in understanding the energy landscape. This
thesis consists of two parts. In the ﬁrst part, the sample preparation methods using different linking chemistries are explained. In the second part, the interaction between anti-prion
ligands and PrP is investigated.
In order to compare the effects of species on folding and misfolding pathways, we used
single molecule force spectroscopy with the high resolution optical tweezers to study mouse
PrP (MoPrP). Mouse PrP molecules suspended between two polystyrene beads via double
stranded DNA handles. The optical tweezers were used to apply tension in order to denature
a single molecule of MoPrP. As a result, the structural changes of a single molecule were
monitored via the end-to-end extension of the molecule. By moving the traps apart at a constant rate, the extension of the molecule increases monotonically until the protein unfolded
causing a sudden increase in extension and concomitant drop in force. After Analyzing the
data, the results showed shorter contour length changes compared with the expected value
from NMR. However, the value of the contour length change matched the distance between
one end of the molecule and either middle Cys(78) or Cys(113). We also conﬁrmed internal labeling using an experiment which was performed with a ﬂuorescent dye. In this
experiment we used MoPrP without any external cysteine (Cys). The result showed that inii

ternal Cys of MoPrP got labeled with the ﬂorescent dye. The similar results were observed
by repeated the measurements on the sample that was prepared using another attachment
chemistry called click chemistry. The internal Cys labeling problem was ﬁxed by replacing
the reducing agent in our sample preparation method with a weaker reducing agent. Antiprion ligands may offer a solution to prion diseases. Certain ligands that can interact with
PrP, could potentially be considered as pharmacological chaperones. We also studied about
the role of iron-tetrapyrrole, a potential pharmacological chaperone, on the folding pathway
of Syrian hamster PrP (ShPrP). The results suggested that Iron(III) meso-tetra (N-methyl-4pyridyl-prophine) (Fe-TMPyP) can bind to a single PrP molecule in two ways; either binding to the folded PrP monomer or to the unfolded PrP monomer. Fe-TMPyP can stabilize
the native structure of single PrP molecules thermodynamically, kinetically, and mechanically by binding to the folded PrP. In addition, binding of Fe-TMPyP to the partially folded
protein prevents the folding of the protein to the native state. Iron-tetrapyrrole bound to
dimer PrP was also investigated using optical tweezers. Without tetrapyrrole, PrP-dimer always misfolded. In the presence of tetrapyrrole, the dimer sometimes shows natively folded
states.
We also planned to measure Syrian PrP (ShPrP) with another anti-prion compound called
pentosan polysulphate (PPS). To do the measurements we ﬁrst needed to know the thermodynamics of interactions between protein and PPS. Measuring heat using isothermal titration calorimetry (ITC), is a way of ﬁnding this information before starting force extension
measurements. We performed the ITC experiment with PPS compound and ShPrP without
any eternal Cys. We get a result of afﬁnity binding (Kd value) between Kd
Kd

0.05 µ M to

5 µ M, consistent with the surface plasmon resonance (SPR) data given the large error.

In order to clarify the results, further experiments should be performed. As a future work,
I want to do force extension measurements on the PPS bound to ShPrP and investigate the
role of ligand on the folding pathway of ShPrP. In conclusion, single molecule methods
give us opportunity to understand disease and biological function related to misfolded prion
protein. The information derived from single molecule studies can be used to develop potential drugs which have anti-transmissible spongiform encephalopathies effects, such as
sulphonated dyes, sulphated glycans, cyclic tetrapyrroles, quinacrine, and so on.
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Introduction

1.1

Basic idea of prion misfolding and prion diseases

It is widely accepted that prion diseases—the misfolded prion aggregation—are associated
with the misfolded form of the prion protein (PrPSc ) [1]. Prion disease can introduce a new
way of transmission of infectious diseases which is caused by the replication of a misfolded
structure by templated conversion rather than replication of an infectious organism (as for
viruses and bacteria) [2], [3]. Prion diseases manifest as structural conversion of cellular
prion protein (PrPC ) into a transmissible, misfolded form of prion protein (PrPSc ). Prion
protein diseases are special because of the direct interaction between PrPSc as a template
and PrPC to drive the formation of the infectious prions [4], [5]. This means that, the stable
misfolded protein can convert the native form of prion protein and help itself to reproduce
[6], [7]. In a nutshell, protein aggregations in different neurodegenerative disorders—such
as Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), Parkinson disease, and prion
diseases— work as toxic agents inside and outside of a cell [8].
PrP is a membrane-bound protein with molecular mass of 33-35 kilodalton (KDa) and
in its native form it is a non-infectious protein. PrPc is mostly localized on the cell surface where it is attached to the lipid bilayer (a thin polar membrane made of two layers of
lipid molecules that works as a barrier to keep proteins where they are needed and prevent
diffusion of them into the other locations where they are not supposed to be) [9]. Notably,
the converted form of prion protein or scrapie form of the prion protein (PrPSc ) is the most
important factor in most transmissible spongiform encephalopathies (TSEs) infections or
prion diseases [3].
(PrPC ), a normal form of the prion protein which is mostly expressed in the brain but
occurs in many other tissues throughout the body, is different conformationally from the
misfolded form of the protein [10], [11], [12]. The protein can be found in different isoforms; for example, the normal isoform which is called the cellular form of the prion protein and the abnormal/ disease-causing isoform which is called the misfolded form of the
prion protein [13]. Scientiﬁcally, Nuclear magnetic resonance (NMR) structure of cellular
prion protein shows that the protein is rich in alpha helical structure [14], [15]. Moreover,
1

the results expressed from circular dichroism (CD), a method often used in chemistry to
analyze the structural form of a protein, show that prion protein can be converted to an
insoluble amyloid form of the PrP with a beta sheet rich structure [1]. Conversely, the normal form of the prion protein is alpha-helix-rich, soluble in mild detergents and protease 1
sensitive [16], [17], [3].
Prion infections of different species can occur in different ways. For instance, the oral
rout is the initial step of infection in sheep scrapie, bovine spongiform encephalopathy
(BSE) of cattle and new variant creutzfeldt–Jakob disease (nvCJD) [18]. Thereafter, the
initial steps of replication begin in a peripheral compartment before brain conversion begins [18].
Two concerns associated with prion protein aggregation are ﬁnding the structure of
PrPSc and the associated conversion mechanism. Resolving these two concerns makes it
possible to overcome problems of diseases [19]. What has made the second concern more
controversial is that we are not certain of the structure of the scrapie form of PrP. This
uncertainty impedes us in clearly predicting the conversion mechanism [20], [21].
Prion protein can aggregate into different shapes and forms; for example, oligomers,
amorphous aggregates and amyloids [7]. These scrapie-associated ﬁbrils may be observed
using electron microscopy or light microscopy when the amyloid plaques are large enough
[22], [23]. Although the conversion mechanism is not completely known, there is some
evidence that empowers the idea that the scrapie form of the PrP works as a template for
cellular form of PrP, infects PrPc , and promotes the conversion mechanism [3]. Conversely,
we must consider the possibility that all of these forms or structures are not infectious [7].
We can simplify the task of addressing the early events in PrP aggregation by i) understanding the different folding pathways available to the protein, ii) identifying those
that lead to misfolding and aggregation through the use of single-molecule methods, and
iii) investigating how these pathways respond to protein-protein or ligand-protein interactions [19]. The ensemble approach is an average study on prion protein aggregation. However, the single molecule approach is a way of looking at one single molecule over a period
1 Protease is any enzyme that can cleave a protein.

Speciﬁcally, protease can hydrolyze proteins by breaking
the peptide bonds that link amino acids together in a polypeptide chain.

2

of time [24], [25]. There are some drawbacks in using ensemble method. First of all, initial
conversion starts with misfolding of only a few molecules, making this process and its features very challenging to observe using this method. Secondly, the conversion may involve
different pathways and intermediates which may not be possible to be detected in ensemble approach [16]. And ﬁnally, in many cases, in order to stabilize and observe non-native
states, we need chemical denaturants. Chemical denaturants have complex, global effects on
the solution and have a behavior that may bias what is seen in misfolding. Consequently, an
alternative approach that can overcome all these problems is needed. The single molecule
approach gives us a chance to observe these events at the single molecule level using different types of instruments [26].
As a way to overcome the diseases, there is a chance of using some molecules as potential drugs which have anti-TSE effects. In that case, anti-prion drugs reduce the misfolding rate of the proteins and leads to a reduction or halting of the disease [8]. Although
some small molecules are the most effective known anti-TSE compounds—for example
PPS, tetrapyrrole, anti-PrPSc antibody—the mechanism of action of these compounds remains unclear [27].

1.2

Protein folding, misfolding and aggregation

Recall that hereditary information is stored and passed on in a one dimensional sequence
of DNA base pairs. To go from heredity to biological function, messenger RNA which is
produced from DNA is needed. A ribosome decodes messenger RNA to produce a speciﬁc
amino acid chain. The produced amino acids contain sufﬁcient information to determine
a protein’s geometrical 3D structure [28], [29]. The folding of proteins into compact 3D
structure is the important subsection of self-assembly in biological studies [30] (Figure 1).

3

Figure 1: All information necessary for the structure and function of a living organism is
usually contained in the 1D sequence of base pairs in the DNA molecule. This information
is eventually translated to the speciﬁc sequences of amino acids in protein chains. This 1D
information encodes, through the complicated process of folding, for the 3D information
contained in the native structure in which the protein is functional. Folding is non-local
process in that it involves bringing parts of the chain remote in sequence close together in
space. Figure adapted from [29].
To understand the folding process which is complex, we need to know about the concept
of energy landscape. Energy landscapes provide us an opportunity to understand the structure formation in biological macromolecules, such as proteins [31], [32], [33]. An energy
landscape is a surface describing the energy of every possible conformation. Theoretically,
protein can exist in an inﬁnite number of conformations along its energy landscape, but in
reality, the proteins fold from the secondary structure which is the chain of amino acids to
the tertiary structure, when typically the lowest free energy is possessed. As mentioned,
the number of possible conformations of any polypeptide is so large, that the system needs
a huge length of time in order to search through all possibilities. Therefore, the searching is not required to pass over a series of mandatory steps between speciﬁc partly folded
states, however the system performs a stochastic search of many conformations accessi-

4

ble to a polypeptide chain, taking only microseconds to do so [34], [35], [31]. Polypeptide chains are able to ﬁnd the lowest energy structure through a diffusive search that is
not purely random process, but biased by the stability of native-like interactions between
residues [34], [35], [31]. In addition, only correctly folded proteins with low enthalpy and
entropy operate properly in the cell environment and can interact selectively with their natural partner [31], [30]. Moreover, native states of proteins generally refer to the condition
that proteins are thermodynamically stable under physiological conditions and the global
free energy of all kinetically accessible structures is at a minimum [29], [30].
Describing free energy landscapes on a multidimensional surface is a bit hard to understand; so, a single dimensional coordinate is introduced for simplicity (Figure 2). In
addition, since our experiments are almost in 1D, describing free energy landscape on a 1D
surface is reasonable. As proteins fold rapidly, the general thought suggested the funnelshape landscape to minimize the time needed to arrive at the native structure. In ﬁgure 2
unfolded molecules have high enthalpy and high entropy, however folded molecules have
the lowest enthalpy and entropy. Notably, the presence of energy barriers within the energy
landscape slows down the folding process, owing to the fact that decreasing enthalpy and
entropy during folding are not synchronized. The folding landscape is not unique, because
it is implicitly a function of the environmental conditions [31].
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Figure 2: Notional cartoon of an energy landscape in one dimension. An unfolded molecule
has high energy and high entropy, whereas a folded molecule has low energy and low entropy. The funnel-like shape of the landscape leading to the native state may be punctuated
with barriers and metastable intermediates. Figure adapted from [36].
If a protein does not fold properly or misfolds– right after synthesizing or in later
process–it can have inappropriate interactions with other molecules within the cellular environment unless a range of strategies are taken into account by living cells to prevent such
behavior [37], [38], [39]. These strategies would be helping protein to unfold and refold
into the correct shape by molecular chaperones or removing misfolded proteins once they
have formed through the action of the proteasome. Some diseases are associated with the
incorrectly folded proteins (such as cystic ﬁbrosis and some types of cancer) while others
are associated with the high propensity of proteins to misfold and ignore all protective processes in the cell to form intractable aggregates within cells (Alzheimer’s and Parkinson’s
diseases, Spongiform encephalopathies and type II diabetes). Therefore, failure to fold correctly, or the inability of maintaining the correct shape can give rise to the malfunctioning
of the living system and increase the chance of diseases [37], [39].
Almost all proteins can form amyloid structures under certain conditions. Amyloids are
not typically infectious but they are in some cases. Aggregation of a speciﬁc protein results
in speciﬁc amyloid diseases. These amyloid ﬁbrils are insoluble and usually composed of
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a highly-ordered β

sheet

rich structure [40]. The small oligomers are thought to be the

most toxic species in neurodegenerative diseases. Moreover, they can decrease the quantity
of protein that can preform its normal function [1]. For example, prion protein can misfold
and aggregate into a form which is rich in β

sheets, eventually, forming insoluble amyloid

ﬁbrils [21], [41].
Understanding the molecular misfolding and aggregation process is still unclear. The
nucleated-growth model is the preferred model for amyloid formation. The conversion time
includes a lag phase—the time needed to form misfolding nucleus— that is followed by
a rapid amyloid polymerization process [42], [43] [44]. Moreover, with the presence of
different pathways within the aggregation process we need a molecular method to know
more detailed mechanism underlying protein misfolding [19].

1.3

Challenge of understanding prion disease and introducing single
molecule as a way to overcome the challenge

Generally, there are many factors which make the study of prion diseases problematic. Figuring out prion diseases has been complicated by conversion of PrP into the different misfolded states. Consequently, we need an approach to distinguish the pathways which result
in misfolded states from the other pathways. In addition, the unknown conversion mechanism is a controversial topic in prion diseases which has made this problem all the more
difﬁcult to solve.
Finding these pathways are not easy due to the complexity in understanding the energy
landscape [19]. A protein is searching through different conﬁgurations to pick up a native structure which is usually lowest energy structure. In ﬁgure 3, the cartoons of energy
landscape related to native folding and aggregation are depicted. The landscape represents
different states such as native, partially folded intermediate, unfolded, misfolded, soluble
oligomers, or insoluble aggregate with energy barriers that separate all the states. According
to funneled energy landscape, high-entropy and high-energy unfolded states located at the
top of the funnel, fold along any variety of paths down to the low-energy, low-entropy native
conformation. In ﬁgure 3, misfolding and aggregation states are also illustrated and separated by substantial kinetic barriers. The nonnative structure is a connector between folding
7

landscape and the inter-molecular aggregation. This means that a native form of a protein
can be misfolded into a non-native structure and then can be aggregated into oligomers or
amyloids [45], [46].

Figure 3: Energy landscape cartoons depicting native folding (left) and aggregation (right).
Nonnative species often connect the 2 regimes. The landscape is expected to be more rugged
for aggregation, having deeper kinetic traps. Single-molecule force spectroscopy can measure the critical landscape properties like the energetic stabilities of the different states (including intermediates), the heights of the energy barriers between states, the position of the
barriers along the reaction coordinate, and the diffusion coefﬁcient that connects the landscape properties to the observed kinetics of structure formation. Figure taken from [47].
It is also possible for a protein to aggregate into a misfolded state. Moreover, the ensemble approach which is an average study is not the preferred way to characterize the properties
of rare or short-lived states. It is also challenging to differentiate the properties of subpopulation states via the ensemble approach [48]. This means that looking at the system with
a ’blurry’ method does not give a good picture of what is going on. Consequently, single
molecule spectroscopy is introduced as a good way to overcome this problem by looking
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at single molecules one at a time. The approach can help us to investigate protein folding mechanism as well as to observe distinct subpopulation, transient states, and ﬁnally, to
determine the folding pathways and energy landscape for the molecule of interest [26].
Single molecule (SM) method, which is a powerful tool in the area of biophysics, can
aid us in dealing with biological problems in vitro, providing near atomic resolution. This
method is very useful in biological studies to give us detailed information of microscopic behavior. Moreover, SM method is a way to identify and characterize different subpopulations
and very rare events [49]. Interestingly, we can observe rare and short-lived states directly
by monitoring a single molecule over a period of time [49]. In this technique, proteins can be
studied at very low concentration (pM) which provides us with an opportunity to study the
initial states of aggregation [49]. Using this method, rare transition states, misfolded states
and pathways [50], kinetics, thermodynamics of mechanical response and folding transitions [51], [50], [52] [53], mechanisms of molecular motion and even the interactions that
stabilizes non-naive structures can be observed. The single molecule method offers a unique
means of measuring the properties of the free energy landscape directly [54]. In addition, for
the ﬁrst time, the transition path time was measured using this method [55], [56]. There are
different types of complex and sensitive instruments and techniques that are widely used for
making high resolution measurements, namely, particle tracking, ﬂuorescent resonance energy transfer(FRET), magnetic tweezers, force-mode atomic force microscope (AFM) and
optical traps [54] (Figure 4).
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Figure 4: Illustrations of single-molecule techniques. (A) In FRET , the protein is labeled
with two dyes, a donor (circle) and acceptor (star), and the donor is excited. Energy transfer
to the acceptor is high when the dyes are close (left), low when they are far apart (right).
(B) In FCS, ﬂuctuations in the ﬂuorescence of a labeled molecule are measured as it diffuses
through a confocal excitation volume and used to determine the diffusion time. (C) In AFM,
the tip is used to pull on a molecule tethered to the surface (here, a monomer is pulled out of
a ﬁbril). (D) In optical tweezers, beads trapped by laser beams are used to pull on the ends
of a protein molecule tethered between them. Figure taken from [19].
. The ﬁrst method for measuring biological motion took place with the use of some
micron sized particles that can be attached to a molecule. With this approach, the position
of the molecule can be tracked through a microscope [57], [58]. Fluorescent dyes are a
good replacement for particles when the reporter particles interfere with the measurement
due to the large size of the particles [59]. The second method of producing high quality
measurements of biological molecules is ﬂuorescence resonance energy transfer (FRET). In
this case, the method uses two ﬂuorophore, one as an excited ﬂuorophore excited by light
(donor), the other one as an acceptor ﬂuorophore. Recently, single molecule methods are
being used in ﬁguring out misfolding of different proteins; for example, alpha-synuclein,
A-beta, calmodulin, coiled-coils, prion proteins, and etc. [54]. In addition, to ﬁnd the effects
of therapeutic agents on the proteins, single molecule methods are powerful tools [60], [61].
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1.4

Brief overview of therapy approaches for prion diseases

Many therapeutic strategies have been tried, but there are still no successful treatments that
prevent or inhibit the disease. Some of the most explored methods include immunotherapies
and small-molecule drugs inhibit misfolding and aggregation. Knowing the role of the immune system can improve therapeutic approaches [3]. Anti-prion protein antibody may offer
a solution to prion diseases. Antibody binds to the protein to inhibit misfolding/aggregation
and/or triggering the immune system to help clear the infection. If we assume that the
immune system could not respond in a prion affected specie, the use of anti-prion protein
antibody would be reasonable. In this case, the species’ immune system identiﬁes PrPc and
PrPSc as antigens using the injected antibody [62], [63]. Several recent studies show the
ability of antibodies to clear scrapie-infected cells of PrPSc [3]. The antibodies are generally directed against PrPc [3]. 6H4 is a non-selective antibody for prion protein which can
block the scrapie form in mice experimentally [64]. The idea is that the presence of antibodies in the cell can interfere with the intermolecular interactions of PrPc or can change
compartmental cycling of this protein. Consequently, the rate of conversion of PrPc to PrPSc
decreases [3].
On the other hand, there are some disadvantages in using antibody against PrPc in vivo.
Firstly, PrPc is an over-present protein. Using anti-PrPc antibody can interfere in a way
that is not speciﬁc [65], [66]. Secondly, anti-body against prion protein can disarrange the
balance of PrPc which can lead to autoimmune disease. Finally, having anti-PrPc antibody
in the cell can interfere with the cellular function of the protein [67].
In order to resolve these issues, anti-PrPSc antibody may be used as an alternative to antiPrPC antibody [68]. The advantages of using anti PrPSc anti-body is two-fold: First, kinds
of anti-bodies have no toxic effects, and second, they do not take normal cell surface protein
as antigens. Hence, they do not interfere with the normal cell [69]. The ability of monoclonal
and polyclonal anti PrPSc anti-body to recognize PrPSc as antigen, proved the possibility
of prion infectious therapy via anti-bodies [70]. Recently, vaccine therapies have also been
introduced by injecting vaccines containing amyloid-β (Aβ ) fragment of amyloid precursor
protein of Alzheimer’s disease. By introducing Aβ fragment to the immune system, it
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appeared that there was an effective therapy for Alzheimer’s disease. Unfortunately, after
development of encephalopathy in some cases, the use of this vaccine has been stopped.
However, with anti PrPSc anti-body has prevented neuro-invasion in cattle and human and
improvement of encephalopathy in the brain [71].

1.5

Anti-prion compounds

Many ligands capable of binding to human PrP have been reported. Some of these ligands
that can not interact with PrP, behaved as nonspeciﬁc polyionic aggregates. On the other
hand, some ligands that can interact with PrP can potentially be considered as a pharmacological chaperones [8]. For example, GJP49 and GJP14 are two compounds that showed
the ability of having anti-prion effects in silico experiment [72]. Surface plasmon resonance
(SPR) results indicated GJP49 and GJP14 bind with 1:1 stoichiometry with PrPc at the same
site in equilibrium experiments [72]. They bind to PrPc and inhibit the pathogenic conversion of PrPc to PrPSc . In addition, the dissociation constant (KD ) was characterized to be
50.8 µ M [73]. GN8, another anti-prion compound, binds to the same location that GJP49
and GJP14 do [74]. GN8 is an effective anti-prion compound which is unique because of
the binding afﬁnity and anti-prion activities in both vivo and vitro experiments [75], [74].
However, there are some anti-prion compounds such as GFP55, that lack high binding afﬁnity and are classiﬁed under an ineffective group of compounds [72]. Another compound
that can increase SPR signal without any trend toward saturation is quinacrine. An important point for this reaction is that quinacrine binds to PrPc in a nonspeciﬁc manner due to
strong hydrophobic interaction. Unfortunately, using quinacrine has side effects; for example, it may bind to other proteins instead of our intended PrPc ; also, it may accumulate in
the brain after long term therapy [73]. Quinacrine can bind non-speciﬁcally around parts
of helices 1, 2 and 3 which include residues Y225, Y226 and D227. The differences in
the compounds binding afﬁnity come from the differences in the binding site of protein for
ligands [73]. SPR results of pentosan polysulphate (PPS) shows increasing signal and incomplete dissociation for PPS-PrP reaction. PPS binds non-speciﬁcally to C-terminus of
PrPc . This non-speciﬁc interaction in vivo actually decreases the concentration of PrPc and
induces its aggregation [73]. In chapter 5, more details about this compound are presented.
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In conclusion, we still do not know the mechanisms of anti-prion compounds. But, there are
some indications showing that some compounds bind to PrPC , and some other bind to the
other forms of the protein [73].
There are plenty of cellular processes that help to reduce the effects of misfolding. The
role of molecular chaperones in the cell is to aid proteins in ﬁnding their native structure and
prevent misfolding in the ﬁrst stage of the process which can be an effective means of alleviating the disease in disease related proteins [76], [77]. Hence, drug chaperones are then
being added as a way to try to help prevent misfolding and decrease the speed of infection
within cells [73]. In addition, single molecule approaches are also useful methods of investigating the mechanism of the molecular chaperones. The main result revealed from this
method is that the molecular chaperones can help proteins refold to their native structures,
by unfolding the misfolded proteins and giving them another chance to fold into the correct
shape, altering the folding rate of domain and blocking tertiary contacts in the transition
state [78], [79].
Prion protein should pass over a high-energy barrier existing between native state and
scrapie state to be misfolded. Hence, naturally, the protein can pass rarely over this barrier
unless some unknown causes occur. Unfortunately, some compounds; for instance, GN8,
GPJ49, GPJ14 and quinacrine can cause residual ﬂuctuations on a time scale of micro- to
milliseconds after binding to the prion protein [80]. These ﬂuctuations can increase the
risk of conversion. However, pharmacological chaperones help the protein by decreasing
these ﬂuctuations. Therefore, they stabilize the native form of the protein. This protection
can be done by reducing the energy level of the native state of the protein. Hence, passing
the barrier between PrPC and PrPSC would be difﬁcult for the protein and the chance of
pathogenic conversion decreases [73].
The literature on protein structures shows that the native structure of the prion protein is
very similar for different species. But, it is unclear if there are differences in their functions
due to the lack of information. The conversion structure and the number of conversions
for each molecule as well as the mechanism of conversions is still unknown [81], [82],
[21], [20]. In addition, effects of many compounds on PrPSC and their efﬁciency directly
depend on the conversion structure they are dealing with. Thus, they may cause more con13

version to PrPSC rather than the PrPC conformation. On the other hand, pharmacological
chaperones—which are independent from PrPSC —affect the known native structures and
mainly the partly folded structures. As a result, they can act to favor native folding [73].
As mentioned before, an effective treatment has not been introduced for prion diseases
[83]. However, developing the pharmacological molecular chaperones which mimic the
cellular chaperones activities has been a key point in therapy approaches. Because of the
unclear mechanism of action between protein and molecular chaperones, the therapeutic
strategy is still controversial [27]
The focus of this thesis is on the pharmacological chaperons, speciﬁcally molecules that
are thought to prevent misfolding by binding PrPC . Iron tetrapyrrole is a candidate to act
like a cellular chaperones and stabilize native structure of the prion protein.

1.6

Introduction to Force Spectroscopy

As a solution to the difﬁculties associated with ensemble measurements, biophysical techniques with the ability to observe the motion of single molecules down to the nanometer
scale or below are introduced. There are many measurement tools that provide new insight
into the mechanism of a single molecule. For instance, centroid tracking, ﬂuorescence resonance energy transfer, magnetic tweezers, atomic force microscopy, and optical traps. All
of these methods provide an opportunity for detecting molecular motion, at near atomic resolution in vitro experimental conditions. The greatest advantage of using single molecule
studies, is in the investigation of the kinetics and thermodynamics of mechanical responses
and folding transitions. It is also possible to reveal other complex features such as the
mechanism of translocation, folding pathway, properties of transition states and enzymes
activities and population heterogeneity [54], [49].
We can classify the single molecule measurements tools into two classes: the one by
which we can track the motion of labeled molecules without applying signiﬁcant external
forces; such as, centroid tracking, ﬂuorescence correlation spectroscopy (FCS) and FRET.
The other class introduces an approach with measuring motion while the molecule is under
external loads. The methods that constitute this class are; magnetic tweezers, AFM and
optical traps. [54].
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The greatest advantage of force based measurements is that by increasing the stiffness of
the molecule of interest, we can increase the resolution of the measurement. And also, there
is a chance to map the energy landscape easily. All the data are collected while applying
an external force to single molecule in order to destabilize the structure. Then, the length
of the protein of interest is measured. In order to apply force, two sets of double stranded
DNA (dsDNA) handles are attached to the protein. Each end of any set has a distinct tag
used for attachment to different sized beads. The construct, consisting of the handles and
the molecule of interest, acts as a spring [54].
In our lab, we focus on optical tweezers (optical trap). In optical tweezers, radiation
pressure is applied using a focused laser beam on small dielectric beads which are attached
to both ends of the dsDNA handles [54]. The trapped beads are polarized by the strong
electromagnetic ﬁeld of the laser. As a result, a force proportional to the gradient of light
intensity according to F ∝ α ∇I0 occurs, where I0 is the laser light intensity at the specimen
and α is the bead polarizability [84].
The applied force can be adjusted using the intensity of the laser light or by adjusting the
position of the beads with respect to the trap center [54]. If the measurement is performed in
living cells, in order to reduce the molecular damage from intensity of light, the wavelength,
which is used for generating the applied force, is near infrared. This region of wavelength
is near-transparency for most biological materials [85]. Then, the position of the beads can
be determined by collecting the laser light scattered by the beads. The light scattered by the
beads, from either the trapping laser or a separate detection laser is collected by a photosensitive detector [86]. By moving the beads apart, the tension applied to the molecule
increases. As a result, the extension of the molecule increases. Force extension curves
(FECs) were created by measuring the extension of the PrP constructs while moving the
traps apart at a constant rate to ramp up the force [69]. We call this type of curves force
extension curves (FEC) (Figure 5). The strategy of the method will be fully explained in
chapter 2.
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Figure 5: Single-molecule force spectroscopy of a single PrP molecule. (A) Experimental
scheme using optical traps. Cysteine labeled PrP is attached to DNA handles linked in turn
to beads held by optical traps. (B) Force-extension curves show that as the force increases,
the handles stretch until the PrP structure unfolds suddenly as a two-state system. WLC ﬁts
(dashed lines) to the folded and unfolded parts of the curves reveal a contour length change
matching the result expected for PrPC . Figure taken from [19].
To conclude, single molecule experiments provide an opportunity to probe the properties
of individual molecules instead of an ensemble of molecules. Ensemble measurements can
reveal the average properties of molecules without any details of the stochastic ﬂuctuations.
In contrast, with single molecule studies, we can observe even rare distinguished events
because of the ability to probe very fast dynamics (typically, millisecond or even less) [25],
[24], [16], [26].
The basics of single-molecule force spectroscopy (SMFS) are deﬁned by applying an
external force to the single molecule in order to denature the molecule. Moreover, the most
important beneﬁt of this approach is that one can apply force in any speciﬁc part of the
protein as well as perturbing the structure of the protein in physiological pH without using
any denaturing buffer. The mechanism of conformational changes of molecule in response
to the applied force is unfolding and folding when the force increases and decreases respectively. In addition, extension changes related to the tension applied to the molecule can be
monitored by the motion of the force probe. The SMFS method is an effective way to reveal
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the structures of molecules. Interestingly, using this method makes it possible to apply a
wide range of force to a single molecule. As a result, we can have structures with a wide
range of stabilities [87].
In order to study protein folding at the single molecule level, many force probes are
available including AFM, optical tweezers and magnetic tweezers. The key point that affects
choosing the appropriate force probe is the level of force needed to unfold a protein. For
example, for some proteins high force is required; hence, we need AFM to apply force to
the intended molecule. In contrast, optical tweezers and magnetic tweezers are ways of
manipulating a protein in low force regime [54], [88].

1.7

Overview of thesis

The rest of the thesis is organized as follows. Chapter 2 describes single molecule force
spectroscopy method, optical tweezers, and the most important outcomes of optical tweezers. Chapter 3 introduces a real measurement on mouse prion protein (MoPrP). The forceextension results explained in this chapter have been collected from samples which are
prepared via either traditional chemistry in our lab (thiol chemistry) or newly developed
chemistries (click chemistry). Chapter 4 covers the effects of tetrapyrrole compound as a
pharmacological chaperone on ShPrP. The result of this chapter is accepted to be published
in the Nature Communications journal in 2016. The thesis ends with the use of pentosan
polysulphate (PPS) as well as many compounds that have been reported for anti-prion protein compounds in the study of ShPrP.
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2

Single Molecule Force Spectroscopy with optical traps

2.1

Basics of optical tweezers

Optical tweezers is a high resolution and sensitive instrument for probing conformational dynamics at the single molecule level [89]. The instrument gives us a chance to study phenomena ranging from folding and ligand binding to enzyme function, molecular machines, and
protein aggregation [89]. To perform SMFS measurements, I used optical tweezers. In optical tweezers experiments, a molecule is attached via DNA handles to two micron sized beads
which are trapped by tightly-focused laser beams. By moving the laser beams apart, force is
applied to the molecule, causing mechanical denaturation of the molecule [90], [48], [91].
The extension of the molecule can be measured from the distance between the beads and
plotted against the applied force, which is measured from the displacement of the beads
from the center of the trap [90], [48]. This force versus extension plot is the typical result
taken from optical tweezers measurements [19].
In my experiment, the protein is attached covalently through disulﬁde chemistry to DNA
handles and the handles are attached speciﬁcally to micron-sized beads through avidin-biotin
or dig-antidig linker [91]. The intense light associated with optical traps is in the infrared
spectrum with a wavelength of 1064nm. This wavelength was chosen to minimize the damage to biological molecules [54]. The light is emitted via laser diodes and directed onto the
beads by a series of optical instruments. Light scattered by the beads is collected by two
cross-axial photo-detectors and used to track the position of the beads [54].
Optical tweezers have a wide range of application, from investigating the folding properties of nucleic acids to characterizing folding and misfolding properties of different proteins.
We can extract the shape of the folding energy landscape, the structure of the construct as
well as the number of sequences under high resolution measurements. Several measurement
methods are possible using optical tweezers: equilibrium measurement and non-equilibrium
measurement [54]. Both methods are expanded in detail in this chapter.

18

2.2

Mechanism of measurement

There are three common conﬁgurations which force may be applied to a single molecule
by optical traps. In the ﬁrst method, a bead on one end is held by a micro-pipette and the
other bead is held by an optical trap. In the second method, the molecule is tethered on
one end to the surface by a DNA handle and the other end of the molecule is tethered to a
bead which is held by the optical trap. Finally, in the third method, two beads, each tethered
to opposite ends of the molecule are trapped by the optical tweezers (Figure 6). This third
method is preferential in our lab based on the properties of the system under study and the
required resolution in our measurements with optical tweezers. due to the thermal heating
of the objective, stage settling and laser pointing ﬂuctuations, the surface-based assay is
susceptible to relative drift between the surface and the trap, however, the third geometry
that we use in our measurements has minimized these kind of problems. Moreover, using
optical traps on both ends of the molecule which is a differential measurement can decrease
the noise of measurement [92], [93]
The force is transferred to the molecule via the beads held in a trapping potential arising
from the gradient force of a focused laser beam. The potential is Hookean within the regime
of the focal point of the laser beam. This means that the produced restoring force is linear
with the displacement of the bead from the center of the trap [94], [95]. Achieving the high
resolution of the bead displacement is possible in this kind of measurement [95].
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Figure 6: Comparison of the (a) surface-based assay, (b) dumbbell-based assay using one
optical trap and a micropipette, and (c) dumbbell-based assay using two optical traps. Force
is recorded by measuring the displacement of the bead from the center of the optical trap
using light scattered by the bead. Figure taken from [54].
Notably, to reduce the probable interaction between the beads and protein, the beads are
not attached to the protein directly. In other words, we use handle—such as double stranded
DNA (dsDNA)—between beads and protein [54]. DsDNA handles can separate the beads
spatially and minimize potential interaction between the beads and protein. Protein-ligand
combinations such as biotin-avidin or digoxigenin-anti-digoxigenin are usually used to attach DNA handles to beads [96]. Handles can be attached to both ends of the molecules
via two different chemistries. The ﬁrst chemistry used in our lab in order to attach dsDNA
to both ends of the protein was thiol [97]. The second chemistry, which is the most recent
method in our group, is click chemistry introduced by one of our former postdoctoral fellows, Derek Dee. This chemistry is explained in detail in the next chapter. What is important
in both chemistry is that Cys residues are reduced by reducing agent in the protein of interest
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at the desired attachment points [96], [98].
Attaching handles to the reduced Cys of the protein is a means of controlling the location
at which the force is applied by the laser beam. This means that if one changes the location
of handles attached to the protein, they can use another geometry to apply the force [99].
The protein-handles reaction using disulﬁde bond has certain disadvantages. For example,
it can lead to non-speciﬁc binding of handle-handle instead of protein-handle. Moreover,
with the presence of this kind of non-speciﬁc interaction ﬁnding a single molecule on the
microscope is a bit hard. Protein and DNA handles can have a non-speciﬁc interaction. So,
the interaction is negligible at the forces required to unfold the protein [87].
The measurement with optical tweezers can be done in several ways using different
regimes of statistical mechanics. The ﬁrst condition is measurement in the non-equilibrium
regime including constant pulling speed as well as increasing applied force [100]. The
second condition is equilibrium measurement to record data from a single molecule which
means that the control variable for the measurement is kept constant [88]. Both approaches
are very useful and essential in measurement with optical tweezers. Under these circumstances, we can obtain congruent results which conﬁrm the validity of each, individual measurement. The observables in constant speed measurement (non-equilibrium) are the extension (reaction coordinate) of the molecule of interest and the applied force to the molecule;
while, extension and time at which events occur are the parameters for constant force measurement [26], [87].

2.3

Types of SMFS measurements

There are several different types of measurements–non-equilibrium measurements and equilibrium measurements–which are analyzed in different ways but yield similar information.
In non-equilibrium measurements, changes are fast on the time-scale and the molecule can
respond by changing the structure. In this type of measurement, force is either rapidly
ramped or suddenly jumped. Moreover, the extension of the molecule and the applied
force are measured while the protein is not in thermal equilibrium. However, in equilibrium measurements the ﬂuctuation in molecular structure is measured while either the force
or separation between the traps is kept constant [91]. Each types of measurements has its
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own advantages, so it is always useful and reasonable to apply both methods to a desired
molecule. In addition, similar information about folding can be extracted from equilibrium
and non-equilibrium measurements; so, we can further validate the results.

Non-equilibrium measurements of folding
The most popular type of measurement is non-equilibrium which is typically done at
a constant pulling speed. Clearly, the extension of the molecule increases as the tension
force rises by moving the laser beams apart. The measurements are analyzed by plotting the
force applied to the molecule as a function of the molecular extension. The resulting curve is
called a force-extension curve (FEC). Speciﬁcally, the force increases non-linearly when the
construct is stretched by moving the traps apart. As a matter of fact, the speed at which the
separation occurs is the key control parameter in the force-ramp measurements. The shape
of FECs is characterized as starting at a very low force, then increasing non-linearly along
the reaction coordinate (extension) [91], [69]. The force goes up gradually until a sudden
decrease in force as well as an unexpected increase in extension happen, which generates a
characteristic sawtooth-shaped “rip” in the FEC (7-B). By measurements of folding with the
high number of pulls, the variations in the unfolding forces can be observed (7-D). Important
data can be extracted from this distribution of unfolding forces. This rip is associated with a
cooperative change in the structure. To put it more simply, this is the point that a molecule
unfolds. It is possible to have more than one rip in an FEC meaning that the protein contains
the presence of multiple, independently-stable domains (7-C). Generally, a FEC with one
rip involves two states: folded state and unfolded states [49], [89].
Another key point is that we can record data in both ramping up and down the force to
measure unfolding and refolding of the molecule (7-A) [69]. The ﬁrst case and the second
case are called unfolding and refolding respectively. It is possible that the refolding and unfolding curves do not match. This asymmetry indicates the dissipation of energy. Repeating
the unfolding measurement can increase our statistics to analyze data. The main problem
in pulling the molecule is the stiffness of the handles and protein which is not very strong,
creating a high probability for breaking the tether.
Multiple unfolding and refolding transitions can be observed in a single FEC in the force22

ramp measurements (Figure 7-E Black). In extreme case, the higher the unfolding/refolding
rate is, the smoother and more gradual the extension changes (Figure 7-E Gray). Whereas,
slower unfolding/refolding rate compared to the speed of separating the traps results in out
of equilibrium measurement of the folding [87].

Equilibrium measurements of folding
Basically, equilibrium measurement refers to a type of measurement in which the force
or the separation between the traps remains constant. In the ﬁrst possibility, the applied
force is ﬁxed to a speciﬁc value and the behavior of the molecule is recorded. Although, the
second possibility allows us to set the trap separation to a predetermined distance, thereby,
some initial level of tension is applied to the protein. To be more speciﬁc, in a constant
position measurement, while the structure of the protein ﬂuctuates in response to the tension,
the applied force reduces and increases when the protein unfolds and refolds respectively
[49]. In contrast, in a constant force measurement, the force remains constant using a force
clamp. The extension of the molecule is measured as a function of time in a constant force
measurement [89].
The equilibrium measurement has some signiﬁcant advantages. First of all, it is easier
to make high-resolution measurements using equilibrium measurements rather than nonequilibrium measurements, mainly because some variables are ﬁxed. Secondly, some rare
states that were difﬁcult to be observed in the non-equilibrium measurements can be recorded
[49], [101]. On the other hand, non-equilibrium methods can give us access to the behaviors not seen in equilibrium. Therefore, both equilibrium and non-equilibrium methods are
essential measurement methods [49]. All measurements described in this thesis were done
so under non-equilibrium conditions.

2.4

Data analysis

After collecting data, we need to know a way to analyze this raw data from high resolution
optical tweezers. Initial results that can be obtained from optical tweezers are the extension
of the molecule, the force applied to the molecule and the time at which events occur. Extension of the molecule is reaction coordinate for the folding transition describes the progress of
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folding [89]. We can extract a lot of information from optical tweezer experiments, such as
the number of intermediate states [102], contour length changes of protein between folded
and unfolded states, size of the structure, the number of amino acids, the rates of transition
between different structural states [103], [104], energy landscape parameters as well as the
shape of the energy landscape [105], [106]. Some of these outcomes are introduced in the
following section.
2.4.1 Identifying distinct structural states
Both constant speed and constant force measurements are required high resolution data in
order to observe intermediate states. In the ﬁrst case, the intermediates appear like multiple
successive rips (Figure 7-C). However, in constant force measurements, multiple steps in
extension are signs of having the intermediates structural states. After ﬁnding the length of
each intermediate state, it is time for mapping the state trajectory of the molecule. To do
this kind of analysis, we need to generate the distribution of extension values ﬁrst. Then, if
peaks are well separated in the histogram, different analyses may be used to ﬁnd the state
trajectory. For example, the threshold analysis is often used [107]; and in some cases that
peaks are not well distinguished, hidden Markov model (HMM) is a method to deal with
this problem [108]. Optical tweezers are capable of extracting useful information about
intermediate states; however, we need to take into account that, since we only measure
length changes, it is possible to have more than one state with the same length. In this case,
we need other parameters to distinguish the states; such as, the force which is needed to
unfold the structure, or the lifetime of the intermediate state at a given force [49], [91]. It
is important to keep in mind, even if enough evidence does not exist to prove intermediates,
we cannot conclude that intermediate states are absent. In order to observe those hidden
intermediate states, we may need to change the type of measurement or the location where
the pulling handles are attached to the protein [49]. In addition, there is also a chance of
hiding an unstable intermediate between two stable states. In this case, the stable state has
a high unfolding force, much higher than that unstable intermediate. As a result, we cannot
see the intermediate state because all portions of the molecule unfold at the same time [87].
Simple polymer models, such as worm like chain (WLC) model [109], is used in all
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measurements to connect the extension changes (which are force-dependent) to the contour
length changes (which are absolute) [110]. In our measurements, one of the WLC models
can be used to ﬁt the data of optical tweezers over a wide range of force (1-100 pN) encountered in optical tweezers (Figure 7-D). This model is called Marko-Siggia model whose
equation [109] is

f (x) =

kB T h 1
(1
lp 4

x
F
+ )
Lc K

x is the measured extension of the chain;
F is the applied force to the protein of interest;
l p is the persistence length of the chain;
Lc is the contour length of the unfolded protein;
kB is the Botzmann constant; and
K is the enthalpic elasticity of the chain.
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Figure 7: (A) The two beads are moved apart to increase the tension on the protein molecule
tethered between them, and brought back together to decrease the tension. (B) Forceextension curves of the protein PrP resulting from ramping the force up (black) and down
(grey) show a non-linear increase in the force as the handles are stretched out, followed by
a rip when the protein unfolds. Hysteresis between the unfolding and refolding curves indicates that the protein is out of equilibrium, owing to a high ramp rate. Taken from Ref. (19).
(C) Multiple rips are seen in the unfolding of an oligomer of α -synuclein, indicating the
presence of multiple, independently-stable domains that unfold sequentially. Dotted lines
show worm-like chain ﬁts to the different states; three intermediates are seen here. Taken
from Ref. (75). (D) Repeated unfolding measurements of PrP show variations in the unfolding force, reﬂecting the stochastic nature of the transition. All FECs are well ﬁt by the WLC
model. Taken from Ref. (18). (E) Multiple unfolding and refolding events can be observed
when the protein kinetics are fast compared to the ramp rate but slow compared to the sampling rate (black). When the kinetics are fast compared to the sampling rate, individual rips
become averaged (grey). [87].
As mentioned before, the change in contour length can be found using non-equilibrium
measurement. The procedure to obtain contour length change (∆Lc ) begins by ﬁtting FEC
with the WLC model as described above. As discussed, protein is attached to two dsDNA
handles with one on each of the ends. When the protein is folded, the handles act as a ﬂexible
chain. In order to ﬁt the FECs, the construct should be seen as two independent chains in
series: one for the DNA and one for the unfolded protein. Consequently, the ﬁrst part of
FEC needs to be ﬁt using parameters for DNA. However, the second part of FEC, while the
protein is unfolded, needs to be ﬁt using parameters related to the protein. For example,
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typically, persistence length for a dsDNA molecule should be in the range of 30 to 50 nm.
In contrast, this value is between 0.6 to 0.8 nm for protein. Also, crystallographic value for
contour length is 0.34 nm per nucleotide for a molecule of dsDNA. Conversely, this value is
0.36 nm per amino acid for a protein molecule. Moreover, the enthalpic elasticity of dsDNA
is 1000-1500 pN. The same is about 2000 pN or even higher for protein [87].
The analysis to ﬁnd ∆Lc in constant force measurement is very similar to non-equilibrium
measurement. The difference is that in this type of measurement, we use the same equation
as in (1) with known parameters. For constant force measurement, we are interested to use
the found parameters from force-ramp data instead of using literature parameters. Similarly,
for constant trap position, where the force changes and the molecule folds and unfolds, the
procedure of ﬁnding ∆Lc is the same as constant force. The difference between forces in the
folded and unfolded positions must be considered [87].
2.4.2 Size of the structure
Interestingly, the number of amino acids can be calculated after ﬁnding ∆Lc [69]. This value
is very precise because of the high resolution measurement of optical tweezers. Note that
ﬁnding the number of amino acid is possible with the ﬂowing equation [1].
Naa = (∆Lc + dT )/Lcaa

(2)

In this equation, dT is the end-to-end length of the folded protein structure and Lc is the
length of each amino acid [69]. It is important to know the value of dT in order to ﬁnd
the accurate result for the number of amino acids (aa). When we are looking at a molecule
with transitions between two structured states, we need to know changes of dT between two
structures [111]. This can be obtained via a high resolution structure. If this high resolution
structure is not available, dT is not accurate and the number of aa can be found using an
approximate calculation. As the last point, if the value obtained by a single molecule measurement does not match with the crystal structure of the protein, it is likely that the protein
is not folded properly [87].
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2.4.3 Energy landscape pro le
Energy landscape theory gives us information about the folding of the protein from high
energy unfolded to the low energy folded state through all possible conformations [36]. Naturally, a molecule searches among different possibilities over the energy landscape to ﬁnd
a minimum energy structural state [112]. If we can ﬁnd a way to measure the energy landscape, the result opens a window to the properties of folding transitions. Actually, measuring
the energy landscape is a very difﬁcult task within biophysics and is accomplished through
the use of different approaches such as single molecule measurements. Non-equilibrium
measurements as well as constant force/constant trap separation measurements provide an
opportunity to obtain energy landscape proﬁles along the reaction coordinate x, which is
molecular extension [113]. In the following section, a brief description of these analytical
methods is provided.
• Reconstructions from equilibrium measurements

In order to extract the energy landscape, data sets of extension versus time is collected
using constant force measurements. After that, we need to calculate the probability
of extension, p(x). The inverted Boltzmann relation is applied in order to discern the
landscape proﬁle associated with the desired molecule [87]:
G(x) = kB T ln[P(x)],

(3)

where kB is the Boltzmann constant. When we intend to use constant force measurements, it is essential that the applied force be kept constant throughout the folding process. In order to maintain a constant force, we can use an active force-clam.
One drawback of using an active force clamp is that the time needed to receive feedback about the beads position and to adjust the trap position such that the force on
the molecule remains constant, is slower than the timescale of the structural transition [36]. Passive force clamping is a means of avoiding this issue. In a passive force
clamp the stiffness of one of the traps is keep constant at zero [101].
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It is also possible to reconstruct the landscape using constant-trap measurements in
a similar way to that of the constant-force measurement. Under such conditions the
force on the molecule varies in order to compensate for changes in the molecular
extension which in turn maintains a constant trap separation [36]. The landscape
was reconstructed empirically by Rief and colleagues by performing the deconvolution point-wise, using a position-dependent PSF [114] then, the mechanical dynamics
model of Thirumalai et al. was also applied [115].
The major limitation of any landscape extraction method arises from instrumental distortions. As mentioned before the construct is made of protein, beads and two dsDNA
handles. The dynamics of the intended protein are convolved with the dynamics of
the beads due to their rotations and interactions through the linking handles. If p(x) is
the intrinsic distribution of the molecular extension, and the instrumental point spread
function (PSF), denoted as S(x) is known, the measured distribution of the extension
would be given by P(x)= S(x)

p(x) [36]. So, in order to remove the effects of the

beads and handles, thereby obtaining the intrinsic distribution of the protein extension, the PSF must be taken into account. We can easily make a construct without
any protein and implement the non-linear deconvolution algorithm [116]. Another
approach to ﬁnd PSF is the use of theoretical model powered by Thirumalai. In this
model, deconvolutions are shown for protein, DNA, and beads even when there is no
chance of measuring instrumental PSF directly from the instrument [115].
• Reconstructions from force-ramp measurements

Sometimes, because of a high energy barrier, and as a result slow folding rate, reconstruction of the energy landscape needs to be done from non-equilibrium measurements. Optical tweezers provide an opportunity to use force-ramp or force jump measurements in order to extract the energy landscape. In this method, free energies from
measurements of the non-equilibrium work performed during force-ramp measurements can be recovered using ﬂuctuation theorems, like Jarzynski’s equality [105].
The Jarzynski equality, which uses the raw data from constant speed experiments,
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has recently been improved by the work of Hummer and Szabo [117]. The equation demonstrates free energy versus reaction coordinate (x) which is extension of the
molecule [87]. This method has been used to computational and laboratory experiments but never validated experimentally [118], [119], [120], [121]. DNA hairpins
were used to compare the folding landscapes for DNA hairpins reconstructed from
this approach experimentally with those reconstructed from equilibrium measurements [122]. After comparing landscape proﬁles obtained from the non-equilibrium
reconstruction and those from equilibrium probability distributions, a good agreement
was found [113], [122].
• Model-dependent approximations of the landscape

As mentioned, full landscape can be reconstructed through model-free approaches
such as force-ramp measurement and constant force measurement (Dudko and colleagues have shown the equivalence of the results of both experimental conditions
[123]). However, the key features of landscapes can be characterized using modeldependent approximations. The Dudko technique is a model-dependent approach that
can be used to reconstruct the energy landscape [124]. It has previously been demonstrated that when a load is applied to protein, the free energy barrier, will usually move
closer to the folded state of the protein. One advantage of the Dudko technique, is that
it accounts for this barrier movement (Bell-Zhurkov model and Evans and Ritchie
model [125]). Dudko model derives the unfolding force distribution shape as a function of landscape parameters under the assumption of speciﬁc landscape proﬁles [36].
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in which ∆x‡ is the distance to the transition state and ∆G‡ refers to barrier height.
In equations ν is a parameter showing the shape of the landscape. For example for a
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linear-cubic potential barrier shape ν is 2/3 and for cusp shape ν would be 1/2. Similar
expression for refolding forces is also given by landscape theory. The expression for
the rates in (4) can be used to ﬁt the force-dependent kinetics to obtain landscape
parameters [124].
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3

SMFS measurements of MoPrP folding

3.1

Motivation

Bovine (cow) prion disease BSE can be transmitted from cows to humans in the form of
vCJD disease [126]. The prion protein is a high disease susceptible protein. For this reason, prion protein is an interesting subject for scientists [127]. As mentioned in the previous
chapters, prion’s infectious form, PrPSc , can act as a template for normal prion protein cells.
Consequently, studies of prion protein, its structure and function, may be a key points in decreasing the likelihood of development and transmission of prion diseases. The method
used in our lab for studying prion protein at the single molecule level, is optical tweezers.
By using this instrument, we have a chance of revealing the different folding pathways of
prion protein as well as determining certain pathways which lead to misfolding and aggregation [26], [19]. The use of single molecule methods has certain advantages, as explained
in chapter 1. But, the most important reason is that, by using of the single molecule approach, we can look at single molecules one by one at a time, as apposed to the average
effects viewed through ensemble measurements. Also, many pathways, that are rare and
non-detectable via other methods, can be observed using the single molecule method [49].
Many papers regarding the folding pathways of the ShPrP molecule have previously
been published. The reason of studying MoPrP in our lab is to look at subtle differences
in the folding dynamics of mouse and hamster PrP to understand the origins of the different disease behaviors in different species. Knowing about folding and misfoling pathways
of both species can also help us to understand more about cross-species transmission diseases due to the transmission barrier as well as the fact that different species have different
susceptibility to disease [128].
Mouse prion protein, exactly like ShPrP structurally, contains three α helices and two β
strands sheets in the native structure [129]. In other words, it is rich in alpha helices when
the protein is in the native form. ShPrP(89-231) and mouse PrP(89-231) are different in
eight amino acids [129]. Basically, MoPrP starts from some non-structured residues. Then,

β strand 1 starts and turn 1 comes after that. Helix 1 after turn 1 is followed by turn 2, strand
2 and turn 3. Then, turn 4 connects helix 2 and 3 [129].
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Figure 8: NMR structure of mouse prion protein (121-231). Figure adapted from [130]

3.2

Sample preparation

3.2.1 Protein preparation
The mouse sample that we were looking at was the truncated form of mouse prion protein
(amino acids 89 to 231). We looked at the truncated PrP which is a shorter version of
PrP. Because the N-terminal domain of the full version is ﬂexible and unstructured, we
cannot see any trajectory describing folding and unfolding of this region by optical tweezers
[131]. First of all, the protein expression starts by protein engineering with cysteine residues
at each terminus and cloning into pJ406-2cys-MoPrP expression plasmid with N-terminal
poly-histidine tag. The ﬁrst 20 residues (speciﬁcally MGSSHHHHHHSSGENLYFQG = 20
residues) contain poly-histidine tag (His-tag) of protein. The purpose of adding the His-tag
is to facilitate the puriﬁcation process and amplify the yield of the highly puriﬁed protein.
In the next stage of the process, the isolated colony from the plate is grown within a
liquid LB medium (containing 100 µ g/mL ampicillin), incubated at 37 degrees and shook
at 225 rpm overnight. Growing colonies is accompanied with monitoring the optical density
at 600 nm overtime. When the OD600nm reaches 0.6-0.7, PrP induction is induced by adding
isopropyl-β , D-thiogalactopyranoside (IPTG) to achieve the ﬁnal concentration.
After induction, the culture is allowed to incubate for 4 hours. The E. coli cells are then
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harvested by centrifugation in 500 ml bottles at 5500 x g, 20 min at 4 degrees in a Beckman
Allegra 25R refrigerated bench-top centrifuge. The last step of expression is to wash the
resulting bacterial pellet with 1X PBS in order to aliquot into appropriately labeled 50 ml
tubes. So, each tube contains equivalent of 500 ml of culture. The same centrifugation as
above is repeated. Then, the 1

PBS from the pellet is decanted and the bacteria is frozen

at -80 to await puriﬁcation.

Figure 9: 2Cys-MoPrP sequence with His-tag, the external and internal cysteines are speciﬁed with red color. Blue residues are different in ShPrP [131].
Protein puriﬁcation is the next process required in preparing an appropriate MoPrP sample. As the ﬁrst step, one or more bacterial pellets are thawed from -80

storage, after

which each pellet is re-suspended in lysis buffer (50 mM sodium phosphate buffer, pH 7.4,
500 mM NaCl, 6M guanidinium HCl, 20 mM imidazole, 0.5 mM phenylmethylsufonyl ﬂuoride). Then, the sample is sonicated on ice using a Branson sonicator set to 6

20 seconds,

50% power output, allowing the sample to sit on ice 30 sec to 1 min between each 20 second interval. After making sure the lysate is no longer viscous, dithiothreitol (DTT) and
Tween-20 are added to reach a ﬁnal concentration of 0.5% v/v.
Next, to clarify the sonicated preparation, the sample is centrifuged in the Beckman Allegra 25 R in the JA-14 rotor at 30000 x g, 90 min, at 4 degrees . The supernatant is retained
and ﬁltered with 0.45 um syringe ﬁlter in preparation for column chromatography. Then, a
5 ml Ni-immobilized metal afﬁnity chromatography (IMAC) column is equilibrated by attaching it to the AKTA Puriﬁer and ﬂowing 5 column volumes (5 cv; 25 ml) of equilibration
buffer (50 mM sodium phosphate buffer, pH 7.4, 500 mM NaCl, 6 M GuHCl, 20 mM imidazole) through the resin. After that, the protein sample is applied using the sample pump
at a ﬂow rate of 1 ml/min while the unbound protein is washed thoroughly from the col34

umn using the equilibration buffer until the absorbance (at 280 nm) reaches baseline again.
Eluting the bound protein (the His6-tagged PrP) from the resin by using sufﬁcient volume
of elution buffer (50 mM sodium phosphate buffer, pH 7.4, 500 mM NaCl, 6 M GuHCl, 500
mM imidazole) is the next step in the process.
To determine the purity, Molecular Weight (MWT) and amount of puriﬁed protein 15%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel is needed (Figure 10). The expected MWT is

19 kDa. SDS-PAGE gel results are used to pool good

fractions in order to do the refolding step.
Sufﬁcient fresh Refolding buffer (1.1 M GuHCl, 55mM Tris-HCl, pH 8.2, 21 mM NaCl,
0.8 mM KCl, 1 mM reduced glutathione, 1 mM oxidized glutathione, 1 mM EDTA) is prepared to dilute the pooled sample volume 1:10. The pooled protein is added to the refolding
buffer drop-wise while being stirred. The sample container is then covered with aluminum
foil and left to incubate at 4 degrees, overnight, while being constantly stirred. The next
day, the sample is centrifuged at 30000 x g, for 1 h, at 4 degrees in order to remove any
precipitate. Then, the supernatant is removed and used to load into 6-8000 kDa cutoff dialysis tubing. Dialyzing should be done in 4 L of dialysis buffer (ammonium acetate pH 4.5)
for 3 h at 4

while stirring. The dialysis buffer is then changed to a fresh 4 L buffer and

dialyzing is continued overnight. Next, the dialyzed sample is centrifuged from the bag and
the supernatant is retained.
It is recommended to analyze the sample (CD at this point, and 15% SDS-PAGE) before
freeze drying. Once the CD (Figure 11) and SDS-PAGE analysis conﬁrm we have what we
want, the concentration is measured and the protein is aliquoted into individual 50 ml tubes
so that each contains 2-3 mg of protein. Liquid N2 is used to freeze the samples in the
tubes. The samples should be stored at -80 until required. All the steps of expression and
puriﬁcation of the proteins have been done by Craig Garen in our lab.
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Figure 10: 15% SDS-PAGE gel analysis of 2-cys-MoPrP. Picture credit: Craig Garen

Figure 11: circular dichroism analysis of 2-cys-moPrP. presence of two minimums in the
signal can conﬁrm the α helices rich structure for native form of PrP
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3.2.2 Handle attachment using disul de bonds (S-S bond)
A common approach for attaching DNA handles to proteins is through a disulﬁde bridge to
any cysteine residues exposed on the surface of the protein. In order to study misfolding
pathways of single molecules of mouse PrP (monomers), the third geometry explained in
chapter 2.2 was used. To achieve this geometry, we need to attach two double stranded DNA
handles, one on each end of the mouse prion protein (residues 90 to 231). Then, polystyrene
beads are required to be attached to both ends of the construct in order to hold the sample in
the optical tweezers, by which force is applied.
To attach the handles to the ends of the proteins, we must ﬁrst reduce the cysteines in
both the handles and proteins. The reduction of correctly folded proteins (typically

15-20

µ M) was done with TCEP in a 1:10 molar ratio for 30 min at room temperature in sodium
acetate pH 4.5 buffer. After the reduction, the extra TCEP was removed using 10K spin
ﬁltration. Then, the proteins were immediately activated using 2,2 -dithiodipyridine (DTDP)
in a 1:70 molar ratio overnight, in a 4 degree fridge. In the same manner, handles prepared
by PCR were reduced with TCEP in a 1:500 molar ratio for 30 min at room temperature in
pH 4.5 buffer. One handle was 798-bp in length containing a thiol group on one end and
a biotin on the other. The other handle was longer with a length of 1261-bp, containing a
thiol group and digoxigenin instead. For an easy gel identiﬁcation, two different lengths of
the handles are needed. The concentration of handles are typically around 20 µ M. After
protein incubations, both activated proteins and reduced handles were immediately reacted
with each other. Next, the extra DTDP and TCEP were removed from the construct using
zeba spin desalting columns for at least 3 times spins.
In order to form dumbbells, protein-DNA constructs were incubated at approximately
100 pM with 30 pM polystyrene beads (600 nm diameter labeled with avidin, 800 nm diameter labeled with anti-digoxigenin). Then, 50 mM MOPS buffer, pH 7.0, with 200 mM KCL
and an oxygen scavenging system (8 mU µ L glucose oxidase, 20 mU µ L catalase, 0.01 percent

wt
vol

D-glucose) were used to dilute dumbbells to approximately 500 femto M [132]. In

the end, the sample was inserted into a ﬂow cell for the optical traps. The optical tweezers
were then used to apply tension in order to denature a single molecule MoPrP. As a result,
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the structural changes of a single molecule were monitored via the end-to-end extension of
the molecule.
The internal Cys were assumed to be labeled using a disulﬁde bridge, so we needed
to change protocols of the handle attachment to the protein. Also, the S-S bond yields
lots of tethers that have bonds between handles without protein included. In addition, this
chemistry does not allow us to change the oxidation state of the buffer. The new method
of handle attachment in our lab is known as click chemistry and is introduced by Derek
Dee, our former post doctoral fellow. I also did some experiments to compare the traditional
protocol and the new protocol as well as optimizing the new method.
3.2.3 Introduction to click chemistry
One of the most popular categories of probe-molecule reaction is cycloadditions. Cycloadditions is divided into two categories: dipolar cycloadditions and diels-Alder cycloadditions [133]. The most popular bioorthogonal cycloaddition is azides [134]. Azides are
1,3 dipoles which are able to react with alkynes [135], [136], [137]. Speciﬁcally, azidealkyne cycloaddition is called click-chemistry. Click-chemistry can be done in aqueous
environment and makes a robust attachment [138], [139]. One of the most important advantages of this reaction is the speed of the reaction which is appropriate for biological
system [140], [141], [142]. With the fast ligation chemistry, the assembly of complex
biomolecules with low concentration is possible [133], [143]. As a result, an intracellular assembly of molecular structure which can not cross cell membranes due to the large
molecular structure can be done very fast with this method [143]. The other category of cycloadditions (similar to click chemistry) is diels-alder cycloadditions [143]. There are three
different chemistries used in order to complete the handle attachment via click chemistry.
The ﬁrst chemistry is N-Hydroxysuccinimide+amine (NHS+amine) in order to make DNA
handles with Trans-cyclooctene (TCO) primers. The second chemistry is maleimides+HS in
order to make protein labeling with tetrazine (Tz). And the last chemistry is TCO+TZ in order to complete the handle attachment. The mechanism of each chemistry is now explained
and its application to the handle attachment process is clariﬁed.
1. NHS and Amine reaction:
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A wide range of amine-reactive cross-linking reagents use NHS ester to make amide
bonds. After the reaction between the NHS and amine compound, an acylated product and
NHS leaving group are produced (Figure 12). The reaction with primary and secondary
amines creates a stable bond. In protein molecules, NHS can react with α − amines which
is located at N-terminals and ε − amines of lysine side chains [97]. In the click protocol,
in our lab, we need to label DNA handles. But, DNA does not have any primary amines in
it, so an amine added chemically at the end of the DNA when the primer for the handle is
synthesized.

Figure 12: Reaction of Amine compound with NHS Ester derivative. Figure adapted from
[97]
2. Maleimides and HS reaction:
Maleimides (Mal) with double bonds can react with sulfhydryl groups (SH group) to
form stable thioether bonds. Maleimides reactions can be done in pH range of 6.5 to 7.5
[144], [145]. In this reaction, one of the carbons adjacent to the maleimides’ double bond is
responsible for the reaction and generates the additional product (Figure 13). The SH group
in Cys residues of the protein is used in this chemistry.

Figure 13: Reaction of sulfhydryl compound with maleimides derivative. Figure adapted
from [97]
3. Introduction to TCO-Tz reaction: Diels–Alder reactions can be reversible under
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certain conditions 2 . Trans-cyclooctene (TCO) is an example of a strained molecule that uses
an inverse diels-alder chemistry to react with high afﬁnity binding with tetrazines [143]. The
reaction can be done in the aqueous environment in the presence of proteins [143]. TCOtetrazine reaction is the fastest bioorthogonal transformations without need for catalysis,
with the reaction rate between 103 and 106 M

1

S

1

[146], [147]. Their rapid reactivity

with only small amounts of reagent is a notable feature of TCO-tetrazine which can even
be used in vivo environment [148], [149], [150]. The key point in tagging biomolecules is
that one of the chemicals we want to use in the reaction should be attached to the target
molecule [133].
After understanding each chemistry in details, their applications in the handle attachment
process are introduced. The main reaction used to attach handles to proteins is Tz and
TCO. Therefore, one reagent (handle or protein) needs to be labeled with Tz and the other
one needs to be labeled with TCO. In order to do DNA labeling with TCO, we need to
label the DNA primers with TCO. Primer labeling uses NHS-Amine reaction. Speciﬁcally,
the primers have the amine group; also TCO are linked to NHS group via PEG3 (esteractivated PEG compound used for cross-linking, also known as spacer, between primary
amines (—NH2) in proteins and other molecules). Hence, by reacting primers with the
amine group and TCO with the NHS group, the labeled primers with TCO will be produced
(Figure 14- a). Then, the primers are used to make dsDNA handles which have the TCO
tags on one end (Fig 14- b).
2 The

reverse reaction is known as the retro-Diels–Alder reaction
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Figure 14: Handle labeling with TCO. (a) Reaction of DNA primer with maleimides linked
with NHS. (b) DNA labeled with TCO.
We now must label the protein before we can complete the handle attachment. Firstly, the
protein needs to be reduced using a reduction agent such as TCEP. After reducing cysteines,
SH bonds in both terminus of the protein are available to be tagged by Tz. Hence, the
maleimides compound linked to Tz with a spacer (PEG5 ) is used to label protein with Tz
(Figure 15).

Figure 15: Protein labeling with Tz
After doing both DNA handles and protein labeling, we need to mix both reagents to
produce the protein handle attachment (Fig 16). The procedure to do the reaction with
required experimental conditions is explained in the next section.
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Figure 16: Protein handle attachment with click chemistry
3.2.4 Handle attachment using click chemistry
Tagging a wide variety of biomolecules in cells and other complex environments can be
facilitated using bioorthogonal chemistries [133]. To understand the cellular process of
small biological molecule, we need a method to probe these small molecules in real time.
By probing small biological molecules, we are able to visualize them. The chemistry we
want to choose, should be selective and non-perturbing to biological systems [133]. Thus,
these kinds of chemistries are called bioorthogonal [151]. The bioorthogonal probes must
be stable in aqueous environments [151]. In addition, the reaction between probes and
biological molecules should be non-toxic [151]. To start the reaction, it is ideal to begin with
a high concentration of PrP (around 100 µ M) in pH 4.5 buffer (e.g. sodium acetate buffer).
Next, the protein is diluted to

10 − 15µ M in pH 7 buffer (e.g. 50 mM Na Phosphate buffer

+10 mM EDTA, pH 6.85) with approximately 500 ml to 600 ml volume of the solution. The
reason of having protein in high pH buffer is that the protein labeling with Tz should be
done in pH 7 buffer.
Similar to thiol chemistry, to do handle attachment using click chemistry, we ﬁrst tried
to reduce Cys residues in both ends of proteins using TCEP. In order to do that, 10-15 µ M
2Cys-protein is reduced with 200-300 µ M TCEP. Then, the mixture is incubated for 30 min
at room temperature.
After that, 40 µ M stock solution of lyophilized Mal-peg4-Tz was prepared. The next
step would be mixing protein/TCEP solution and Mal-peg4-Tz with a ﬁnal concentration
of

600 µ M. After an hour incubation, the mixture was diluted to 1 ml with a strong pH

4.5 buffer (e.g. 500 mM NaOAc pH4.5) to avoid protein precipitation.
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Then, the excess Mal-peg4-Tz in the mixture was removed using 10 KDa spin ﬁlter.
In addition, the protein was concentrated using the spin ﬁlter. The catalog of spin ﬁlters
speciﬁes the needed time and speed to achieve appropriate result of removing extra chemical. After that, the concentration of the sample should be checked using a Nano-Drop (for
0.1% is 1.55).
MoPrP absorbance wavelength is 280 nm and E280

As the last step, Tz-Protein with TCO-Handles were mixed at approximately 1:1:1 ratio
of Handle A:Handle B:Protein. Then, the mixture was incubated at 4 degrees overnight.
Click chemistry is a very fast reaction that helps us to gain a huge amount of Handle-PrPhandle product with a low concentration of initial materials. I performed experiments comparing both chemistries, the results, presented in Figure 17 highlight the difference between
the ﬁnal products associated with each method (thiol and click chemistry) after starting with
the same initial concentrations of materials.

Figure 17: Commparison between thiol handle attachment and click handle attachment. (a)
Gel electrophoresis of handle attachment using click chemistry. (b) Gel electrophoresis of
handle attachment using thiol chemistry. The desired product is indicated with red circle in
both gels. The band is much brighter in the click chemistry lane indicates much higher yield

3.3

Results

3.3.1 FEC measurement
FEC measurements start with moving the traps apart at a constant speed. In unfolding
curves by increasing the force, the extension of the molecule increases non-linearly. The
FECs show nice unfolding curves on the surface for single PrP molecules. All FECs ﬁt very
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well to WLC, and the persistence length (approximately 30 nm) was consistent showing a
single molecule between the traps. But, by analyzing the FECs very closely, it was found
that the length changes were too short. The contour length changes observed in the FECs are
shorter than that expected from the NMR structure for a single PrP molecule [130](Figure
18). In Figure 18, four individual FECs are shown. The contour length changes for these
four curves are in the range of 20 to 24 nm which are shorter than those of native form from
NMR structure. The structure of MoPrP from literature can be used to calculate the contour
length changes and the number of amino acids which are 34.12 nm and 104 respectively
related to the native structure [130].

Figure 18: Force spectroscopy measurements of MoPrP. The handles stretch as the force
rises monotonically until PrP unfolds, causing a discrete jump in the extension and force
(black). The contour length change is found from worm-like chain ﬁts to the folded (red)
and unfolded (blue) states to be the value shorter than expected for unfolding of the native
state (This ﬁgure shows four individual FEC).
To gain a better statistic, successive measurements have been done on each molecule
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(Figure 19). Moreover, the value of the contour length change matches the distance between
one end of the molecule and the middle Cys. It means that in both cases—the sample
prepared with thiol chemistry or click chemistry—the results showed that the handles were
connected to an internal cysteine from one end instead of the terminus. The handles should
be attached to the external cysteines to obtain the contour length change equal to that of the
native form from NMR. We suspected that the handles were attaching to the internal Cys
residues because we got the wrong lengths when unfolding the protein. The short contour
length changes was a little surprising since it did not happen with the hamster PrP (we got
the right length in the previous experiment [69]). To conﬁrm this result, an experiment was
performed with ﬂuorescent dye.

Figure 19: Overlaying 60 unfolding FECs of MoPrP (red). The contour length change is
found from worm-like chain ﬁts to the folded (black) and unfolded (cyan) states to be the
value shorter than expected for unfolding of the native state.
3.3.2 Fluorescent experiment to check internal Cys labeling for PrP
In order to do this experiment, 2Cys-MoPrP and wild type MoPrP (WT-MoPrP) are required.
If we are labeling internal Cys as we expect we may be doing, then after subjecting both
protein versions to the labeling protocol we will see ﬂuorescence from both versions. But,
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if we are not labeling the internal Cys, then there will be no ﬂuorescence from the WT-PrP.
The process was done exactly the same as the handle attachment process. Firstly, the
proteins were reduced with 200 µ M TCEP in pH 6.8 buffer and incubated at room temperature for 30 min. Then, reduced proteins were reacted with 400 µ M mal-PEG4-Tz for 2 hr at
RT. After that, excess Tz removing as well as buffer exchanging to pH 4.5 were done using
10 K spin ﬁlter. Then, the proteins labeled with Tz were reacted with Cy5-TCO (ﬂorescent
dye) instead of handles. The mixture was incubated for 1 hr at RT before running the SDSPAGE gel. Then, SDS-PAGE gel was run in order to see the proteins with the ﬂorescent
reader. When the gel running was done, the gel was rinsed in H2 O to remove all free dyes
from the gel.
Theoretically, the WT-MoPrP, which does not have any external Cys, should be invisible
under ﬂorescent reader if the internal Cys remain unlabeled. The result showed labeling for
both wild-PrP type and 2cys-MoPrP which means that we are labeling internal Cys rather
than only external Cys (Figure 20- a). After ﬂuorescent imaging, the gel was stained with
coomassie Blue for 2 hrs, then rinsed in H2 O overnight (Figure 20- a). This experiment was
done by Derek Dee.

Figure 20: SDS-PAGE gel of 2-CysMoPrP and WT-MoPrP labeled with Tz (protein was
reduced with TCEP). (a) Florescent imaging of 2-CysMoPrP and WT-MoPrP labeled with
Tz. Lane 1: Protein ladder, Lane 2: WT-MoPrP + Cy5-TCO [not reduced with TCEP],
Lane 3: wt-moPrP + TCEP + mal-Tz + Cy5-TCO, Lane 4: 2cys-moPrP + TCEP + mal-Tz
+ Cy5-TCO. (b) Stained protein gels with coomassie blue.
There are different solutions to solve this problem. The ﬁrst solution is using a lesser
amount of TCEP in order to break the external disulﬁde bonds of PrP. The second solution
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is to use a weaker reducing agent such as MEA. Different concentrations of MEA were tried
in an effort to reduce WT-PrP and 2Cys-PrP (Figure 21). The result shows that with 50

µ M MEA, internal cysteines are not reduced. It means that—with the same concentration
of MEA— WT-PrP was not labeled with TZ; however, 2cys-PrP was labeled on both terminals. It was revealed, that the apparent short contour length change, was consistent with
the internal cysteine labeling, a problem which could be solved by using the MEA reducing
agent.

Figure 21: SDS-PAGE gel of 2-CysMoPrP and WT-MoPrP labeled with Tz (protein was
reduced with MEA). (a) Florescent imaging of 2-CysMoPrP and WT-MoPrP labeled with
Tz. Lane 8: 2cys-moPrP + mal-Tz + Cy5-TCO (10 mM MEA), Lane 9: 2cys-moPrP +
mal-Tz + Cy5-TCO (50 mM MEA). (b) Stained protein gels with coomassie blue. Lane 1:
DNA ladder, Lane 2: wt-moPrP + Cy5-TCO, Lane 3: wt-moPrP + mal-Tz + Cy5-TCO (5
mM MEA), Lane 4: wt-moPrP + mal-Tz + Cy5-TCO (10 mM MEA), Lane 5: wt-moPrP +
mal-Tz + Cy5-TCO (50 mM MEA), Lane 6: empty, lane 7: 2cys-moPrP + mal-Tz + Cy5TCO (5 mM MEA), Lane 8: 2cys-moPrP + mal-Tz + Cy5-TCO (10 mM MEA), Lane 9:
2cys-moPrP + mal-Tz + Cy5-TCO (50 mM MEA), Lane 10: wt-moPrP + Cy5-TCO, Lane
11: DNA ladder
After improving the method, MoPrP measurements were redone by another graduate
student in our group.
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4

Pharmacological chaperone reshapes the energy landscape for folding and aggregation of the prion protein

4.1

Introduction

I now turn to the second part of my thesis which is using SMFS to study how anti-prion
agents affect the folding of the protein. The conversion from the normal form a protein into
a misfolded form is thought to cause many neurodegenerative diseases [1], [7]. Examples
of neurodegenerative diseases include Alzheimer’s disease, Parkinson’s disease, ALS and
prion diseases which all have the ability to accumulate misfolded protein, inside and outside of the cell [1], [7], [8]. The normal form of prion protein (cellular form or PrPC ) is
a transmissible protein with the structure of three α - helices and two β -strands combined
with a large unstructured region. However the misfolded form of this protein has a structure that is rich in beta strands. For example, Creutzfeldt-Jacob disease, scrapie, and bovine
spongiform encephalopathy are some prion protein diseases associated with the misfolded
prion protein. Although there is no clear description of the normal cellular function of prions, recent studies have shown that anti-prion compounds, may be an effective therapeutic
method [8]. Examples of compounds with anti-prion activity include congo red [152] [153],
certain polyanions (PPS for instance) [154] [155], 2-aminothiazoles [156] and various heterocyclic compounds [157], [158], [159], [160], [161]. The congo red and ionic tetrapyrrole
can stack in the solution and act as polyanion which has a low dissociation constant to the
N terminus. So, congo red and ionic tetrapyrrole have been shown to exhibit a propensity
to behave as anti-prion compounds. [162], [163]. There are many compounds showed the
ability of having anti-prion effects such as GJP49 and GJP14, GN8, quinacrine, PPS and
etc. [73]. In our lab, we studied the effects of Fe(III)-TMPyP—which can also behave as an
anti-prion compound—on ShPrP. This means that the compound can inhibit the formation
of PrPSc inside the cell culture in vitro [164], [8]. The positive effects of this compound
can also be seen in the increasing survival times in animal models [165], [166]. Moreover,
this compound can bind to the structural region of prion protein and likely behave such a
pharmacological chaperone [8].
As a result, to improve our knowledge of the mechanism of such compounds, we used
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the optical tweezers to investigate the behavior of Syrian hamster Prion protein (ShPrP)
in the presence and absence of Fe(III)-TMPyP. Previously, ShPrP has been measured in
the absence of tetrapyrrole by optical tweezers [167]. Consequently, the energy landscape
proﬁle as well as the landscape parameters and properties, have been characterized. Our
lab was the ﬁrst to observe and present single molecule studies on ShPrP combined with
Fe(III)-TMPyP. In addition, Fe(III)-TMPyP can bind to PrP with 1:1 stoichiometry. The
dissociation constant for Fe(III)-TMPyP has been measured to be 11 µ M. The compound
binds to the structural region of prion protein. More speciﬁcally, it interacts with strand 1,
helices 2 and 3 and the loop between strand 1 and helix 2 (Figure 22-a). The structure of the
bound complex was modeled from NMR data.

4.2

Results

4.2.1 Force-extension curves of monomers PrP
PrPC is a cellular form of the PrP which resists against proteases enzymes. Single molecule
force spectroscopy of ShPrP(90-231) helps us to understand more about the effect of Fe(III)TMPyP on ShPrP and its energy landscape. Puriﬁed Syrian hamster prion protein (ShPrP)
has 2 terminal Cys residues. The method to prepare the sample is the same as our previous
protocol [69]. In order to identify the purity of sanitized PrP, SDS PAGE and Western
blotting (Anti-prion(109-112) clone 3F4, Millipore) were performed. Circular dichroism
(CD) spectroscopy results conﬁrmed the native folding of ShPrP. After that, prion protein
was dialyzed in to 50 mM sodium phosphate buffer, pH 7.0 followed by refolding step
(similar to our previous protocol) [96]. In order to attach the handles, prion was reduced with
TCEP in a 100:1 molar ratio and 30 min incubation time. After that, excess TCEP should
be removed using desalting spin column (Zeba, Thermo Scientiﬁc). To attach handles, the
protein should be activated. Hence, PrP was incubated with 2,2 -dithiodipyridine (SigmaAldrich).
Handles that we used for protein attachment are produced using a PCR machine. One
with the 798 base pairs, which is labeled with biotin, and the other with 1261 base pairs
length labeled with anti-digoxigenin. Then, to create dumbbells, the 100 pM PrP-DNA reaction was incubated with 250 pM polystyrene beads (600-nm diameter labeled with avidin,
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800-nm diameter labeled with anti-digoxigenin). In the last step, in order to insert the construct into a sample cell for the optical tweezers, dumbbells were diluted to

500 fM in 50

mM MOPS, pH 7.0, with 200 mM KCl and oxygen scavenging system (8 mU µ L glucose
oxidase, 20 mU µ L catalase, 0.01 % w/v D-glucose).
Our previous force-ramp measurement show that there is only one type of population in
the absence of tetrapyrrole. Extension increases as force goes up non-linearly. A sudden decrease of force and an unexpected increase of extension result in a rip in the force-extension
curve (FECs) (Figure 22-c). The unfolding force is the minimum force that lets protein unfolds. Moreover, in FECs, we could only see two states (unfolding and refolding) without
any intermediate states. We used worm like chain (WLC) model to ﬁt FECs of both states.
The contour length change (∆Lc )—which is the change of the protein length after applying
force to completely unfold it—was 34.3 nm which is consistent with the value from the
NMR structure of ShPrP [111]. Finally, we generated an unfolding force distribution that
shows only one peak. The distribution was well ﬁt by Dudko’s formula for a single barrier
(equation (4)) This single peak demonstrates having one population of natively folded PrP
(Figure22-c inset).
We also measured ShPrP in the presence of 50 µ M Fe-TMPyP. As a result, different
behaviors of FECs were observed (Figure 1D). Some FECs show exactly the same behavior
as that of FECs without tetrapyrrole (Figure 1D, black) with a very similar unfolding force
value. FECs of both unfolding and refolding states can be ﬁt to the worm like chain model
(WLC) using equation (1). To ﬁt FECs, we need to ﬁt the folded state (which is basically
DNA) and the unfolded state (which is DNA and protein). So, for the DNA description,
WLC parameters L p = 40 nm, Lc = 700 nm and K = 1200 pN were found from ﬁtting
the folded state using WLC model. However, for the protein description, WLC parameters
L p = 0.65 nm, Lc = 0.36 nm and K = 2000pN found from ﬁtting the unfolded state using
WLC model.
After ﬁtting the data to the WLC model, the following parameters were obtained: ∆Lc =
34.8

0.5 nm and Fu = 10.2

0.2 pN (Figure22-d, gray dashed lines). Results of contour

length change and unfolding force show that the protein is natively folded but the results do
not show any sign of ligand binding.
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The second population (Figure 22-d, red) has the same contour length change seen without tetrapyrrole, but a higher unfolding force: ∆Lc = 34.4

0.4 nm and Fu = 15.6

0.5

pN. The extracted value for (∆Lc ) after ﬁtting to the WLC model showed natively folded
ShPrP. However, higher unfolding force indicated that the protein had been stabilized upon
binding the ligand.
Finally, for 25 % of FECs, we could observe shoulder feature instead of obvious rip
(Figure22-d, blue). This behavior and the lack of an obvious unfolding rip indicated that
the ligand bound to the unfolded protein and it prevented the protein refolding to the native
structure as force decreased.
So, we need a model to ﬁt some FECs with shoulder rather than discrete transition. The
shoulder-feature appears because of the rapid semi-equilibrium ﬂuctuation.
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Figure 22: Force spectroscopy of PrP with Fe-TMPyP. (a) Structure of Fe-TMPyP (right).
Fe-TMPyP binds PrPC in a pocket as shown on left, interacting with the C terminus of helix
3, N terminus of helix 2, the helix 2-strand 2 loop and strand 1 (model based on ref. 46). (b)
Schematic of force spectroscopy assay. PrP was attached covalently to DNA handles linked
to polystyrene beads held by laser beams. (c) FECs in the absence of Fe-TMPyP (black), ﬁt
by WLC models for the folded (cyan) and unfolded (yellow) states, show a single unfolding
event with a narrow unfolding force distribution (inset; N¼200) peaked near 10 pN. Red
line: ﬁt to equation 3. (d) With 50 mM Fe-TMPyP, three types of FECs were observed,
reﬂecting different states of the protein: natively folded but ligand-free (black), natively
folded but ligand-bound (red) and ligand-bound but native structure disrupted (blue). Total
number of FECs: 120. The unfolding force distribution for FECs with discrete transitions is
much broader than without Fe-TMPyP. Figure taken from [27].
4.2.2 Energy landscape for PrP unfolding
The Dudko equation (equation (4)) was used to ﬁt the unfolding force distribution for PrP
in the absence of tetrapyrrole [124]. In the experiment with the presence of tetrapyrrole,
the same equation was applicable to ﬁt the unfolding force distribution. But, in this case,
we needed two equations, one for the unbounded Fe-TMPyP-PrP population and one for
the bounded population. Then, the total unfolding force distribution of FECs with discrete
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transition is obtained by adding two distributions represented by equation (4). It is interesting that the parameters that we used to ﬁt the unfolding force distribution in the absence of
tetrapyrrole, were ﬁxed to ﬁt the unbound distribution in the presence of tetrapyrrole.
By analyzing the distribution of unfolding forces and the associated energy landscape,
we gain insight as to the effects of the tetrapyrrole compound on the protein folding action.
As we know, a typical unfolding force distribution with a single peak, which is determined
by unfolding rate at zero force (k0 ), represents an energy landscape with barrier height (∆G‡ )
for the protein unfolding and the distance to the barrier from folded state (∆x‡ ) [124]. Previous data from measurements of ShPrP without tetrapyrrole showed an unfolding force
distribution with a single peak corresponding to one population of unfolding measurement
(Figure22-c, inset). In contrast, the unfolding force distribution of the protein in the presence of tetrapyrrole contained two distinguishable peaks. One of these peaks was relatively
narrow and located very close to that of PrP without tetrapyrrole and the second peak was
much wider at higher forces. The narrow unfolding force distribution means a compliant
protein structure that leads to an extended transition state, which is very sensitive to the
force, and hence, exactly represented proteins with no tetrapyrrole bound. The wider unfolding force distribution means the structure has become more brittle with a more compact
transition state that is less sensitive to force indicating the presence of protein-ligand complex. We were able to ﬁt the complete unfolding force distribution for two independent state
transitions (Figure23-a, red). One ﬁt was for one population of proteins with ligand bound
(cyan: ligand-free, blue: ligand-bound) and the other one for the population of protein without tetrapyrrole bound. Landscape parameters indicated some changes after ligand binding:
∆x‡ decreased from 9
36

1 nm to 1.3

0.3 nm; however, ∆G‡ increased from 26

2 KB T to

7 KB T .
85 % of the FECs showed the reaction of the natively folded protein with tetrapyrrole.

Assuming binding in equilibrium, the reaction of tetrapyrrole with protein indicated a 9
3 µ M dissociation constant (Kd ). This value has been measured to be 11

1 µ M using

isothermal titration calorimetry (ITC) in equilibrium [8]. From the determined Kd value, we
found ∆∆G =

12

0.5 KB T which is an estimate of the stabilizing effects of tetrapyrrole

binding. A very similar result can be obtained using Jarzynski equality (∆∆G =
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12

5 KB T ) (equation (5)) [105]. This result is estimated using ∆G from the distribution of work
done during unfolding. The distribution of work done during FECs can be used to ﬁnd ∆G
which is the free energy of binding to the native state from Jarzynski equality [105]:

∆G = KB T ln exp(

W
) ]
KB T

(5)

W is the non-equilibrium work done to unfold the molecule which is basically the area
under FECs.

Figure 23: Effect of Fe-TMPyP binding on unfolding energy landscape. (a) The unfolding
force distribution (black) for discrete transitions at 50 mM Fe-TMPyP had two peaks, near
9 and 15 pN (red: ﬁt to equation 3). The low-force peak (cyan) matches the distribution
for unfolding the native structure in the absence of ligand binding (grey; scale on right); the
high-force peak (blue) corresponds to the unfolding of ligand-bound native structure. (b)
Energy landscape for unfolding the native state without (black) and with (red) Fe-TMPyP
bound. Figure taken from [27].
4.2.3 Fe-TMPyP can hinder native folding
As seen in Section 4.2.1, there are three different sets of populations. The population of
FECs, which did not show discrete unfolding transition (Fig 24-a, black), could not ﬁt to the
WLC model This is because this model works for proteins that truly unfold. The residual to
a simple WLC ﬁt shows that the model is not a good one for ﬁtting the data, and something
more is going on–there is a small ’shoulder’ extension which is shorter than it should be for
a simple WLC at low forces (Figure 24, red dashed line). Notably, the FEC of the handle
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only data can be ﬁt to the WLC model and completely covers all nucleotides of the handle
(Figure24-b). Averaged FECs show the bigger picture of this behavior. We found that there
is a shoulder-like feature at very low force (4-7 pN). Such features were previously observed
and ﬁt for the rapid and unstable structure of α -Synuclein [168]. Then, the shoulder was
ﬁt to a new model in which force-dependent average extension of the ﬂuctuating structures
was added to the extension of the handles and protein [168]:
2

x(F) = xH (F) + xPU (F) + ∑ Ni [Pui (F)∆xi (F)]

(6)

i=1

In this equation:
xH (F) is the extension of the handles
xPU (F) is the extension of the unstructured portion of the protein
∆xi (F) is the extension of a given structural ﬂuctuation at a given force F
Pu (F) is the probability of unfolding the structure at that force
Ni represents the structure type, 1 means monomer and 2 means dimer PrP
The index i is a way to show different possible structures with characterized ∆Lc . Ni
is also 1 for monomer and 2 for dimer. Here, the ﬂuctuating structure is matched with
the misfolded states M1 and M2 observed in our previous experiment without tetrapyrrole
[69]. The parameters that we used to ﬁt the ﬂuctuating structure were taken from previous
measurement. It means that we did not need to use any free parameters for ﬁtting. Even
when we used ﬂoating parameters and tested results with different assessment tests—such
as a sum-of-squares lack-of-ﬁt test, the reduced χ 2 , and the Wald-Wolfowitz runs test—no
signiﬁcant improvement was observed.
We know that PrP is not folding natively here, but we also know that PrP is capable
of forming several misfolded states that are shorter than the native state (M1 and M2 ) [69].
Normally, we did not see these misfolded states in monomeric PrP at low force due to their
unstable structures and more stable the native state. But, perhaps we can see them now
because the native fold has been blocked by the ligand. To test, we can plug the numbers for
these states that we measured earlier into our model above, and see how well it matches the
data.
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In addition, binding of Fe-TMPyP to the partially folded protein prevents the folding of
the protein to the native state. This argument seems not to support the idea that Fe-TMPyP
is supposed to help PrP in order to ﬁnd the native structure. This means that Fe-TMPyP can
in fact prevent PrP to form native structure. This is something that a ’chaperone’ should not
do!
Then you introduce the notion that maybe this effect is more important in terms of inhibiting interactions between molecules that cause aggregation into stable structures. This
idea then leads into the next section..

Figure 24: FECs without discrete transitions. (a) From B4–7 pN, these FECs are not well
ﬁt by the WLC model (red), leaving a systematic residual (inset). The average of these
FECs (cyan) is well ﬁt by a model (equation 2) with two misfolded states ﬂuctuating in
equilibrium (yellow). (b) FECs of Q6 the construct containing DNA handles only (black)
and their average (cyan). It is ﬁt very well to the expected simple WLC model, as evidenced
by the lack of residual (inset), showing no shoulder feature. Figure taken from [27].
4.2.4 Effects on PrP dimers
We also looked at effects of binding of tetrapyrrole to a dimer protein. A dimer protein
has been formed by interaction of the domains of two individual proteins. In our case, two
ShPrP(90-231) linked and formed a dimer (Figure25-a, inset) [19], [169]. Previously, we
have seen that without tetrapyrrole, a dimer always misfolds with ∆Lc value which did not
match the native structure (Figure25-a, blue) [169]. This misfolded dimer structure called
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MD was more stable than a natively folded PrP because two native structures of each domain
were never observed in pulling measurements. However, in the presence of tetrapyrrole, the
stable misfolded state (MD ) appeared rarely. We mostly saw FECs with shoulder-like behavior without discrete transition (Figure25-b, black). The shoulder was similar to the one seen
in monomeric PrP, at the same force, but the deviation from the WLC was about twice as
big. Hence, dimeric FECs with shoulder-like feature also could be ﬁt to equation (6) and the
same parameters that we used for monomeric FECs with shoulder-like behavior (Figure25b, yellow). In this case, for each monomer, we have misfolded states M1 and M2 because
of the two domains of a dimer. Some FECs showed two discrete unfolding transitions with
∆Lc value for each domain that matches exactly with a monomer PrP. As a result, tetrapyrrole helped the dimer by increasing its chances of refolding into the correct structure. In
the presence of tetrapyrrole, we could actually see two PrPC domains, something that was
never seen without the ligand present.
The beneﬁt of using tetrapyrrole appears in the dimer. Without tetrapyrrole, PrP-dimer
always misfolded to MD . In the presence of tetrapyrrole, the dimer sometimes shows natively folded states. Also, it showed binding to the partially folded state (i.e. the presence
of shoulder). So, what it is doing here is that by binding to partially folded state for each
monomer in a dimer, it is preventing PrP-dimer from misfolding to MD . This might be
important to prevent aggregation.
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Figure 25: FECs of PrP dimer. (a) Inset: schematic of tandem dimer. FECs without FeTMPyP (grey) reveal a total DLc more than twice the value for isolated monomers, indicating that the dimer forms a stable, non-native state. With 50 mM Fe-TMPyP (black), some
FECs unfolded in two steps, each having the same DLc as for unfolding PrPC, indicating
that both domains were natively folded. Dotted lines: WLC ﬁts (yellow, misfolded dimer;
red, unfolded; cyan, natively folded domains). Total number of FECs: 164. (b) Most FECs
with 50 mM Fe-TMPyP (black) showed no discrete transitions. The average (cyan) deviated
markedly from a simple WLC model (red), but was well ﬁt by the same model as for Fig.24
(yellow). Inset: ﬁt residuals. Figure taken from [27].
4.2.5 In vitro aggregation
In addition to the single molecule study, aggregation assay was a good way to test the effects
of tetrapyrrole on PrP. For this reason, the aggregation assay of PrP in the presence and absence of Fe-TMPyP was done in vitro condition (Figure26-a,b). The assay experiment was
done using Thioﬂavin T (ThT) ﬂuorescence to record the signal produced by the formation
of ThT-positive aggregates under partial denaturing conditions [170]. A previous study was
done using protein misfolded cyclic ampliﬁcation (PMCA); but only the reduction of prion
ampliﬁcation by half with 11 µ M Fe-TMPyP and ﬁnal amount of aggregated prion has been
shown [8].
In order to do the aggregation experiment, we used 200 µ L of 0.5 mg/mL ShPrP protein
in 50 mM sodium phosphate buffer pH 7.0 and 2 M GdnHCl. To do this experiment, the
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protein was separated in clear-bottomed wells of 96-well plate which was covered by a
thermal adhesive sealing ﬁlm. After that, samples with the presence of 10 µ M ThT were
incubated at 37 degrees while being continuously shook at 500 rmp for 47 hours in the
seeded condition and 358 hours for the unseeded condition. Fluorescence plate reader was
used in order to do successive ﬂuorescence measurements (excitation and emission were at
445 and 482 nm respectively; and the cutoff on a ﬂuorescence plate reader was 475 nm).
As explained before, the experiment was done in two seeded and unseeded conditions. For
the seeded condition, the experiment was done with in the presence of 0.00025 % (w/v)
pre-formed recombinant PrP ﬁbrils.
Quenching is a term to represent any process which decreases the ﬂuorescence intensity
of a given substance. By doing this experiment, we realized that tetrapyrrole can quench the
ThT ﬂuorescence intensity. To have a better result of this reaction, we tried different concentrations of tetrapyrrole (2,10 and 50 µ M) to the unseeded aggregation construct. Fluorescence readings were recorded before and after adding tetrapyrrole. The ﬂuorescence values
dropped to 99.1%, 44.8% and 20.0% of the value for the control reactions after adding 2, 10,
50 µ M tetrapyrrole respectively. After ﬁnishing the assay experiment, the ﬁnal product was
centrifuged to separate insoluble ﬁbrils for immunoblotting technique. The immunoblotting
technique was taken into account to test the amount of ﬁnal aggregation and the amount of
PrP that was incorporated into insoluble ﬁbrils in the reactions.
In the next step, the output of ﬂuorescence measurements was normalized to 1 by setting
the ﬁnal ThT values. Then, the result was ﬁtted to equation (7).

Y (t) =

Y0 + (1

Y0 )
t1/2 t
(1 + exp( τ ))

(7)

in this equation:
Y0 is the initial ﬂuorescence reading
t1/2 is the time at which the ThT ﬂuorescence is half of maximal

τ is the time that ﬂuorescence needed to reach the ﬁnal steady state
In our experiment, however, the kinetics of aggregation were considered. It is interesting
that the time to reach half maximum of the ThT value (t1/2 ) in unseeded conditions had little
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change after adding 2 or 10 µ M Fe-TMPyP. But, after adding a high dose of Fe-TMPyP (50

µ M) the change was noticeable (Figure26-c, blue). In contrast, there was not a signiﬁcant
change in lag phase duration which means that Fe-TMPyP affected the rate of ﬁbril growth
rather than seed formation. After adding 50 µ M Fe-TMPyP, ﬂuorescence values and Western blots of the supernatant showed a reduction in the total amount of insoluble aggregate.
The results indicated the effects of 50 µ M Fe-TMPyP in the aggregation process of ShPrP.
We repeated the experiment in the seeded condition. By incubation of PrP monomers with
pre-formed ﬁbrils, the lag phase underwent a great reduction compared with the unseeded
experiment (< 6.5 hours versus > 40 hours). In contrast, there was not a noticeable change
in t1/2 (Figure26-c, black). As expected for this condition, the amount of insoluble PrP
aggregation reduced by adding 50 µ M Fe-TMPyP in both seeded and unseeded conditions
(Figure26-d).

Figure 26: Effect of Fe-TMPyP on ensemble aggregation kinetics. (a) Time course of aggregation monitored by ThT ﬂuorescence measured at different concentrations of Fe-TMPyP,
without seeds present. Solid lines: ﬁts to equation 5. (b) Same in the presence of seeds. (c)
The time to reach half-maximal ﬂuorescence was unaffected by Fe-TMPyP dose with seeds
present, but was increased by a high dose in unseeded reactions. (d,e) The amount of soluble
PrP not sequestered in ﬁbrils increased signiﬁcantly at high Fe-TMPyP doses for both (d)
unseeded and (e) seeded reactions. Figure taken from [27].

4.3

Discussion

To conclude, Fe-TMPyP can bind to the folded ShPrP and can have thermodynamic effects on native folding by stabilizing the native structure of PrP. In addition, the mechanical
effect and the kinetic effect of Fe-TMPyP makes the structure more rigid and raises the en60

ergy barrier to get to the unfolded state appreciably (the barrier to get out of the unfolded
state remains the same). The other ability of Fe-TMPyP, which has not been detected so
far, is binding Fe-TMPyP to an unfolded PrP molecule. The ligand allowed two unstable
misfolded states M1 and M2 to persist longer because ligand blocked the native structure
from folding. Generally, on-pathway intermediates have an important role on generating
aggregation. For instance, if M1 and M2 are on-pathway intermediates, in the aggregation
process, we might expect that the unfolded-state binding of Fe-TMPyP increases aggregation via reduced lag time. However, in off-pathway intermediates, binding of Fe-TMPyP to
the protein does not have that much effects. In this case, the misfolded state tends to fold
into the native structure as we saw in the absence of Fe-TMPyP [167]. The results show that
Fe-TMPyP can bind to a single PrP molecule in two ways which are binding to the folded
PrP monomer and binding to the unfolded PrP monomer. Fe-TMPyP can stabilize the native structure of single PrP molecules thermodynamically, kinetically, and mechanically by
binding to the folded PrP. Speciﬁcally, it can alter the nature of the transition state by increasing the barrier height which makes passing the barrier harder in this case. This state
can be justiﬁed by looking at the structure of PrP and the location of binding [8]. Moreover,
Fe-TMPyP interacts with both strand 1 near the N-terminus of the PrPc and with helix 3
near the C-terminus (Figure 22-a). We can conclude that, the compound acts like a clamp
through both ends of PrP and it stabilizes the native structure. Hence, we have a reduction
in ∆x‡ . The most interesting result is binding of tetrapyrrole to the dimer. Previous work on
ShPrP without tetrapyrrole deduced the pathway for forming the MD state, and it involved a
high-force intermediate (labeled ID 3) that was the critical ﬁrst step in misfolding. This step
was seen in all FECs as the last part of the protein to unfold and the ﬁrst to refold. Since the
ID 3 with the ligand present generally was not seen, presumably the ligand prevents it from
forming, thereby preventing MD . The intermediate ID 3 formed by inter-domain interaction
of dimer which is the C terminus of one monomer and N terminus of the other one. By
Fe-TMPyP binding to the same inter-domain region, intermediate ID 3 is not formed unless
in the purpose of forming MD . Thus, there is a chance for dimers to refold into the native
structure. Also, MD was formed very rarely. Instead, M1 and M2 , which are off-pathway
intermediates, are more likely to form. Hence, the chance of an stable misfolded state form61

Figure 27: Cartoon of Fe-TMPyP effects on PrP folding. (a) Without Fe-TMPyP (left), PrP
monomers fold natively; they can form misfolded states (for example, M1 and M2), but only
transiently as they are unstable. With ligand (right), most of the time natively folded PrP
is observed, but ligand binding to the unfolded protein can also allow misfolded states (M1
and M2) to form. (b) For dimers, without ligand (left) native folding is never observed, nor
M1 and M2; instead, a stable misfolded dimeric structure forms. With ligand present (right),
this stable misfolded structure is inhibited, and the structures observed in monomeric PrP
are recovered (native fold or M1 and M2). Figure taken from [27].
ing decreases. Consequently, tetrapyrrole creates an opportunity for dimers to form native
structure (Figure27).
Ensemble aggregation assay studies conﬁrm the intermolecular contact blocking properties of Fe-TMPyP which was consistent with the single molecule studies. Fe-TMPyP binding with PrPC can reduce the formation of prion via interaction with monomer PrPC [8].
In contrast, this interaction is possible only in the presence of high doses of Fe-TMPyP
(50 µ M) through growth rate of aggregation rather than the lag phase. In other words,
Fe-TMPyP reduces the ability of seeds to bind to the cellular form of the PrP. As a result,
Fe-TMPyP reduces the aggregation. However, Fe-TMPyP does not appear to affect seed
formation. Because, the lag time, which reﬂects the time required for seeds to form, is ba62

sically the same in all cases. In an unseeded reaction, high concentration of Fe-TMPyP in
the solution reduces the binding reaction with seeds and the cellular form of the PrP. However, in the seeded experiment, Fe-TMPyP effects are much less than what we observed in
the unseeded incubation due to the high concentration of seed compared with Fe-TMPyP.
The important point is that, in the seeded incubation, the reduction of amyloid PrP was observed in supernatant. It is important because the ligand is still reducing the total amount of
amyloid being formed, even though the kinetics are unchanged. This is consistent with the
reduction of prion ampliﬁcation by PMCA.
Comparison results of pharmacological chaperones with those of cellular chaperones:
It is interesting to compare pharmacological chaperones with cellular chaperones. A
molecular chaperone is a protein that interacts with, stabilizes or helps another protein to
gain its functionally active conformation, without being present in its ﬁnal structure [76],
[171], [172]. In recent years, the mechanism of chaperone-assisted protein folding using
single-molecule techniques started to be studied [173]. Trigger factor is a cellular chaperone
which can stabilize folding of maltose binding protein (MBP) via stabilizing partially-folded
intermediates rather the native structure [79]. Another important effect of trigger factor is
on the dimers of MBP which can reduce the inter-domain interactions. The reduction of
inter-domain interactions is also possible with the Fe-TMPyP binding to dimers. SecB is
another chaperone that has a similar effect on dimer MBP by preventing stable aggregation, but secB bound primarily to the unfolded or molten-globule states, suppressing native
folding as well [174]. SMFS of a multi-domain protein, called luciferase and ﬂuorescence
studies of huntingtin protein revealed that prefolin chaperone acts in a similar mechanism
by preventing inter-domain interactions of luciferase and acting as a cellular chaperone in
luciferase as well as suppressing the formation of toxic oligomers in huntingtin [175], [176].
Fe-TMPyP mimics some properties of cellular molecular chaperones by suppression of
inter domain interaction of prion protein and by leading to a stable misfolded aggregation.
But, its strong inﬂuence on the native state is different. So, stabilizing the native structure
leads to a reduction in the rate of conversion of PrPC to PrPSc in Fe-TMPyP. Also, blocking
the inter-domain interactions tends to reduce the growth rate of oligomers. The second
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property of Fe-TMPyP is more important because it has a similar activity to that of the
cellular chaperone. By looking at molecules in the presence of different compounds, we
can elucidate the mechanism of pharmacological chaperones which opens a new window to
drug development.
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5

Pentosan polysulphate (PPS) as an anti-prion compound

5.1

Motivation

Recent studies have shown that certain polysulphate polyanions can prevent the progression
of transmissible spongiform encephalopathy [177]. Polyanions can bind to the PrP strongly
with complex association and dissociation kinetics. One suggested mechanism suggests
that certain polysulphate compounds can delay the TSE disease [178] by decreasing the
cell-surface PrPc [179]. Consequently, this reduction, inhibits conversion of PrPc to PrPSc
[154], [180]. The main question that arises from this is, how to polyanions work to decrease
the rate of conversion?
Pentosan polysulphate is an example of polysulphate polyanions which has been successful in the treatment of at least on CJD patient [3]. Interestingly, PPS can act as an antiscrapie compound in both in vitro and in vivo conditions [177]. In some cases, anti-scrapie
protection in rodents was detected by short treatments months before peripheral scrapie infection happens [181], [182]. Studies suggested that PPS can inhibit the formation of PrPSc .
This feature of PPS provides a likely explanation for its prophylactic efﬁcacy [154], [180].
In vitro studies still can help us to learn a lot about PPS binding; but, there is not so much in
vitro work that has been done. SPR of PPS binding has been measured, but no analysis of
binding strength, or kinetics, or stoichiometry has been done. So, I tried to use SPR analysis
as well as ITC measurements in order to help understand future measurements.

5.2

Bulk measurements

5.2.1 SPR analysis
Ligand binding interactions with proteins can be studied using SPR spectroscopy. SPR gives
us a chance to measure real-time quantitative binding afﬁnities [183]. In addition, measuring
kinetics for proteins interacting with ligand molecules is possible with SPR spectroscopy.
The positive aspect of this measurement is that, only small quantities of materials are needed.
In order to do the measurement, one binding component should be kept immobilized on a
sensor chip while a solution containing the other binding component is injected over the
chip. SPR is an instrument for measuring the reﬂective index near a sensor surface. As the
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ﬂowing material binds to the immobilized compound, the accumulation of protein on the
surface increases the reﬂective index [183], [184]. The instrument records the changes in
reﬂective index in real time. The ﬁnal result is plotted as response or resonance units (RUs)
vs time [184].
To analyze the SPR result of the original paper, some basic contents such as association and dissociation constants and their associated rates of increase are needed [177]. The
reaction is characterized by the on-rate constant kon and the off-rate constant ko f f , which
have units of M

1s 1

and s 1 , respectively. The propensity of a compound to bind into an-

other compound under equilibrium conditions can be described by the dissociation constant
(Kd ). The dissociation constant (Kd ) can be measured using equilibrium binding analysis,
or calculated from kon and ko f f .
A continuous surface plasmon resonance (SPR) experiment has been set up to ﬁnd the
binding of soluble PrP to the immobilized ligand on a biosensor chip [177]. In this experiment different amounts of the mature-length of recombinant PrP (recPrP) have been tested.
The results indicated a 660 s association phase and a very slow dissociation phase, both
present high binding afﬁnities (Figure 28). The SPR sensorgrams of recPrP binding to immobilized PPS showed complex association and dissociation kinetics that the data could not
ﬁt with a simple cure ﬁtting equations [177]. The result was obvious even when I tried to ﬁt
the data with an exponential and double exponential model which is presented in the next
section. A reason for this complexity can be justiﬁed with the polyanions function which
tends to participate in a wide range of interaction during the measurement [177].
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Figure 28: SPR sensorgrams of puriﬁed recPrP binding to immobilized PPS. A range of
recPrP concentrations were injected over an immobilized PPS chip. Association phase,
0±660 s ; dissociation phase, 660 s onwards (470 response units, RU, of PPS immobilized,
recPrP injected at 5 ll/min). Figure adapted from [177]
In equilibrium measurement a series of ﬂowing materials with different concentrations
are injected into the immobilized compound. I used Igor Pro to analyze the data in the earlier
paper [177]. Data points were recovered and then were transfered to an Igor experiment
environment. The SPR signal amplitude during the binding phase of the measurement can be
described by ∆R(t)bind ∝ exp(1 − γ t) where γ , the rate of increase, is equal to konC + ko f f (C
is the ligand concentration) [185], [186]. In the original SPR experiment, the immobilized
compound was PPS and the ﬂowing material was ShPrP which was injected with different
concentrations [177]. In order to obtain the rate of increase, all SPR signals reported in the
original paper, with different protein concentrations were analyzed (Figure 29 shows some
recovered SPR signal with the ﬁtted curve) [177].
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Figure 29: Recovered SPR sensorgrams of puriﬁed recPrP binding to immobilized PPS. A
range of recPrP concentrations was injected over an immobilized PPS chip. Data points from
[177] were recovered. Then, in order to ﬁnd γ in all conditions the curves were regenerated
using Igor. The black dashed line shows the ﬁtted by a single-exponential function to the
binding site [185], [187]. Data in panel 29 is taken from [177].
After that a linear ﬁt to the ligand concentration dependence of γ (according to γ =
konC + ko f f ) was used to determined the dissociation constant (Kd = ko f f /kon ) [186]. Finally, after all of this analysis, the afﬁnity constant was calculated to be 146 nM (Figure 30).

Figure 30: linear ﬁt to the ligand concentration dependence of γ . In order to ﬁnd the binding
afﬁnity from SPR measurements. Data in panel 29 is taken from [177].
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5.2.2 ITC measurement
The thermodynamics of interactions between protein and small molecule, enzyme and inhibitor, protein and protein, protein and DNA and Etc can be studied using direct measurements of the heat released to the surrounding environment (exothermic process) or the
heat taken up from the surrounding environment (endothermic process), when molecules
interact [188], [189]. Isothermal titration calorimetry (ITC) is a universal detector that can
measure the change in heat or enthalpy of chemical reactions. ITC measurement gives us
an opportunity to answer to two main questions: how tightly do small molecules bind to
a speciﬁc interaction site of another molecule? How fast dose the reaction between two
molecules take place [189]? Measuring heat using ITC, is a way to understand about the
amount of a reaction that has taken place, n (in moles, mmoles, µ moles,...) and the enthalpy
change for the reaction, ∆H (in kcal/mol or KJ/mol), binding stoichiometry as well as the
dissociation constant Kd [189]. In addition, the rate at which the heat is exchanged is equal
to the rate of reaction δ n/δ t and the enthalpy change, ∆H [189].
The ITC instrument is made of two cells (reference cell and sample cell) and one syringe
to ﬁll with ligand solution. The reference cell is usually ﬁlled with miliQ water and the
sample cell is ﬁlled with protein solution. During the experiment small amounts of ligand
solution are injected to the sample cell over a period of time while the heat of reaction is
measured [188].
The measurement is initialized with the ligand solution in the syringe and the protein
solution in the sample cell with the same buffer. For the ﬁrst injection, a few micro-molar of
ligand solution is injected to the sample. As a result, all injected ligands bind to the target
macromolecule. The heat of reaction results in a generating signal. Then, the signal returns
to the baseline before the next injection. The second injection is made and all injected
ligands bind to the target molecules. Again, waiting time is needed for the signal to go back
to the baseline. While the injections continue, the target molecule becomes saturated with
ligand. As a result, less binding occurs and the heat changes start to decrease. Finally, no
improvement of signal is observed when the target molecule is completely saturated [188].
I performed the ITC experiment with PPS compound and WT-ShPrP which was prepared
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according to the procedure explained in section 3.2.1. The cell was ﬁlled with 0.1 mM
ShPrP. The PPS concentration in Syringe was 1 mM. The buffer for both ligand and PrP
was 10 mM sodium acetate pH 4.5. The experiment was done at 25 over a 60 min period
of time. The same experiment was repeated injecting ligand in buffer in order to ﬁnd the
heat of reaction signal between ligand and buffer which then needed to be subtracted from
the signal of ligand into PrP. After that, the result was analyzed using Origin 7 software.
In order to ﬁt data with one site model (for PrP and compound with 1:1 stoichiometry), we
needed to subtract the signal from the ligand into buffer titration data (Figure 21). The ﬁnal
results show Kd

5 µM

2.68 µ M.
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Figure 31: One site model ﬁtted to the PPS titration into ShPrP. PrP concentration = 0.1 mM,
PPS concentration = 1 mM, in pH 4.5 buffer. The background signal of PPS into buffer was
removed using PPS titration into buffer.
Another way of analyzing the data is to pick the last two or three signals in PrP titrated
with PPS data in order to use them as the background signal (Figure 32). The reason that we
could do this is that when PrP is saturated with ligand by the end of experiment, the heat of
reaction near baseline is related to the binding of PPS and buffer only. so we can consider

71

these signals as the background noise. The ﬁnal results show Kd

50 nM

133 nM in this

case. The error in this case is bigger than the actual value because of the heat of the reaction
of the ligand with the buffer. So, we got different results depending on what we choose
as the baseline to subtract. Regardless, both analyses still give the answer that is broadly
similar to the SPR numbers. We get a result of between Kd

0.05 µ M to Kd

5 µ M,

consistent with the SPR data given the large error.
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Figure 32: One site model ﬁtted to the PPS titration into ShPrP. PrP concentration = 0.1 mM,
PPS concentration = 1 mM, in pH 4.5 buffer. The background signal of PPS into buffer was
removed using last three signals of PPS titration in PrP.
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The important point that needs to be emphasized here is that we learned that the stoichiometry is basically 1:1–this answer does not really depend on how the baseline is deﬁned,
which makes it robust. To clarify which result is closer to the actual Kd further experiments
are required. However, the 50 nM result is closer to the SPR result from the original paper [177].
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6

Future work

In this work, we considered two subjects of protein studies: one deals with samples preparation of MoPrP (chapter 3) and the other deals with anti-prion ligands and their effects on
PrP folding at the single molecule level (chapters 4 and 5).
Previous studies have been done on ShPrP with optical tweezers in our group. As the ﬁrst
subject, in order to understand the differences between the folding dynamics of mouse and
hamster PrP, we started to measure MoPrP at the single-molecule level. Measurements have
been done on MoPrP prepared using two different linking chemistries. We also investigated
internal Cys labeling instead of terminus labeling using DNA handles. The experiment was
performed with a ﬂuorescent dye.
As the second subject, we studied the interaction between iron-tetrapyrrole ligand and
ShPrP as well as the binding of PPS to ShPrP. We also investigated how iron-tetrapyrrole
affects ShPrP folding at the single-molecule level. Finally, we studied the thermodynamics
of interactions between protein and PPS in our lab. This information is needed for the forceextension measurements of ShPrP with PPS compound.
Two lines of research from this work can be considered:
• SMFS measurements of mouse PrP folding to compare to hamster, in order to determine what differences might account for subjects such as different disease susceptibility and species barriers for transmission. Measurements would be done in the
same manner as performed on hamster PrP by puling a single molecule with optical tweezers. The experiments can be done in different circumstances: equilibrium
measurements and non-equilibrium measurements. Existence of intermediates, differences in kinetics and energetics and pathways for native and non-native folding,
etc. would be investigated using single-molecule method.
• SMFS measurements of PPS effects on PrP folding. Key point here is whether the
effects are similar to TMPyP, or whether it does different things. Are there echoes
of how cellular chaperones work, once again? Study would be done in a similar way
to TMPyP work, looking at both monomers (to understand effects on native folding
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dynamics) and dimers (to see how PPS changes interactions that cause aggregation).
SMFS studies have allowed the exploration of molecular folding and misfolding as
well the kinetics and thermodynamics of their mechanical response to applied force.
In order to investigate the effects of PPS on ShPrP folding using optical tweezers,
basic information about the afﬁnity constant of the PPS-PrP reaction is needed. After
ﬁguring out the dissociation constant for PPS and PrP interaction, investigating the
effects of PPS on ShPrP via optical tweezers is suggested. Study would be done in
the similar way to TMPyP work, looking at both monomers (to understand effects on
native folding dynamics) and dimers (to see how PPS changes interactions that cause
aggregation). In addition, some questions about the PPS-PrP combination can be
answered through optical tweezers experiments. For example, how does the binding of
PPS to the unstructured region of PrP affect the folding and misfolding of ShPrP [8]?
How does PPS change the energy landscape parameters and as a result has an antiprion effects on ShPrP? The key point here is to understand whether the effects are
similar to TMPyP, or it has different effects on ShPrP folding.
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