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ABSTRACT

Nanopore sensing is a single-molecule technique capable of detecting peptide and
protein molecules by monitoring the change in current generated by their interaction
with protein or solid-state nanopores in an applied electric field.

The interaction of a small globular protein HPr and two of its mutants, with the
aerolysin nanopore were analyzed and compared with earlier results obtained with the a-
hemolysin nanopore. The HPr molecules interact differently with the two nanopores
while the anatomy and net charge of the pores affect their translocation parameters.

Cleavage of insulin’s disulfide bonds with the reducing agent TCEP and the release
of the component polypeptides could also be detected by nanopore analysis.

An alternating current field superimposed on the direct current field inhibited the
translocation of a peptide with a permanent dipole moment, while another peptide with
no dipole moment was less affected.

The detection of conformational changes in peptides and small proteins caused by
metal ion binding also proved possible. A Zn-finger protein was able to translocate the
a-hemolysin pore in the absence of Zn(ll), while mostly bumping events were observed
when Zn(11) was added. By comparison, the FSD-1 protein, which folds into a Zn-finger
motif by hydrophobic interactions alone, was not able to translocate. The metal binding
ability of three prion peptides was studied with an a-hemolysin pore. The results clearly
indicated that Cu(ll) and Zn(Il) bound to all three peptides and caused conformational
changes reflected in their interaction parameters with the a-hemolysin pore.

The interaction of HPr, calmodulin and maltose binding protein with 7 nm and 5 nm
diameter silicon nitride (SixNy) pores indicated that protein molecules with dimensions
comparable to, or larger than the pore diameter do not translocate. However, smaller
proteins are able to translocate in a folded conformation.

Finally, the formation of prion/antibody complexes was successfully detected with
an 11 nm SixNy pore but not with a 19 nm pore. The results underline the importance of

choosing a pore with a suitable diameter in relation to the size of the analytes.
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1.0 INTRODUCTION

One of the central dogmas of biochemistry was that protein function was determined
by the specific three-dimensional folding of the protein molecule and consequently,
denatured or unfolded proteins were considered to be non-functional or inactive.
However, recent progress in proteomics and genomics research suggest that as many as
30 % of eukaryotic proteins are unfolded or contain significant disordered regions
(Uversky, 2002; Fink, 2005; Uversky et al., 2008). This type of protein belongs to the
group of natively-unfolded or intrinsically-disordered proteins. More than 30 different
functions have so far been identified for the intrinsically-disordered proteins, mostly
related to cell cycle control as well as transcriptional and translational regulation
(Vucetic et al., 2003). Many of these proteins become folded upon interaction with
DNA, other proteins, or metal ions, and have also been implicated in disease
pathogenesis. Examples include p53 and cancer, a-synuclein and Parkinson’s disease,
huntingtin and Huntington’s disease, AP peptide and Alzheimer’s disease as well as PrP
and prion diseases (Friedler et al., 2003; Binolfi et al., 2006; Chiti and Dobson, 2006).
Needless to say, disordered proteins have proven difficult to study by conventional
techniques such as X-ray crystallography or NMR, because multiple conformations
coexist. Single molecule techniques may be used to overcome this problem as they can
examine a single conformation.

During the past 25 years, several single-molecule analysis methods such as atomic
force microscopy (AFM), video fluorescence microscopy, fluorescence correlation
spectroscopy (FCS), fluorescence resonance energy transfer (FRET) and optical or
magnetic tweezers have been developed (Magde et al., 1972; Binnig et al., 1986; Kron
and Spudich, 1986; Brion et al., 1990; Ha et al., 1996; Strick et al., 1996). All these
analytical techniques require that the molecules be either specifically labeled or

immobilized before they can be probed.



Nanopore analysis is a relatively new and versatile method that permits continuous
single-molecule detection in solution without the need for substrate labeling or
immobilization.

This method, also known as “resistive-pulse sensing” or “nanopore sensing”, unites
elements from four different scientific areas: microbiology, electrophysiology,
electronics and more recently, nanofabrication. Important advances in all these fields
were required for single-molecule analysis with nanopores to become possible.

The focus of this thesis is to further the understanding of peptide and protein folding
and dynamics in solution at the single molecule level with the aid of nanopore sensing.
Protein-protein complex formation and interaction with nanopores was also studied with

the goal of developing a diagnostic tool for protein misfolding diseases.

1.1 Nanopore detection and analysis

The idea of using nanopores inserted in lipid membranes as a tool for the analysis of
single molecules was inspired by the very intense molecular transport activity between
the intracellular and the extracellular media as well as between different cellular
organelles. Molecular transport across the naturally-impermeable membranous
structures of cells occurs through a variety of protein channels incorporated into the fluid
mosaic of the lipid bilayers. These channels or pores act as gates through which a wide
variety of molecules such as ions, sugars, nucleic acids and proteins can pass during
their transport from one organelle to another, or from the cytoplasm to the outside of the
cell. The ability of the pores to allow the passage of ions and larger molecules suggested
that the ions could be used to carry an electric current which in turn could drive larger
polar molecules through the channels. The change in the ionic flow through the channel
due to the transit of the macromolecule would depend on the structure of the particular

translocating molecule.

1.1.1 Principles of nanopore detection

Similar to the natural molecular translocation mechanism through protein channels,

the nanopore detection method utilizes a nanopore inserted into an insulating membrane
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separating two chambers filled with a buffer/electrolyte solution. The principle for
nanopore detection is similar to the Coulter counter used for counting and sizing
particles and is presented in Figure 1.1 (Coulter, 1953). An electric potential is applied
across the membrane via two Ag/AgCl electrodes and the ionic current through the open
pore is monitored with a patch-clamp amplifier. The patch-clamp amplifier is a very
sensitive feedback amplifier capable of maintaining a constant command voltage
(clamp) while measuring pA currents flowing between the two electrodes. When a
charged molecule (in the illustrated case an a-helical peptide) is driven into and through
the nanopore (here a-hemolysin) by the electric potential, it causes a drop in the ionic
current as electrolyte solution is displaced from the pore by the translocating molecule.
The ionic current drop has a characteristic amplitude (lpiock) and duration (Tpiock)
reflecting the particular structure of that molecule. The amplitudes and durations of the
current blockade are measured by the patch-clamp amplifier, converted into digital data
by a digitizer and finally sent to a computer for analysis. For a constant electrolyte
concentration, pH value (typically 1 M KCI and pH 7.8), temperature and applied
potential the amplitudes are related to the volume of the molecule while the durations
depend mainly on its length and charge. Furthermore, changes in the volume and length
of the molecule are reflected in the two parameters mentioned above which are
connected to the particular structure adopted in solution. Thus, in principle, nanopore
detection could be used to distinguish between identical molecules adopting different
conformations. As will be discussed later, this feature could prove useful for the
investigation of protein misfolding diseases.

1.1.2 Types of nanopores

Currently, there are two types of pores used for the nanopore detection method:
protein pores and solid-state pores.

The protein pores belong to the group of pore-forming toxins produced by bacteria
with damaging effects on the cytoplasmic phospholipid bilayer of human and animal
cells. Their innate property of auto-insertion into lipid bilayers played a crucial part in

establishing this group of proteins as sensors.
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Figure 1.1. Scheme of principle for nanopore sensing. Panel (A) presents a schematic
diagram of the perfusion unit setup with the Ag/AgCl electrodes and the patch-clamp
amplifier connected. The blown-up section illustrates the lipid bilayer formed on the
perfusion cup aperture with an o-hemolysin pore inserted and an a-helical peptide
translocating. Panel (B) shows a screen-shot of the current trace through an a-hemolysin
pore with molecules translocating. Panel (C) presents the enlarged profile of a typical
transit event. The intensity (Ipiock) and duration (Tpeck) OF the current blockade correlate
with the particular structure of the analyte.



Solid-state pores have been developed with the goal of improving the life span of the
nanopore setup by using synthetic membranes, the range of molecules that can be
analyzed by controlling the pore diameter as well as the range of experimental

conditions that can be used (pH, temperature, ionic strength, applied potentials, etc.).

1.1.2.1 Protein pores

a-hemolysin from Staphylococcus aureus has been the most widely used pore since
the inception of this method of analysis in 1996 (Kasianowicz et al., 1996). This
nanopore proved to have appropriate dimensions for single-molecule sensing as well as
excellent stability, reproducibility and electric properties. The toxin is secreted as a 293
amino acid water-soluble monomer and has a molecular weight of 33.2 kDa (Bhakdi et
al., 1981; Fussle et al., 1981). The monomer binds to phospholipid bilayers and
oligomerizes into a stable heptameric water-filled pore that subsequently auto-inserts
into the structure of the bilayer (Gouaux et al., 1994; Bayley, 1995). When assembled,
the a-hemolysin pore adopts a mushroom shape approximately 100 A in length and up to
100 A in diameter with a hydrophilic interior and a hydrophobic exterior (Song et al.,
1996). The extra-membrane cap domain (Figure 1.2) forms a funnel-like vestibule with a
maximum diameter of 46 A and is connected with the stem domain through a 14 A
constriction. The transmembrane stem domain is formed of 14 antiparallel -strands
grouped in a right-handed B-barrel with a height of 52 A and an intracellular end
diameter of 20 A. Being in direct contact with the membrane, the rim domain is involved
in the stability of the pore within the lipid bilayer (Song et al., 1996; Kasianowicz et al.,
1999). Channel formation by a-hemolysin in reconstituted planar lipid bilayers was
detected with patch-clamp instrumentation as discrete increasing steps in the membrane
current, with each step corresponding to the insertion of a new pore (Menestrina, 1986).
The resultant current under an applied potential of 100 mV has a value of 100 pA for
each channel inserted, conferring to a-hemolysin a conductance of 1 nS in 1 M KCI at
22°C (Akeson et al., 1999; Dekker, 2007). The conductance, noise and ionic selectivity
of the pore are sensitive to the pH and the electrolyte concentration with a minimum
level of noise at pH values between 7.5 and 8.0 (Bezrukov and Kasianowicz, 1993;

Kasianowicz and Bezrukov, 1995). Although the preference of a-hemolysin for anions,
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Figure 1.2. Ribbon diagram of the a-hemolysin pore showing the heptameric structure
and dimensions. Image A shows the side view and image B shows the top view. The
monomers are represented in different colors. (Reprinted by permission from Song et al.,
1996. Copyright 1996 AAAS).



due to the charged amino acids lining the inside walls, drops with increasing electrolyte
concentrations, the pore maintains a slight anion-selective character even at high molar
concentration of electrolyte (4 M KCI) (Misakian and Kasianowicz, 2003; Merzlyak et
al., 2005). Once inserted into the lipd bilayer, the channels maintain a stable open state
for hours in concentrated KCI solution and only in the presence of milimolar
concentrations of divalent and trivalent cations undergoes a pH and voltage-dependent
inactivation (Menestrina, 1986; Korchev et al., 1995; Bashford et al., 1996). a-
hemolysin has secondary and tertiary structural similarities with aerolysin, a toxin from
Aeromonas hydrophila which has also been used in nanopore analysis.

Aerolysin was identified in 1975 and later purified and sequenced by Buckley,
Howard and coworkers (Bernheimer et al., 1975; Buckley et al., 1981; Howard et al.,
1987). Secreted as proaerolysin, a 470 amino acid inactive precursor with a molecular
weight of 52 kDa, aerolysin becomes activated by proteolytic removal of a 25 amino
acid C-terminal peptide (Howard and Buckley, 1985; van der Goot et al., 1993). The
activated aerolysin monomer concentrates at the membrane surface before it auto-inserts
as a heptameric aqueous pore complex (Garland and Buckley, 1988; Moniatte et al.,
1996; Fivaz et al., 1999). Although a crystal structure of the assembled aerolysin pore is
not yet available, the electron microscopy image available shows that aerolysin is
formed of a disk-shaped cap domain lacking the vestibule area present in a-hemolysin
and a [-barrel transmembrane domain (Figure 1.3) (Parker et al., 1994). The
transmembrane channel is approximately 80 A in length and has an estimated diameter
between 10 A and 17 A (Wilmsen et al., 1992; Parker et al., 1994). Although the ability
of aerolysin to form channels in planar lipid bilayers was reported for the first time in
1990, this nanopore was not used for nanopore detection until 2006 (Wilmsen et al.,
1990; Wilmsen et al., 1991; Stefureac et al., 2006). Discrete increasing steps in the
transmembrane current of 21 pA under an applied potential of 50 mV indicated a
channel conductance of 0.42 nS for aerolysin (Wilmsen et al., 1990). Because aerolysin
lacks the vestibule domain, its effective length is greater than that of a-hemolysin (10
nm). For ohmic behavior, the current through the nanopore is inversely proportional to
its length, which explains the lower conductance of aerolysin compared to a-hemolysin

despite a similar diameter. Furthermore, due to the lack of the bulky vestibule, aerolysin



Figure 1.3. Structure of the aerolysin channel derived from electron microscopy. A side
view of the channel is presented in image A and a top view in image B. Each monomer
is represented in a different color. (Reprinted by permission from Parker et al., 1994,
Copyright Macmillan Publishers Ltd. 1994).



proved more resistant to urea denaturation than a-hemolysin and also presented a lower
geometric and current asymmetry (Pastoriza-Gallego et al., 2007; Pastoriza-Gallego et
al., 2011).

MspA represents the main hydrophilic pathway across the cell wall of
Mycobacterium smegmatis (Stahl et al., 2001). The mature MspA porin results after the
cleavage of a 27 amino acids signal peptide and contains 184 amino acids with a
molecular mass of 19.4 kDa (Niederweis et al., 1999). The crystal structure of the porin
was solved in 2004 and revealed a homooctameric goblet-like conformation with a
central channel containing a 5 A long, 12 A wide constriction towards the periplasmic
end (Figure 1.4) (Faller et al., 2004). The porin is 96 A long and 88 A wide at the
extracellular end while the internal diameter varies from 48 A at the extracellular end to
10 A at the periplasmic constriction. The large diameter of MspA accounts for the
channel’s high conductance values of 4.9 nS in 1.0 M KCl solution at 20 °C because the
conductance is proportional to the diameter of the channel for ohmic behavior. MspA
readily inserts into lipid bilayers presenting high thermal and chemical stability while
being a cation-selective porin (Niederweis et al., 1999; Butler et al., 2008).

The protein pores have the advantage of self-assembly and excellent pore-to-pore
reproducibility in terms of electrical properties. They are also easy to engineer and have
appropriate diameters for the detection of small molecules such as nucleic acids,
peptides and small proteins (Kasianowicz et al., 1996; Sutherland et al., 2004; Stefureac
et al., 2008). On the other hand, protein pores have significant limitations: being
assembled in fragile lipid bilayers it is uncertain if they could be incorporated into
portable sensing devices. They also have a limited life span, a fixed diameter and only a
limited number of experimental conditions can be tested without damaging either the
bilayers or the pores. To overcome these limitations, several groups have developed

synthetic or solid-state nanopores.

1.1.2.2 Solid-state pores

During the past 10 years solid-state nanopore fabrication has seen major
developments and currently such structures are starting to become commercially

available. Depending on the material used, three main methodologies are commonly
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Figure 1.4. Structure and hydrophobicity map of the MspA porin. A side view of the
channel is presented in image A and a top view in image B. Polar amino acids are
depicted in green and nonpolar amino acids in yellow. (Reprinted by permission from

Faller et al., 2004. Copyright 2004 AAAS).
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used for solid-state nanopore fabrication in insulating membranes: focused ion-beam
drilling (in silicon nitride SixNy), focused electron-beam drilling (in SiO,, SixNy and
graphene) and chemical track-etching (in polymeric films) (Figure 1.5).

The first solid-state nanopore used in single-molecule detection was generated in
SixNy membranes using the ion-beam drilling technique (Li et al., 2001). At the
beginning of the process, this method uses a focused ion beam (Ar®) with energies of
several thousand electron-volts (KeV) which removes layers of the material via
sputtering (atomic scale erosion process) until it connects with a conical cavity
preformed on the opposite side yielding a large pore (50 nm-100 nm) (Figure 1.5A). A
diffuse ion beam is used during the second step of the procedure to narrow the pore
down to the required diameter with a precision of ~1 nm via matter transport due to
surface diffusion, viscous flow and redeposition (Stein et al., 2002; Mitsui et al., 2006).
The control over the pore formation is maintained through a feedback system using an
ion detector situated below the membrane which triggers the deactivation of the ion
beam when the desired pore size is reached (Figure 1.5A). The pores fabricated with this
method were asymmetrical in terms of geometry and electrical properties exhibiting a
high preference for the transport of cations. This current rectification was successfully
corrected and thus the pores were rendered non-rectifying by an atomic layer deposition
of an Al,Os film (Chen et al., 2004). Besides SixNy, other materials such as silica, SiO,,
Cr, Al, poly(methyl methacrylate) and polyimide could be milled and shrunk in a similar
way (Stein et al., 2004).

A different approach was tested by Cees Dekker’s group at the Delft University of
Technology which initially used electron beam lithography from a transmission electron
microscope (TEM) and KOH etching to drill a larger pore (20 nm) in SiO, membrane
which was successively shrunk to the desired diameter by a diffuse electron beam
following thermal oxidation (Figure 1.5B) (Storm et al., 2003). A major advantage of
this technique is that direct visual feedback is possible through the TEM which allows
controlling the pore diameter with single nanometer precision. A variation of this
method uses a highly focused electron beam which can drill holes in free-standing SiO,
membranes without the need of electron beam lithography. The diameter of the hole is

fine-tuned with a diffuse electron beam as described above. Several groups have adopted
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Figure 1.5. Fabrication methods for solid-state nanopores. Panel (A) presents the ion-
beam drilling method, panel (B) shows electron beam lithography and panel (C)
illustrates the ion-track etching technique. (Reprinted by permission from Dekker, 2007
Copyright Macmillan Publishers Ltd. 2007 and Siwy et al., 2002. Copyright 2002).
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the direct drilling approach to create pores (3 nm-30 nm) in SixNy, membranes with
accuracies of 0.5 nm, while others have designed nanopore arrays for parallelized single-
molecule detection (Figure 1.5B) (Kim et al., 2006; Kim et al., 2007; Tabard-Cossa et
al., 2007). More importantly, here the shrinking process mechanism is different than the
one reported for the ion beam drilling method. The electron beam appears to melt the
SiO; and SixNy membranes and due to the local surface tension the resultant pore adopts
a symmetrical double cone structure which confers a non-rectifying electrical behavior
to these pores (Figure 1.5B). The solid-state nanopores used in the last part of the results
section of this thesis were fabricated in SixyNy using this methodology (Tabard-Cossa et
al., 2007). Electron beam-drilled pores (5 nm-25 nm) have also been fabricated in
atomically-thin graphene membranes (Garaj et al., 2010; Merchant et al., 2010;
Schneider et al., 2010).

lon-track etching is the oldest fabrication method for synthetic pores and has been
used and improved since the 1960’s (Fleischer and Price, 1963; DeBlois and Bean,
1970). The method uses heavy ions (Xe, Pb, Au or U) accelerated at very high kinetic
energies (GeV) which allow the ions to penetrate layers of poly(ethyleneterephtalate)
(PET), polycarbonate (PC) and polyimide (PI) leaving tracks into the material (Figure
1.5C). These individual tracks are then isolated and chemically etched with a
concentrated NaOH or NaOCI solution to generate pores down to 2 nm in diameter
(Apel et al., 2001; Siwy et al., 2002; Siwy et al., 2003b). The etching process is stopped
by neutralizing the basic solution with an acidic solution situated on the opposite side of
the film immediately after penetration. The concentration and temperature of the etchant,
as well as the duration of the process, are used to control the pore diameter, which is
monitored either by scanning electron microscopy (SEM) or by conductivity
measurements (Siwy et al., 2003a; Siwy et al., 2003b; Wharton et al., 2007). The pores
resulting from this technique have conical shapes with transport properties dependent on
the material and can be used for nanopore detection as well as ionic devices such as
ionic diodes and ionic transistors (Daiguji et al., 2005; Siwy, 2006).

Although replacing the fragile lipid bilayer with a non-biological membrane
improved the stability and the life span of the nanopore setup, other problems became

apparent with these synthetic nanopores. One major problem arises from the relatively
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high capacitance of the SixNy, material which is reflected in a much higher current noise
and thus a lower signal-to-noise ratio than its biological counterpart (Tabard-Cossa and
et al., 2007). More importantly, the analytes tend to adhere to the pore walls and cause
the pores to become permanently blocked, making single-molecule detection impossible.
Another common problem with the solid-state nanopores is the poor pore-to-pore
fabrication reproducibility with strong variations of the conductance and noise values
between pores with the same nominal diameters (Smeets et al., 2006b).

Atomic layer deposition of alumina, polydimethylsiloxane curing on the SixNy
membrane surrounding the nanopore, coating with organosilanes, polyethylene glycol
(PEG) or complete lipid coatings of the pores are the main strategies used to improve the
signal-to-noise ratio and to minimize the non-specific binding of molecules to the walls
of the synthetic nanopores (Chen et al., 2004; Sexton et al., 2007; Tabard-Cossa et al.,
2007; Wanunu and Meller, 2007; Yusko et al., 2011). For a more detailed discussion of
the solid-state nanopores shortcomings as experienced during the experimental part of

this project please refer to section 2.5 and section 4.6.

1.1.3 Sensing with nanopores

Initially intended as a tool for DNA and RNA analysis with the long term goal of
rapid nucleic acid sequencing, the method of sensing with nanopores was later extended
for investigating a broad spectrum of molecules ranging from metal ions, small organic
compunds and short peptides to chemical warfare agents, proteins and biomolecular
complexes. In this section, the most significant advances in nucleic acid as well as in

peptide and protein detection with nanopores will be presented.

1.1.3.1 Sensing of nucleic acids with protein pores

The first report of single-molecule detection using nanopores was published in 1996
by Kasianowicz et al. and set the foundation of the nanopore sensing field. In their
pioneering paper, the authors witnessed the translocation of individual single-stranded
RNA and DNA molecules through the a-hemolysin pore as the ionic current through the

pore was reduced by 85 % to 100 % (Kasianowicz et al., 1996). The events histograms

14



of poly[U] for instance, revealed three peaks with characteristic time values ranging
from 0.095 ms to 1.288 ms under an applied potential of 120 mV. The duration of the
faster events was found to be independent of the polymer length and the applied voltage
and was thus ascribed to molecules colliding with the pore. The rest of the events had
lifetimes proportional to their length and inversely proportional to the applied voltage
indicating complete translocations through the pore. However, these events were
grouped in two distinct peaks probably due to their different translocation orientation (3’
to 5’ vs. 5" to 3'). The larger diameter of double-stranded DNA (~22 A) did not allow for
translocation, generating events with similar characteristics to the colliding or bumping
molecules mentioned above. In a separate experiment, addition of ribonuclease A
(RNase A) to the cis chamber resulted in a sudden increase in the frequency of the
current blockade as poly[U] molecules were sequentially cut by the enzyme into smaller
segments. This result showed that the frequency of events was proportional to the
analyte concentration and also proved possible the detection of enzymatic activity. The
presence of single-stranded DNA molecules in the trans chamber was demonstrated by
the polymerase chain reaction (PCR) (Kasianowicz et al., 1996).

More detailed studies of RNA and DNA translocation through a-hemolysin
followed. Akeson and colleagues demonstrated that 130 — 150 nucleotide-long
individual RNA molecules of poly[C], poly[A], poly[U] and poly[dC] can be
distinguished from each other as the current blockade amplitudes and translocation times
correlated to their individual secondary structures (Akeson et al., 1999). By examining
the shapes of individual events of co-polymeric poly[A] and poly[C] molecules, a bi-
level blockade was recorded corresponding to the translocation of the individual
components. Besides being able to distinguish segments of different nucleotides within
the same strand, these experiments also helped determine the orientation of the
molecules during translocation. A preference for 3’ to 5' translocation was found. The bi-
level blockades disappeared upon digestion with RNase A which cleaves 3’ pyrimidine
residues. Furthermore, experiments conducted by Meller and coworkers distinguished
between DNA molecules of similar length such as poly[dC]io, poly[dA]ico,
poly[dAsodCsp], poly[dCsedTso] and poly[dAdClse (Meller et al., 2000). On one hand,

the fact that sequence-specific information could be obtained from the current signatures

15



suggested that the nanopore method of analysis could be developed into a high-speed
sequencing tool for RNA and DNA. On the other hand, due to the very fast translocation
speeds (1-20 ps/nucleotide) compared to the rise time of the instrumentation (33 us), it
was concluded that to achieve single purine and pyrimidine nucleotide detection,
increased resolution was needed (Akeson et al., 1999).

One way to increase the time resolution was to lower the experimental temperature
(Meller et al., 2000). Experiments conducted at temperatures ranging from 15°C to 40°C
showed a pronounced decrease in translocation times at low temperature values. A
translocation duration dependence on the temperature of ~T was found for all DNA
molecules tested. The separation of the peaks in the current blockade amplitude
histograms proved to be best at low temperature values, suggesting that even lower
temperatures would optimize the identification of individual polymers in mixed samples.
Using this strategy, the authors were able to distinguish differences in sequences
between same-length polymers down to 10 nucleotides (Meller et al., 2000).

Another way to increase the time resolution was to use single-stranded DNA
molecules which formed hairpin structures with 2 to 10 base pairs stems (Vercoutere et
al., 2001; Vercoutere et al., 2003; Winters-Hilt et al., 2003). In these experiments it was
found that the hairpin molecules had to unzip to translocate the pore and that the transit
time increased with the number of base pairs forming the stems of the hairpins. Further
studies done on DNA hairpins demonstrated that the unzipping times decreased
exponentially with the applied voltage (Mathe et al., 2004). The resolution was
successfully improved while single nucleotide and single base pair differences in the
loop and/or the stem of the hairpin respectively could be detected with this strategy
(Vercoutere et al., 2001; Vercoutere et al., 2003; Winters-Hilt et al., 2003).

Furthermore, unzipping with nanopores proved useful for the detection of single-
point mutations in mismatched DNA duplexes (Nakane et al., 2004). A long biotinylated
single-stranded DNA bound to streptavidin was not able to pass through the a-hemolysin
pore but the single-stranded end can thread through to the trans side where it binds
complementary DNA strands. The reversed applied potential value required for
unzipping the double-stranded segment was inversely proportional to the number of

mismatched bases present (Nakane et al., 2004). This ingenious experiment marked the
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starting point of the single-molecule force spectroscopy method. An offspring technique
of nanopore sensing, this method studies the forces involved in the interactions between
different biological molecules without the need for immobilization on solid supports as
is required with molecular tweezers or atomic force microscopy (Nakane et al., 2004).

It was also reported that chemically-tagged bases within a single-stranded DNA
molecule slowed down the translocation and a characteristic current signal was obtained
based on the modified/unmodified pattern (Mitchell and Howorka, 2008). This approach
allowed the discrimination between single nucleotide polymorphisms (Borsenberger et
al., 2009). Recent results showed that single-stranded DNA translocation through a-
hemolysin could be significantly decreased to about 4.1 ms for (dA)z by using
electrolyte solutions containing organic salts and/or by introducing positive charges
inside the lumen of the pore by site-directed mutagenesis (de Zoysa et al., 2009; Rincon-
Restrepo et al., 2011).

Other important results include the fact that the blockade frequency was proportional
to the polymer concentration and that it increased exponentially with the applied
potential. Single-stranded DNA molecules showed a higher propensity for translocation
from the vestibule side of the a-hemolysin pore than from the stem side and their
translocation in the 3’ to 5’ direction caused larger current blockades with faster
durations than the 5’ to 3’ direction (Henrickson et al., 2000; Mathe et al., 2005; Butler
et al., 2006).

Despite the richness of knowledge about DNA translocation behavior through a-
hemolysin, a DNA sequencing device based on nanopore sensing would not be possible
without significant improvements in time sensitivity. The major obstacle in detecting
individual nucleotides with a-hemolysin is the 5 nm long beta barrel domain which
accommodates between 10-15 nucleotides at a given time which collectively affect the
ionic current (Meller et al., 2001; Dekker, 2007; Branton et al., 2008). Since the
residence time of each nucleotide inside this region is between 1-20 ps, it leaves only
about 100 ions to mark the difference between two consecutive bases (a current of 2
pA). This cannot be resolved from the open pore noise unless the bases enter the pore
separately or the thickness of the beta-barrel is similar to the thickness of one nucleobase
(Dekker, 2007).
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Recent studies revealed that such a tool requires a much more complex setup. By
using protein engineering, an a-hemolysin mutant pore (M113R); was created (Astier et
al., 2006). The mutant was designed to have high affinity for heptakis-(6-deoxy-6-
amino)-B-cyclodextrin which was inserted through the stem end of the a-hemolysin pore
and served as a molecular adapter with a smaller diameter for the sensing of 2'-
deoxyribonucleoside 5’-monophosphates. The interaction between the nucleobases and
the adaptor generated distinct current blockade values for each of the four nucleobases
so that they could be identified with 93-98% accuracy (Astier et al., 2006). The blockade
durations were very similar and could not be used for individual base identification. The
method was further improved by covalently attaching the molecular adapter to the inside
of the p-barrel which enabled the continuous identification of nucleoside 5'-
monophosphate molecules with 99.8% accuracy. The experimental conditions were
adjusted to permit the activity of an exonuclease which sequentially digested single-
stranded DNA molecules while the individual bases were successfully identified by the
pore-adapter complex (Clarke et al., 2009). This experiment suggested that the
nanopore-based DNA sequencing tool will include an exonuclease genetically fused to
the a-hemolysin pore in such a position that will allow the sequential capture of each cut
nucleotide by the pore vestibule followed by translocation through the molecular adapter
thus prohibiting the multiple detection of the same base. In another experiment, Cockroft
et al. were able to identify each of the four nucleotides as they were added to an a-
hemolysin-tethered DNA strand by an attached DNA polymerase (Cockroft et al., 2008).
Similar experiments were conducted with a variety of polymerases and were used to
optimize the detection process (Gyarfas et al., 2009; Hurt et al., 2009; Wilson et al.,
2009; Chu et al., 2010; Lieberman et al., 2010; Olasagasti et al., 2010; Garalde et al.,
2011). In a different approach, Stoddart et al. succeeded in identifying three regions
within the a-hemolysin pore capable of interacting with a DNA strand in a base-specific
manner (recognition points). Using poly[dC] strands immobilized inside the a-
hemolysin pore through a streptavidin-biotin complex fused to the strand and containing
poly[dA]s blocks at different positions, the authors located the recognition points Ry (at
the pore constriction), R, and Rz within the B-barrel domain (Stoddart et al., 20009;
Stoddart et al., 2010). Comparing the blockade current generated by poly[dC] strands
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containing only one A base at different positions with that of poly[dC] of the same
length, the single base difference could be recognized as long as the A base fell within
one of the three recognition points. Furthermore, only R, and Rz were able to distinguish
between all four nucleobases during similar experiments (Stoddart et al., 2009; Stoddart
et al., 2010). In the follow-up article, modified bases such as 5-methylcytosine and 5-
hydroxy-methylcytosine could be distinguished in the same manner, which suggested
that this approach could be used to identify epigenetic modifications in genomic DNA
(Wallace et al., 2010).

The single nucleotide sensitivity problem of a-hemolysin could also be overcome by
using the channel protein MspA from Mycobacterium smegmatis. This octameric protein
presents an ideal anatomy for single base identification with a single constriction of ~12
A in diameter and ~5 A in thickness (Faller et al., 2004). By using a mutated version of
MspA and slowing down the DNA strand translocation with double-stranded sections
between each nucleotide of the strand to be sequenced, Derrington and coworkers were
able to successfully identify each of the four deoxyribonucleotides (Derrington et al.,
2010).

1.1.3.2 Sensing of nucleic acids with solid-state nanopores

Until 2001 only single-stranded and partially double-stranded nucleic acid molecules
were tested in nanopore experiments. With the advent of the solid-state pores, double-
stranded DNA molecules could be studied at last. While the detection principle remained
the same, the effects of double-stranded DNA concentration, length and applied
potential on the translocation signatures were systematically investigated with SixNy,
SiO; and polymeric nanopores of various diameters.

The first molecule to be detected with solid state nanopores was a 500 base pair (bp)
double-stranded DNA which generated blockades of 12% of the ionic current through a
5 nm diameter SixNy pore (Li et al., 2001). Further experiments showed that SixNy pores
could detect different levels of folding of double-stranded DNA molecules (Li et al.,
2003). Comparing the event profiles, blockade amplitudes and durations obtained for
translocations through a 3 nm pore with those through a 10 nm diameter pore, it was

concluded that double-stranded DNA molecules with a diameter of 2.2 nm translocated
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the 3 nm pore in a linear conformation, whereas the much larger 10 nm pore allowed
some of them to adopt a hairpin conformation during transit (Li et al., 2003). The linear
DNA molecules generated classic one-step current blockade profiles, while the folded
DNA molecules had two and even three-stepped profiles, depending on their
conformation (Figure 1.6). Later it was found that using voltages higher than 200 mV
decreased the number of hairpin conformations by linearizing the molecules (Chen et
al., 2004). Similar results were reported by several other groups who were also able to
separately identify DNA strands of different lengths from a solution mixture (Fologea et
al., 2005a; Storm et al., 2005b; Fologea et al., 2007a; Wanunu et al., 2008). Besides
indicating the folding of double-stranded DNA molecules, larger synthetic nanopores
were able to detect the translocation of paired molecules (Li et al., 2003).

Furthermore, denaturation of DNA at high pH values was observed on an 8 nm
diameter pore while at the same time double-stranded DNA and single-stranded DNA
could be distinguished based on their translocation signatures (Fologea et al., 2005a).
The translocation velocity of double-stranded DNA molecules through SixNy pores
proved to be two orders of magnitude faster than that of single-stranded DNA through a-
hemolysin, a very important set-back for the use of solid-state pores in DNA sequencing
devices (Chen et al., 2004). However, one order of magnitude improvement in time
resolution was achieved by increasing the electrolyte viscosity (using 50 % glycerol),
lowering the experimental temperature to 4 “C and decreasing the applied potential to 20
mV (Fologea et al., 2005b). In contrast to the experiments performed with a-hemolysin,
which showed a linear dependence between the translocation time and DNA length,
solid-state pores confer a power law between the two parameters (Storm et al., 2005a;
Storm et al., 2005b; Wanunu et al., 2008). The power exponent differs for shorter and
longer DNA strands. This relationship was explained by the presence of a hydrodynamic
drag that molecules transiting the larger solid-state pores experience with more
pronounced effects on longer DNA molecules. Since the width of single-stranded DNA
molecules is very similar to the diameter of a-hemolysin, hydrodynamic drag is not
present when using biological pores. The blockade current varied linearly with the
applied potential and the translocation times decreased with increasing applied voltage
(Storm et al., 2005a; Storm et al., 2005b; Wanunu et al., 2008). Moreover, lowering the
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Figure 1.6. Profiles of different translocation events through solid-state nanopores. Each
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Copyright American Chemical Society 2004).
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temperature and the pore diameter resulted in an increase of the translocation times of
one order of magnitude (Wanunu et al., 2008). Similarly to a-hemolysin experiments,
SixNy pores with diameters less than 2 nm were used to forcibly unzip double-stranded
DNA segments by driving them into the pore by an applied potential of 300 mV. The
degree of complementarity between the two strands of the duplex DNA was reflected in
the time required for the unzipping process, with slower times needed to unzip perfectly
complementary duplexes and faster times when mismatches were present (McNally et
al., 2008). In a similar experiment, single-stranded DNA hairpins needed less force to be
unzipped in pores with diameters below 1.5 nm than in pores with larger diameters
(Zhao et al., 2008a).

To date, solid state pores have proved useful for detection, sizing and determination
of strand complementarity of DNA molecules but have been unable to distinguish
between homopolymeric segments within individual strands or to identify single
nucleotides. An ingenious advancement towards fast sequencing with solid state
nanopores uses an extra pair of electrodes incorporated into the membrane structure in
the vicinity of the nanopore. This approach promises to distinguish between individual
nucleotides by tunneling currents through the bases and measuring their unique
transverse current distributions with a scanning tunneling microscope or by
perturbations in capacitance (Zwolak and Di Ventra, 2005; Gracheva et al., 2006;
Lagerqvist et al., 2006, 2007; Liang and Chou, 2008; Tsutsui et al., 2009). However, the
fabrication of such nanopores is an extremely challenging task and so is the task of
minimizing the noise and controlling the orientation of the bases inside the nanopore to
allow proper contact with the embedded electrodes (Zwolak and Di Ventra, 2005).
Recently, an optical recognition method has been proposed by McNally and colleagues.
In this approach, the target DNA is first converted according to a binary code established
by molecular beacons carrying two different fluorophores (yellow and red). When the
beacons are stripped off by electrically driving the molecules through sub-2 nm diameter
solid-state pores, photon bursts are detected by a total internal reflection imaging
system. The color sequence generated reflects the sequence of the target DNA (McNally

et al., 2010). Although the method presents promise for high throughput parallelization,
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the steps required for sample preparation, labeling and code conversion represent a
serious draw-back.

In conclusion, the results reported to date show clearly that DNA detection and
sequencing with both biological pores and solid-state pores have significant limitations.
On one hand, there is the instability of the lipid bilayer in which the biological pores are
inserted and on the other hand the challenge of solid-state nanopore fabrication with
precise dimensions. These limitations may be overcome by integrating biological pores
into solid state membranes resulting in hybrid nanopores as recently reported (Hall et al.,
2010; Venkatesan et al., 2011). Such a setup would provide a highly reproducible and
indefinitely stable nanopore that will facilitate the process of DNA sequencing in the
near future (Branton et al., 2008). The newly-emerged graphene nanopores may
represent a second approach to overcome the above-mentioned limitations. Being
atomically-thin, these nanopores may prove advantageous for single-base identification
either by ionic-current or tunneling current measurements (Garaj et al., 2010; Merchant
et al., 2010; Schneider et al., 2010).

1.1.3.3 Sensing of peptides and proteins with protein pores

In parallel with the nanopore analysis of DNA, several groups have reported that
peptide and protein molecules could be analyzed the same way. Based on the idea
proposed by Singer that polypeptides translocate through channels in vivo, our lab was
the first one to report the transit of a series of peptides, containing repeats of the
sequence (Gly-Pro-Pro), through a-hemolysin nanopores in 2004 (Singer et al., 1987;
Sutherland et al., 2004). These collagen-like peptides existed as mixtures of single,
double or collagen-like triple helices and their particular level of folding was
successfully distinguished and identified based on their translocation signatures. At the
same time, an increase in both the current blockade and translocation time with the
peptide length was observed. This breakthrough indicated that nanopore sensing could
be used to conduct structural and conformational studies of peptides and proteins,
enabling the collection of results difficult to obtain by bulk spectroscopic techniques
such as circular dichroism (CD) or nuclear magnetic resonance (NMR). Furthermore, the

peptides had much lower charge densities than DNA which was reflected in transit times
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of 1 to 2 orders of magnitude longer, resulting in increased signal resolution compared to
nucleic acids. The electrically-driven passage of cationic a-helical peptides through o-
hemolysin from the stem side to the vestibule side was analyzed by Movileanu et al. and
the effect of peptide charge and peptide length on the energy barrier for transport
through the pore was measured. It was found that the number of events per time
increased with the applied electric potential and decreased with the peptide length
(Movileanu et al., 2005). Since a-hemolysin is a slightly anion-selective channel, the
energy barrier that positively-charged peptides encounter as they transit the B-barrel
domain could be lowered by placing negatively-charged amino acid residues inside this
domain by mutagenesis, as reported by Wolfe et al., or by using anionic a-helical
peptides as performed by our laboratory (Stefureac et al., 2006; Wolfe et al., 2007). In
the latter study the authors show that the net charge of the peptides affects their
interaction with the nanopore and so a more negatively-charged peptide will translocate
faster and will generate more events than a less negatively-charged or neutral peptide.
Also, the peptide dipole moment plays an important part in the orientation of the peptide
under the applied electric field facilitating translocation. The same molecules were also
analyzed on a second biological nanopore called aerolysin from Aeromonas hydrophila,
a nanopore lacking the vestibule domain present in o-hemolysin. The translocation
signatures and the frequency of events recorded reflected the anatomical characteristics
of the two pores and pointed out that the vestibule domain promoted translocation while
at the same time the translocation durations were affected by specific interactions
between the peptides and the amino acids lining the inside walls of the pore (Stefureac et
al., 2006). This paper constituted the first report of peptide translocation through the
aerolysin nanopore.

The study of the electrophoretic translocation of peptides through a-hemolysin
continued with the analysis of a series of B-hairpin peptides with different levels of
folding (Goodrich et al., 2007). It was found that both partially and fully-folded B-
hairpins were able to pass through the nanopore with translocation features depending
on their individual degree of folding; that is longer times were needed for folded
molecules to transit the nanopore than for unfolded molecules because folded

polypeptides have a greater energetic penalty than unfolded polypeptides (Movileanu,
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2009). The frequency of events increased with the applied voltage while the transit times
decreased, as was the case for a-helical peptide studies indicative of translocations. The
authors also reported that a part of the molecules generated very fast interaction
durations with the nanopore which were ascribed to either collisions with the stem
entrance or translocations in completely extended conformations (Goodrich et al., 2007).
To have a complete picture of the translocation signatures of various peptide
conformations, our laboratory has investigated two short polypeptides which adopted a-
helical hairpin folds. One peptide contained a disulfide bond which enforced the a-
helical hairpin fold while the second peptide lacked the disulfide bond, adopting a more
relaxed hairpin conformation. The results obtained for both a-helical hairpin peptides
indicated that most of the interactions with the o-hemolysin channel resulted in
translocations while at the same time some molecules just collided with the nanopore,
failing to cross to the opposite side (Madampage, 2011).

Since polypeptide translocation through B-barrel pores is a wide-spread process in
cell biology, which in some cases takes place without ATP consumption, questions
about the kinetics of the peptide translocations through nanopores were raised and the
interactions between the peptides and the nanopore during translocation were
investigated (Krantz et al., 2005; Movileanu, 2008). It was found that the transit of
positively-charged polypeptides is facilitated by replacing the positively-charged amino
acid residues with negatively-charged amino acid residues at different positions within
the a-hemolysin’s B-barrel domain. The frequency of events and blockade durations
were dependent on the position and number of mutations, with fastest translocation
times through pores containing the most negatively-charged residues situated around the
stem entrance. The blockade durations of the translocating molecules were independent
of the polypeptide concentration while the frequency of events varied linearly with the
concentration. At the same time, the hydrophobic peptides generated fewer events than
the hydrophilic peptides due to the hydrophilic character of the pore interior. Bumping
events were reported only with the wild-type a-hemolysin and one of the mutants
(Mohammad and Movileanu, 2008; Bikwemu et al., 2010).

Beside the electrostatic interaction between charged peptides and charged nanopores,

aromatic interactions were also examined. The transport of neutral peptides, with lengths
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between 2 to 11 amino acids containing mostly aromatic amino acids through o-
hemolysin mutant pores engineered with aromatic binding sites, was tested in similar
experiments by Zhao and coworkers (Zhao et al., 2009b). The aromatic amino acids
present inside the nanopores caused an increase in the translocation times of the
aromatic peptides. The increase in translocation times became more pronounced as more
aromatic binding sites were placed inside the pore, indicating a stronger binding affinity
between the peptides and the pores. The longer interaction times generated an increased
signal resolution which enabled the successful differentiation and quantification of the
individual peptides contained in a solution mixture, some peptides differing only by a
single amino acid in sequence. Another important finding of this work was that an
appropriately modified nanopore can be used to determine peptide sequences since the
authors were able to distinguish between peptides with the same length and composition
but with different sequences based on their different translocation signatures (Zhao et
al., 2009b). Furthermore, the same authors also show that increasing the ionic strength
increases the aromatic interactions between the peptides and the pores and influences the
sensitivity of the detection, which is particularly useful for the case of peptide
identification in mixtures (Zhao et al., 2008b). The above studies provide evidence that
noncovalent interactions that can either promote or inhibit the translocation of molecules
are taking place inside the nanopore and can be used for peptide identification and
sequencing. This approach shows promise towards label-free protein sequencing by
using a protease such as trypsin to digest the proteins into peptides followed by
nanopore analysis of the resulting peptides as recently reported (Zhao et al., 2009a). At
the same time, the sequencing procedure could be accelerated by using a nanopore array,
allowing the simultaneous analysis of peptides resulting from several digestion reactions
(Zhao et al., 2008b).

Recently, a-hemolysin was used to detect peptide conformational changes. f-
amyloid 42 (Ap42) is a peptide found in the plaques formed inside the brains of
Alzheimer’s patients. The ability of this peptide to aggregate was tested in the presence
of an aggregation promoter as well as of an aggregation inhibitor (Wang et al., 2011). It
was reported that the translocation of AP42 was abolished in the presence of the

aggregation promoter due to the formation of protofibrils, while the binding of the
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aggregation inhibitor to either AP42 or the protofibrils increased the number of
translocations (Wang et al., 2011). This result confirms that nanopore sensing can be
used to detect pathological conformational changes in proteins with potential
applications in diagnosis of protein misfolding diseases, as will be discussed in Chapter
3 of the present thesis.

The richness of information obtained from the nanopore analysis of peptides proved
that different secondary and tertiary structures can be individually identified and
distinguished, suggesting that nanopore sensing could be used to help elucidate one of
the most intriguing problems of modern biochemistry: the folding mechanism of
proteins (Nicholson and Scholtz, 1996). Similar to the DNA nanopore analysis
performed by Akeson and Meller, which showed that polyadenylic acid gives a different
current blockade than polyuridylic acid, our lab anticipated the ability of the nanopores
to distinguish between the transit of an a-helical segment and a B-sheet segment present
within the same protein molecule (Figure 1.7). To determine if small protein molecules
can be detected and separately identified we have examined the interactions of a small
globular protein, HPr, together with two of its mutants with a-hemolysin and aerolysin
pores (Stefureac et al., 2008). Even though HPr contains only 85 amino acids, it is too
large to translocate through either pore in a folded conformation. The protein is able to
transit the pores by partially unfolding under the applied transmembrane potential.
Besides the electric force acting on the protein, the presence of the vestibule domain of
a-hemolysin together with HPr’s low activation energy of unfolding contributed to the
unfolding of the protein and explained the higher proportion of translocations through a-
hemolysin as compared to aerolysin. Although the experiments proved that both a-
hemolysin and aerolysin pores are sensitive to single mutations that alter the overall
folding state and net charge of HPr, identification of the passage of individual a-helical
or -sheet segments within the protein was not possible due to the low resolution time
(Stefureac et al., 2008). This paper was the first to report the translocation of partially
folded proteins through the aerolysin nanopore. The unfolding properties of a much
larger protein, maltose binding protein (MBP), were investigated with the a-hemolysin
nanopore by incubating MBP with increasing concentrations of denaturing agent

guanidium chloride (Gdm-HCI) which generated partly and completely unfolded
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Figure 1.7. Schematic representation of the a-hemolysin pore inserted into a lipid
bilayer with a-helical and B-sheet segments of a protein ready for translocation. The
transit of differently folded segments should be reflected within the translocation profile
of each protein molecule. (Sutherland and Lee, 2004 personal communication).
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proteins (Oukhaled et al., 2007). Short and long current blockades were recorded, with
the short blockades being ascribed to completely unfolded molecules while the long
blockades belonged to partially unfolded conformations.

The frequency of the short current blockades increased with the Gdm-HCI
concentration and all molecules in solution became completely unfolded at a
concentration of 1.35 M. In the absence of denaturant, the interaction of MBP with the
nanopore could not be detected. The frequency of events was proportional to the protein
concentration and increased exponentially with the applied potential while the blockade
times decreased as the potential was increased (Oukhaled et al., 2007). These
experiments highlighted the fact that the translocation of MBP through the nanopore
depended on the level of folding of the protein and supported complete translocation of
denatured protein molecules. The authors continued the analysis of MBP interaction
with a-hemolysin in a new article reporting a preference for translocation through the
vestibule side as compared to the stem side (Pastoriza-Gallego et al., 2009).

Furthermore, the vestibule domain of a-hemolysin was successfully denatured in the
presence of 4 M urea while still inserted into the lipid bilayer. In this pore conformation,
the probability for translocation through the denatured end decreased and approached the
value obtained for the stem side of the nanopore while the current blockade duration
increased considerably (Pastoriza-Gallego et al., 2009). These results confirmed the
important role that the vestibule domain plays in facilitating the orientation and
translocation of proteins through a-hemolysin.

Using a special protein-protein construct and an a-hemolysin pore engineered with
electrostatic traps, Mohammad et al. brought more insights about the mechanism of
protein translocation and unfolding through nanopores. The authors found that to initiate
the translocation, a protein requires a leading sequence containing appropriately charged
amino acid residues to enter the nanopore and interact with oppositely-charged
electrostatic traps within the pore lumen (Mohammad et al., 2008). Repulsion, driving
and electrostatic forces play important roles in the steps following the initiation of the
protein translocation and are expected in some cases to be large enough to mechanically
unfold the protein domains residing outside the nanopore as was previously observed
with the HPr protein (Mohammad et al., 2008; Stefureac et al., 2008).
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The entry and transport of unfolded proteins through the aerolysin nanopore has
recently been investigated in a similar way as previously performed with a-hemolysin.
The translocation parameters of MBP together with a destabilized mutant and two MBP
molecules fused together head to tail under denaturing conditions were studied as a
function of applied voltage, protein concentration and channel side entry (Pastoriza-
Gallego et al., 2011). Similar to the a-hemolysin analysis, the ionic current blockades
determined by all the analyte molecules were grouped into two types of interactions with
different blockade currents and blockade times: bumping and translocation. The
proportion of bumping events decreased as the applied potential was increased and the
frequency of events generated was higher for the stem side. Furthermore, the
translocation blockade current for MBP and the double construct stayed the same while
the blockade time was twice as long for the double construct as for MBP. This finding
again supports the protein translocation through aerolysin as was shown for the transport
of a-helical peptides of increasing lengths through a-hemolysin and aerolysin pores
(Stefureac et al., 2006; Pastoriza-Gallego et al., 2011). By comparison to the a-
hemolysin MBP translocation experiments, the translocation times through aerolysin
were up to one order of magnitude longer which recommends aerolysin as a good

candidate for further protein unfolding studies and protein sequencing.

1.1.3.4 Sensing of peptides and proteins with solid-state nanopores

Solid-state nanopores with wider diameters than a-hemolysin have been used to
detect the translocation of large proteins in their native or unfolded state as well as of
free or immobilized protein-antibody complexes. In a first paper, bovine serum albumin
(BSA) was able to translocate through a 55 nm diameter SixNy nanopore and the
magnitude of the blockade current correlated well with the dimensions of the BSA
molecules transiting the pore. Current blockades were observed only when a positive
potential was applied which was in agreement with an electrophoretic transport of the
negatively-charged BSA molecules through the nanopore. The authors reported that
BSA molecules adhered for longer times to the inner walls of the pore, causing
occasional drops of 100 mV to 200 mV in the open pore current value. The variation in

the current drop value was recently identified as being due to changes in BSA
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conformation caused by the applied electric potential (Han et al., 2006; Niedzwiecki et
al., 2010). With smaller diameter SixNy nanopores (16-18 nm), Fologea and colleagues
were able to differentiate between the transits of two proteins of different sizes: BSA
and fibrinogen. Being a larger protein than BSA, fibrinogen generated larger blockade
currents and longer blockade times. Changing the pH of the buffer solution affected the
net charge of the protein and consequently its behavior under the applied electric
potential. More importantly, the authors managed for the first time to translocate enough
BSA molecules to directly prove their presence on the trans side of the solid-state
membrane by an immunosorbent assay. These results also demonstrated that the relative
charge and size of unknown protein molecules could be estimated from their
translocation parameters (Fologea et al., 2007b). An increased resolution of
translocation events determined for four different protein molecules was reported by
conducting the recordings in buffers with pH values near the isoelectric point of each
respective protein which reduced their electrophoretic mobility (Han et al., 2008). The
authors were able to identify the transit of BSA, ovalbumin, streptavidin and avidin
through SixNy nanopores (diameter 28 nm) based on their individual physicochemical
properties such as size, charge and pH-dependent migration.

Talaga and Li reported that by using different urea concentrations, several degrees of
unfolding of B-lactoglobulin could be detected as the molecules transited SixNy
nanopores (Talaga and Li, 2009). Furthermore, in 8 M urea both B-lactoglobulin and
HPr proteins were completely unfolded and their interaction with the nanopore could be
compared. Since B-lactoglobulin is twice as long as HPr, it needed twice the time to
translocate a 4 nm diameter pore whereas the blockade current was similar for both
molecules because their excluded volumes were comparable. The authors concluded that
even in the absence of the denaturant, the majority of B-lactoglobulin molecules were
linearized or looped during translocation by the high electrical forces acting on them
(Talaga and Li, 2009). However, this finding contrasted with the results obtained by
Firnkes and coworkers which did not report such behavior for the translocation of avidin
through 20 nm diameter SixNy pores (Firnkes et al., 2010). In the latter article, the
authors present an in-depth systematic study of the electrokinetic effects that govern

protein translocation across solid-state pores: electrophoresis and electroosmosis. These
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two effects are additive if the charge of the protein has the same sign as the charge of the
pore walls, and subtractive if the charges have opposite signs. The effective velocity of
the protein molecules during translocation depends on the applied electric potential as
well as on the values of the zeta potential of the protein and of the pore which are pH-
dependent in their turn. It is thus possible for electroosmosis to enhance or counteract
electrophoresis, promoting or inhibiting translocation. When the two electrokinetic
forces cancel each other out, the translocation of proteins becomes diffusion-controlled.
It becomes obvious that for an accurate interpretation of protein-pore interactions, it is
imperative to consider the relative charged states of both the protein and the pore
(Firnkes et al., 2010).

To complete the analysis of native and unfolded MBP through nanopores, Oukhaled
and colleagues have recently investigated its interaction with two SixNy nanopores with
diameters of 4 nm and 20 nm (Oukhaled et al., 2011). The results showed that the native
MBP generates higher event frequency, as well as larger blockade currents and
durations, than the unfolded MBP. Furthermore, the percentage current blockade stays
constant with increasing voltage for the native proteins while it decreases for unfolded
proteins. These findings suggested that the unfolded proteins occupy smaller volumes
inside the nanopore than native proteins and that their conformation, and hence their
volume, is affected by the applied potential which stretches the molecules. The blockade
durations of both the native and unfolded proteins decreased with increasing voltage,
indicating an electrophoretic-dominant transport through the pores. Moreover, the
percentage current blockade determined by protein translocation through the 4 nm pore
was larger than through the 20 nm pore. The authors also reported complications
determined by the protein adsorbtion to the nanopore’s surface (Oukhaled et al., 2011).
This phenomenon has been recently investigated by Sexton and coworkers in a
comparative study of the interaction of BSA, phosphorylase B and (-galactosidase with
gold-coated conical nanotubes. It was observed that smaller proteins have a higher
propensity of adhering to the pore walls, although for shorter times than larger proteins
and that the difference in protein size had a more significant effect on the blockade

durations than on the blockade current amplitudes (Sexton et al., 2010).
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The problem of non-specific protein adsorbtion and clogging of solid-state
nanopores has been addressed and successfully eliminated by coating the SixNy
nanopores with fluid lipid bilayers (Yusko et al., 2011). Various types of lipids can be
used to directly control the thickness as well as the surface chemistry of the coating and
indirectly the final diameter and length of the nanopore. By introducing lipids with a
biotinyl cap into the structure of the lipid coating, it was possible to observe the
translocation of streptavidin-biotin, polyclonal anti-biotin Fab-biotin and monoclonal
anti-biotin  1gG-biotin complexes through the nanopore. In the absence of the
biotinylated lipids, the frequency of events was found to be 500-fold lower than in the
presence of the capture sites. This original approach suggested that such a strategy could
prove useful for the detection and analysis of proteins from dilute solutions, and also
could be used to slow down the molecular transit through the nanopore in order to obtain
information about the affinity of proteins to different ligands based on the frequency of
events generated. Finally, the analysis of molecules known to aggregate and adhere to
solid-state surfaces such as the amyloid-beta (AB) peptides related to Alzheimer’s
disease was possible with the lipid-coated nanopores. This finding will likely prove
useful for the future study of real-time aggregation of other amyloidogenic peptides
involved in protein misfolding diseases (Yusko et al., 2011).

1.1.3.5 Nanopore sensing of protein-antibody complexes

Differentiation between the transit of proteins and that of protein-antibody
complexes through synthetic pores was possible based on the same principles of
detection. Colloid particles decorated with streptavidin generated larger blockade
currents when translocating micrometer polydimethylsiloxane pores in the presence of
specific monoclonal antibodies than in their absence, indicating the concentration-
dependent formation of protein-antibody complexes on the surface of the colloidal
particles (Saleh and Sohn, 2003). Siwy et al. demonstrated that the ionic flow through
gold-plated poly(ethyleneterephtalate) (PET) conical nanopores fabricated through the
track-etch method is permanently stopped if molecular recognition agents such as
protein G, ricin or biotin immobilized on the pore’s wall surface are exposed to a

solution of IgG, antiricin antibody, and streptavidin, respectively (Siwy et al., 2005).
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More recently, in a similar approach using glass nanopipettes functionalized with
covalently-attached 1gG molecules, Umehara et al. successfully detected the specific
binding of cancer biomarker proteins (Umehara et al., 2009). With sub-micrometer glass
pores, Uram et al. were able to determine the number of antibodies bound to viral
particles without immobilization by observing the change in particle volume upon
antibody binding as reflected in the translocation parameters (Uram et al., 2006). The
binding of BSA to a Fab fragment from a BSA-binding antibody was detected with
gold-plated PET conical nanopores (diameter 9-27 nm). The current blockade signatures
generated by the translocation of the BSA-Fab complex could be easily distinguished
from those of the free Fab and also from signatures of a control protein which did not
bind the Fab fragment. Details about the size and stoichiometry of the complex could
also be obtained. An important discovery of this research was that the complex
generated smaller blockade currents than BSA. This is explained by the fact that the
change in size of the complex is compensated by the change in charge, in agreement
with observations from DNA translocation experiments (Smeets et al., 2006a; Sexton et
al., 2007). The authors concluded that to detect current blockades, the size of the narrow
tip diameter of the conical pore must be comparable to the diameter of the analyzed
species (Sexton et al., 2007). Furthermore, the specific interaction between the B-human
chorionic gonadotropin hormone with its specific monoclonal IgG in a dose-dependent
way was also demonstrated. The resulting hormone-antibody complex’s electrophoretic
mobility proved to be higher than that of the individual components which explained the
lack of events upon addition of the hormone to the antibody solution (Han et al., 2008).
These findings supported the fact that sensing with solid-state nanopores can be
successfully employed for immunoassays without the need for specific labeling,

immobilization, or amplification steps required in traditional approaches.

1.1.3.6 The effect of alternating current on nanopore sensing

Until recently, the nanopore sensing experiments have been conducted almost
exclusively using direct current (DC) measurements. A few groups have looked at the
effects of alternating current (AC) on nanopore conductance and on the interaction of

different analytes with the nanopore, suggesting significant advantages over the DC
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approach. By superimposing a 25 Hz, 20 mV sine wave on the applied DC bias, Wilk
and coworkers were able to measure the AC conductance of the OmpF porin of E. coli
and found a linear dependence of the pore conductance on the electrolyte concentration
(Wilk et al., 2006). Ervin et al. confirmed the AC conductance values of OmpF obtained
by Wilk et al. and also successfully measured the AC conductance value of the a-
hemolysin channel during similar experiments (Ervin et al., 2007). a-hemolysin’s AC
and DC conductance values in 1.0 M KCI and 10 mM phosphate buffer (pH 7.4) were
found to be very similar (0.95 £ 0.08 nS and 0.89 + 0.09 nS, respectively). Furthermore,
the conductance of both channels for infinite electrolyte dilutions revealed non-zero
values which indicated that only three mobile counterions contribute to the net
conductivity of the a-hemolysin nanopore (Ervin et al., 2007).

There is a twofold advantage of using a low AC voltage (10-20 mV rms)
superimposed on a low DC voltage (10-50 mV) instead of unique large DC voltage (50-
100 mV). First, the electrostatic interference on binding kinetics and deformations of the
molecules are reduced. Second, the electroosmotic and electrophoretic effects of the
high electric field on the molecular and ionic transport through the nanopores are
minimized (Ervin et al., 2007). These effects enable a more accurate measurement
which was observed during the reversible binding of heptakis-(6-O-sulfo)-p-
cyclodextrin and of a nine base pair DNA hairpin molecule to the a-hemolysin nanopore
(Ervin et al., 2008). Increasing the number of inserted a-hemolysin nanopores from 1 to
26 resulted in a significant increase in sensitivity without the generation of highly
complex current traces because simultaneous events proved to be highly improbable
(Ervin et al., 2009).

More importantly, the effect of alternating electric fields on DNA interaction with
nanopores may prove useful for the development of the future DNA sequencer as
observed in molecular dynamics simulations experiments (Sigalov et al., 2008). In these
simulations, a nanopore fabricated in a silicon-based membrane was designed to
function as a capacitor with two conductive layers separated by an insulator layer
(Figure 1.8). The alternating potential which drove single-stranded DNA molecules back
and forth inside the nanopore was applied through one pair of electrodes (Vext) While the

sequence-specific electric potentials generated by the DNA movement were measured

35



Figure 1.8. Design of a synthetic nanopore for DNA sequencing. The single DNA
molecule is driven back and forth inside the nanopore by an applied alternating potential
Vex. An insulating SiO, membrane (grey) separates two conductive plates (yellow)
which act as electrodes (Vip and Vi) and measure the electrostatic potentials
determined by the motion of DNA. (Reprinted by permission from Sigalov et al., 2008.
Copyright American Chemical Society 2008).
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by the two conductive membrane layers acting as a second set of electrodes (Vi and
Vpottom) (Sigalov et al., 2008).

Experiments combining AC and DC measurements have been recently reported
(Lathrop et al., 2010). A DC voltage was used to drive a 12 base pair DNA hairpin with
a 50 nucleotide poly-A tail into the a-hemolysin pore followed by the deactivation of the
DC voltage and monitoring of the channel conductance only with an AC voltage
applied. The time required for the DNA hairpin to exit the nanopore was found to be
dependent on the DC and AC voltages applied (0-100 mVy. and 20-250 mV,), AC
frequency (60-200 kHz) and temperature (-10 to +20°C). In this way, the activation
enthalpy energy and the asymmetry factor associated with the DNA hairpin escape from
the nanopore could be directly determined. The authors showed an improved signal-to-
noise ratio of the current traces when AC rather than DC voltages were used and
anticipated that at frequencies higher than 200 kHz the AC field variation may become
faster than the response time of the DNA molecules. In this situation, the effect of the
AC field on the molecular interactions with the nanopore would be diminished (Lathrop
etal., 2010).

1.2 Bioanalytical applications of single-molecule nanopore sensing

The array of nanopore sensing experiments indicates a wide range of possible
bioanalytical applications for this single-molecule analysis technique. The DNA and
RNA sensing experiments show potential for the development of a high throughput
sequencing method, while the nanopore force spectroscopy approach could prove useful
as a rapid clinical genotyping technique (Nakane et al., 2004; Tropini and Marziali,
2007; Zhao et al., 2007). In this way the identification of single nucleotide
polymorphisms (SNP) will allow the study of disease genetics and pharmacogenomics
(Mirsaidov et al., 2010). Epigenetic modifications detected in the manner reported by
Stoddart and coworkers may play an important role in the early detection of cancer and
at the same time in the development of personalized genomic medicine (Stoddart et al.,
2009; Mirsaidov et al., 2010; Stoddart et al., 2010).

On the other hand, the ability of nanopore sensing to detect different degrees of

protein folding/unfolding or aggregation and to distinguish between different protein
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conformations without the need of substrate labeling or immobilization, may make this
method of analysis a tool for the understanding of protein misfolding diseases such as
prion diseases, Alzheimer’s and Parkinson’s disease (Stefureac et al., 2010a).

Besides these mainstream applications, nanopore sensing with genetically
engineered pores has shown promise as a detection tool for dangerous molecules such as
2,4,6-trinitrotoluene  (TNT), liquid  explosives, organoarsenic  compounds,
organophosphorous nerve agents and nitrogen mustards which could be used in terrorist
warfare (Shin et al., 2002; Guan et al., 2005; Jayawardhana et al., 2009; Wang et al.,
2009). Furthermore, while some groups have employed nanopores as molecular
biosensors for biological toxins such as ricin and anthrax with the aid of specific
antibodies, others have coupled pores with molecular adapters to detect therapeutic
drugs in solution (Gu et al., 1999; Halverson et al., 2005; Siwy et al., 2005).

1.3 Other single-molecule techniques

Besides nanopore sensing, other techniques that allow the study of individual
molecules have been developed. Four of the most common of these analytical methods
together with their applications are briefly presented here.

A technique capable of determining intra- or intermolecular distances is fluorescence
resonance energy transfer (FRET). The method can determine distances ranging from 2-
8 nm by measuring the efficiency of energy transfer between a donor and an acceptor
fluorophore attached to the molecules of interest (Ha, 2001). The variation in the
distance between the two fluorophores as reflected in the efficiency of energy transfer
indicates a conformational change of a molecule or its movement relative to another
(Selvin, 2000). FRET has been extensively used to study nucleic acid folding and
dynamics, conformational changes of proteins, protein-protein interaction within cell
membranes and movement of large macromolecular complexes (Deniz et al., 2000; Sako
et al., 2000; Zhuang et al., 2000; Sako and Yanagida, 2003; Diez et al., 2004; Ha, 2004;
van Holde and Zlatanova, 2006).

Optical tweezers represent the most sensitive single-molecule technique for
measuring linear force and motion (Walter et al., 2008). This method uses a highly-

focused light beam capable of levitating a micrometer-size polystyrene bead to which
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single molecules can be attached. If the bead is moved from the beam’s center of focus
by an external force, the light beam will respond with a proportional opposing force
which is measured by interferometry (Bustamante et al., 2008; Spudich et al., 2008).
Individual molecules can be tethered between one optical tweezer and a fixed surface or
between two optical tweezers and be pulled mechanically to unravel the force needed to
unfold proteins or RNA molecules as well as the interaction force between two proteins
(Williams and Rouzina, 2002; Abbondanzieri et al., 2005; Bechtluft et al., 2007).
Interaction forces between 0.1-300 pN can be measured with this analytical technique
(Walter et al., 2008). The coupling of optical tweezers with nanopore sensing proved to
be an advantageous combination for measuring the electric force acting on translocating
DNA molecules (Keyser et al., 2006; Dekker, 2007). In these experiments, the
polystyrene bead of the optical tweezers was coated with A-DNA molecules and was
placed in the proximity of a solid-state nanopore in an electrolyte solution. An applied
voltage drove the A-DNA molecule into the nanopore exerting a force on the attached
polystyrene bead which moved out of the focus center of the optical tweezers until the
electric and optical forces were balanced. With this ingenious setup, the authors
observed that the force acting on the DNA molecule increased linearly with the applied
voltage at a value of 0.24 pN/mV (Keyser et al., 2006).

Magnetic tweezers have similar applications as optical tweezers but with a different
functional principle. In this case a magnetic microbead is suspended in an external
magnetic field and can be used to measure both force and torque by rotating or pulling
the magnet (Lionnet et al., 2008; Walter et al., 2008). This method proved useful for
studying DNA elasticity and protein-DNA interactions (Strick et al., 1996; Charvin et
al., 2005; Gore et al., 2006).

Atomic force microscopy (AFM) is a single-molecule technique which can be used
for imaging and force measurement. Briefly, a very sharp tip is mounted at the end of a
flexible cantilever. A laser beam is shone onto the cantilever and its reflection is
detected by a photo diode. The change in the position of the cantilever is detected as a
variation in the position of the reflected beam on the photo diode. Moving the cantilever
across different surfaces generates an AFM map or image of the respective surface. In

this way, the morphology of single molecules such as membrane proteins, nuclear pore
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complexes or bacterial porins can be determined (Muller et al., 1996; Stoffler et al.,
1999; Jaroslawski et al., 2007). The method is also a force spectroscopy tool allowing
higher force measurements (10-10,000 pN) than the molecular tweezers. Mechanical
properties of single molecules can be measured with subnanometer and pN resolution by
attaching one end of the molecule to the tip of the cantilever and the other to a movable
flat plane. Cell adhesion, protein folding and protein-protein interactions can be
investigated with AFM (Rabbi and Marszalek, 2008).

Although these methods of analysis are extremely sensitive and are successfully
employed in single-molecule studies, they require substrate immobilization and/or
labeling which slows down the speed of detection by increasing the preparation times

and costs of operation.

1.4 Prions

Prions are very small infectious pathogens of proteinaceous nature responsible for a
fatal neurodegenerative group of diseases called transmissible spongiform
encephalopathies (TSEs) or prion diseases (Prusiner, 1982). Prion diseases are caused by
the conformational conversion of the cellular prion protein (PrP<), a normal component
of the central nervous and lymphatic systems, into the infectious scrapie isoform (PrP>°)
under the influence of the exogenous PrP>* through a domino-like mechanism (Prusiner,
1991, 1998). Fourier-transform infrared spectroscopy measurements of the two PrP
isoforms showed an a-helical content of 42% and 3% [-sheet for PrP¢, whereas Prp
had 30% a-helical and 43% [B-sheet content (Pan et al., 1993). The misfolded proteins
aggregate, forming amyloid fibrils and plaques in the neuronal tissue, which in turn lead
to neuronal apoptosis and death of the subject. Since both prion proteins have the same
sequence, TSEs are the only known diseases in which the target and the infectious agent

are the same (Prusiner, 2001).

1.4.1 Structure and function of the prion protein

PrP¢ is encoded by a small, single copy gene called Prnp present on chromosome

20. PrP® is normally expressed at the presynaptic membrane of neurons, glia cells,
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lymphoid tissues, gastroepithelial cells, heart, kidney and muscle (Brown et al., 1998a;
Sales et al., 1998). PrP® involvement in the central nervous system explains the
neurodegenerative effects determined by the newly-formed PrP* aggregates
(Kretzschmar et al., 1986). The human PrP° is synthesized and released into the
endoplasmic reticulum (ER) lumen as a 253 amino acid polypeptide chain. In the ER
lumen, the N-terminal signal peptide (amino acids 1-22) is cleaved and two N-linked
carbohydrate moieties are attached at positions N181 and N197 (Figure 1.9a) (Gaggelli
et al., 2006). The carbohydrate moieties have the role of stabilizing the structured parts
of the protein (Zuegg and Gready, 2000). The protein is linked to the outer cell
membrane through a glycosylphosphatidylinositol anchor (GPI anchor) that is
synthesized in the endoplasmic reticulum and attaches at position 230 (Caughey, 1993)
(Figure 1.9). The GPI anchor enables the protein to be cycled back and forth from the
endosome by exocytosis and maintains the protein at 0.9-1.3 nm from the membrane
surface (Shyng et al., 1995; Caughey and Chesebro, 1997; Zuegg and Gready, 2000).
The mature PrP® is 208-209 amino acids long with a molecular weight of ~35 kDa
(Hegde et al., 1998; Aguzzi and Calella, 2009).

The structural analysis of recombinant PrP© from various species confirmed that the
overall structure of the protein is globular (Riek et al., 1996; Viles et al., 2001; Kuwata
et al., 2004; Calzolai et al., 2005). Moreover, a high level of structural homology
between bovine and human PrP® has been found and both proteins have the same global
architecture (Lopez Garcia et al., 2000). The NMR structural studies of recombinant
PrP® from all species revealed the presence of three a-helices, a short antiparallel B-sheet
segment and a flexible disordered N-terminal region (L6pez Garcia et al., 2000) (Figure
1.9b). In the bovine prion protein, for example, residues 144-154 form Helix 1, residues
173-194 form Helix 2 and residues 200-226 form Helix 3. It is worth mentioning here
that Helix 2 and Helix 3 are connected by a disulphide bond between residues 179 and
214, the only one present in the structure of the prion protein. The short B-sheet segment
comprises the residues 128-131 and 161-164 (L6pez Garcia et al., 2000). The disordered
N-terminal region extends over 108 residues and contains four identical glycine-rich
octapeptide repeats (residues 51-91 PHGGGWGQ) that can bind preferentially up to
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Figure 1.9. The structure of PrP® and biochemical properties of PrP® and PrP*¢. Panel
(a) illustrates the primary structure and posttranslational modifications of PrP. The
secretory signal peptide situated at the N-terminus (yellow), the octarepeat region (OC)
(blue), the charged cluster (CC)(pink), the hydrophobic core (HC)(green), the
glycosylation sites (CHO), the disulfide bond (S-S), the proteinase K digestion sites
(PK), the membrane anchor (MA) and glycosylphosphatidylinositol (GPI). Panel (b)
shows the tertiary structure of PrP® inserted in a lipid bilayer as obtained by NMR and
panel (c) the biochemical properties of PrP® and PrP>. (Reprinted by permission from
Aguzzi et al., (2008). Copyright 2008 by Annual Reviews).
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four divalent copper atoms (Pan et al., 1992; Hornshaw et al., 1995; Brown et al., 1997,
Viles et al., 1999; Brown et al., 2001a) (Figure 1.9).

There are continuing discussions about the normal physiological function of the
PrP®. One of the most important is that the protein is a mediator in copper transport and
homeostasis in the brain. It has been shown that copper binding to the octapeptide repeat
region of PrP is a pH-dependent process starting at pH 6, reaching a maximum at pH 7.8
and decreasing drastically at acidic pH values (Viles et al., 1999; Whittal et al., 2000).
This discovery suggested a pH-dependent molecular mechanism by which PrP binds
Cu® in the extracellular matrix and releases it within the endosome. The shuffling
movement between the synaptic space and the endosome suggested that PrP® may have
a role in the synaptic transduction of the nervous signal (Mouillet-Richard et al., 2000;
Lee et al., 2001). Furthermore, addition of Cu** to PrP® causes the protein to become
protease-resistant and detergent insoluble, properties characteristic of PrP*® (Quaglio et
al., 2001). Another important function of PrP® is its antioxidant activity and it has been
shown that the protein can act as a copper-based superoxide dismutase, protecting the
neuronal cells against reactive oxygen species (Brown et al., 1997; Brown et al., 1999;
Vassallo and Herms, 2003). The superoxide dismutase activity ceases when the N-
terminal part of PrP® comprising the octapeptide repeats is removed (Sakudo et al.,
2003). Studies of PrPC-deficient cerebellar cells from mice showed that the nervous cells
were more sensitive to oxidative stress than the wild-type cells, indicating a very
important role in neuroprotection and even memory formation (Martins and Brentani,
2002; Coitinho et al., 2006). Furthermore, PrP has been shown to interact with a variety
of proteins, as well as with DNA and RNA, suggesting a cell signaling or protein
modulation role (Nandi, 1997; Deleault et al., 2003; Caughey and Baron, 2006; Lima et
al., 2006; Marc et al., 2007; Aguzzi et al., 2008).

Although PrP-null mice (Prnp®°

) develop normally and are resistant to prion
inoculation, subtle abnormalities in circadian rhythm regulation, neuronal myelination
and olfaction have been reported (Bueler et al., 1992; Collinge et al., 1994; Tobler et al.,
1996; Nishida et al., 1999). On the other hand, Prnp knockout mice (Prnp™), with the
exception of Zurich I mice, presented ataxia and loss of Purkinje cells towards the end of

their lives (Sakaguchi et al., 1996; Rossi et al., 2001).
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The conversion mechanism of the normal PrP® protein into the pathogenic PrP* is
not completely elucidated. What is certain is that PrP® is converted into PrP> under the
catalytic effect of exogenous PrP>® which acts as a template for changing the native PrP©
folding (Borchelt et al., 1992; Aguzzi and Polymenidou, 2004). Currently, the template-
directed refolding and the seeded nucleation are the two generally accepted models for
the conformational conversion of PrP® into PrP* (Aguzzi and Calella, 2009). Recent
studies have revealed that de novo formation of PrP*° is not physiologically favored and
other accessory proteins may be involved (Telling et al., 1995; Wong et al., 2001).

Unlike the normal isoform, PrP* is resistant to protease K digestion, forms
aggregates and does not bind copper (McKinley et al., 1983; Meyer et al., 1986; Hope et
al., 1988; Shaked et al., 2001). The lack of copper binding indicates that structural
modifications in the octapeptide repeat regions of the N-terminal domain of the protein
take place in PrP*°. Optical spectroscopy measurements confirmed the refolding of the
residues situated between positions 90 and 140 into B-sheets in PrP>® (Huang et al.,
1996). In other words, both the octapeptide repeat and helix 1 are transformed into a left-
handed B-helix that becomes the N-terminal part of PrP> (Ziegler et al., 2003) (Figure
1.10). On the other hand, electron-crystallographic data showed that the helical
subdomain formed by helices 2 and 3 remains unchanged, being held in place by the
disulphide bond which is required for PrP>® formation (Muramoto et al., 1996; Wille et
al., 2002). Both PrP*° and the PrP 27-30 fragment (residues 90 to 231) that results after
protease K digestion of PrP*® have been found to contain the p-sheet helix and to have
the ability to polymerize into amyloid fibrils (Prusiner et al., 1983; Caughey et al.,
1991).

Interestingly, recent experiments showed the formation of B-sheet fibrils when
stoichiometrically-mixing two synthetic short peptides belonging to the unstructured N-
terminal end of bovine PrP. Addition to the mix of a third peptide derived from Helix 1
abolished the formation of the fibrils, underlining the important role of Helix 1 in
preventing aggregation (Tahiri-Alaoui et al., 2003). Synthetic peptides were further used
to identify the amino acid sequences that could be involved in PrP fibrillogenesis and
toxicity. In 1993, Forloni et al. determined that the peptide comprising residues 106 to

126 has a high propensity for fibril formation and induces cell death in neuronal cultures
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Figure 1.10. Schematic view of the structural conversion of PrP® into PrP*. The
octapeptide repeat and helix 1 are transformed into a left-handed B-helix that becomes
the N-terminal part of PrP> while helices 2 and 3 are maintained in both isoforms.
(Reprinted by permission from Ziegler et al., 2003. Copyright American Society for
Biochemistry and Molecular Biology 2003).
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(Forloni et al., 1993). The authors showed that the palindromic region AGAAAAGA
(residues 113 to 120) is particularly important for the toxicity when PrP® is expressed
(Brown et al., 1994). The fact that this particular region of the protein can acquire
different secondary structures depending on the pH, the bound metal ions and the
presence of lipids suggested that it could represent the site where the conformational
change of PrP® to PrP*¢ initiates (Muramoto et al., 1996; Jobling et al., 2001; Grasso et
al., 2004; Di Natale et al., 2005).

1.4.2 Prion diseases

Prion diseases were originally identified as scrapie disease in sheep and later as
bovine spongiform encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in
mule deer and elk, transmissible mink encephalopathy (TME) in mink and feline
spongiform encephalopathy (FSE) in cats (Klatzo et al., 1959; Hartsough and Burger,
1965; Roos et al., 1973; Williams and Young, 1980; Wells et al., 1987). In humans,
prion diseases can be genetic such as familial Creutzfeld-Jakob disease (fCJD), fatal
familial insomnia (FFI) and Gerstmann-Straussler-Scheinker syndrome (GSS),
infectious such as Kuru and the variant Creutzfeld-Jakob disease (vCJD), or sporadic
such as sporadic Creutzfeld-Jakob disease (sCJD) (Gambetti et al., 1995; Ghetti et al.,
1995; Wood et al., 1997; Lezmi et al., 2003; Lysek et al., 2005). Although prion
diseases share a variety of clinical symptoms such as dementia, myoclonus, ataxia,
paralysis, insomnia and wasting syndrome, the speed of progression differs from one
disease to another (Weissmann, 1996; Zahn et al., 2000).

The first reports of scrapie date back to 1732 in England while its etiology remained
unclear for the following 250 years (Prusiner, 1982). The transmission mechanism in
sheep is still not well understood although the general consensus is that it occurs orally,
maternally or through tissue scarification (Hadlow et al., 1982; Taylor et al., 1996;
Hunter et al., 1997; Ligios et al., 2005). Polymorphisms at three different codons in the
PrP gene indicate a relationship between the host genotype and the prion strain
conferring different degrees of susceptibility to scrapie (Westaway et al., 1994).

The BSE or “mad cow’ disease epidemic in England during the second half of the

1980s was probably caused by contamination of the meat and bone nutritional
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supplement fed to cattle which contained sheep prions (Wilesmith et al., 1991). More
importantly, BSE prions could be transmitted to humans through meat consumption and
the disease was identified as vCJD in 1996 (Will and Zeidler, 1996). Although the
incidence of BSE has been kept under control by ending the practice of feeding cattle
prion-contaminated meals, the disease has not completely disappeared. The 2003 BSE
outbreak in Canada has had a huge negative impact on the country’s beef industry and
the search for a pre-mortem detection method continues.

CWD is the only prion disease naturally occurring in free ranging wild animals and
was first described in captive mule deer in Colorado, USA in 1967 (Gilch et al., 2011).
The disease is horizontally transmitted to cattle and sheep through environmental
contamination and possibly to humans through deer or elk meet consumption (Miller et
al., 1998; Gross and Miller, 2001). The infectious agent of CWD has been detected in
lymphoid  tissues, saliva, urine and feces of contaminated animals.
Immunohistochemical testing of cervid tonsils is used to monitor the spreading of the
disease throughout North America and a wild-life vaccine is currently in the making for
therapy (Wild et al., 2002; Wolfe et al., 2002; Gilch et al., 2011).

TME is a sporadic disease with a rapid incubation period of 7-12 months (Marsh,
1976). Identified in 1947 in Wisconsin and Minnesota and described in 1965, TME is
believed to originate from oral consumption of scrapie or BSE contaminated feed
(Hartsough and Burger, 1965; Marsh et al., 1991; Liberski et al., 2009). The fact that the
TME agent previously passed through cattle showed high infectivity in mink represents
a clue for the existence of strain variation (Marsh and Bessen, 1994; Bartz et al., 2002).

FSE has been reported in the United Kingdom since the 1990s in domestic cats as
well as other feline species in zoos around the world. Studies of FSE cases in captive
cheetahs reported a concomitant lymphatic and neural spread of the FSE agent through
the body as well as maternal and hematogenous transmission of infectivity (Lezmi et al.,
2003; Bencsik et al., 2009; Eiden et al., 2010).

In humans, Kuru was first discovered in the Fore tribe of Papua New Guinea, an
isolated community that practiced cannibalistic rituals (Gajdusek and Zigas, 1957). The
transmission of the disease occurred through the consumption of contaminated brain of

deceased relatives and spread throughout the families (Klitzman et al., 1984). A decline
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in incidence was observed once the cannibalistic rituals ceased and presently the disease
Is disappearing. The long incubation times observed for Kuru and other CJD cases were
found to be dependent on a polymorphism at PrP codon 129. Heterozygosity
(methionine/valine) at this codon increased the incubation time and resistance to prion
diseases (Collinge et al., 2006).

Several types of CJD have been described and classified based on their etiology. For
example sporadic CJD (sCJD), which accounts for about 85 % of human TSEs, appears
in the absence of infective or genetic factors (Aguzzi and Calella, 2009). Homozygosity
at PrP codon 129 seems to be a predisposing factor for the disease (Palmer et al., 1991).
Although the source of sCJD remains unknown, the iatrogenic form (iCJD) of the
disease is transmitted through contaminated neurosurgical instruments, grafts,
contaminated human pituitary hormone solutions and EEG electrodes (Nevin et al.,
1960; Koch et al., 1985; Brown, 2000). Familial TSEs such as fCJD, GSS and FFI are
caused by a number of autosomal dominant pathogenic mutations in the Prnp gene. In
fCJD, besides a large number of reported point mutations, there can also be an increase
in the number of N-terminal octapeptide repeats which are involved in causing the
disease (Owen et al., 1989). Clinically, there is a rapid development of dementia and
myoclonus unlike GSS which is characterized by a later onset of dementia (Hainfellner
et al., 1995). GSS is a very rare inherited prion disease due to point mutations at PrP
codons 102, 117 and 198 among others (Hsiao et al., 1989; Prusiner, 1989). In FFlI,
thalamo-limbic dysfunctions determined by a single point mutation (D178N) coupled
with the polymorphism of codon 129 were manifested through complete loss of sleep,
somato-motor abnormalities and sterility (Gambetti et al., 1995; Montagna, 2005, 2011).

The major international concern is the transmission of BSE to humans as the new
variant CJD (vCJD) through contaminated meat consumption (Collinge and Rossor,
1996; Will and Zeidler, 1996). The disease is characterized by an early onset age with
distinct clinico-pathological manifestations and long duration. Interestingly, recent
studies report that disease transmission has only occurred in individuals who were
methionine homozygous at PrP codon 129 (Haik and Brandel, 2011). Although the
incidence of the disease has markedly decreased since 2004, new cases caused by

contaminated blood transfusions have been confirmed (Peden et al., 2004). These
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reports again underline the acute need of a sensitive prion detector for blood supply
screening in hospitals.

1.4.3 Prion strains

The phenotypic diversity observed both in animal and human prion diseases, as well
as the species barrier, can be explained through the existence of prion strains. These
strains were observed initially in goats with scrapie which developed two distinct
clinical syndromes termed “hyper” and “drowsy” according to their respective
manifestations (Pattison and Millson, 1961). Furthermore, it was demonstrated that
inoculations with isolates of each prion strain successfully transmitted their respective
syndrome to the recipients. Later, strains started to be identified based on the difference
in incubation times and neuropathologic profiles, while it was discovered that new
strains can result upon passage from one species to another (Fraser and Dickinson, 1973;
Kimberlin et al., 1987). Generally the different prion strains were proved to be produced
by the existence of several PrP* isoforms that could be distinguished based on their
conformation, glycosylation state and size of the fragment generated by proteinase K
digestion (Figure 1.11B) (Bessen and Marsh, 1992; Medori et al., 1992; Parchi et al.,
1996). A brief description of the strain mechanism is that one or more of the PrP*
isoforms from the mixture combine with the host PrP® into distinct misfolded PrP
polymers during the prion infectious cycle and continues to propagate, causing a specific
prion disease characteristic of the respective prion strain (Figure 1.11) (Collinge and
Clarke, 2007). Thus, the existence of strains in prion diseases is intimately linked to the
individual conformations of the original exogenous PrP>* molecules and is not due to
modifications in the DNA coding sequence (Halfmann and Lindquist, 2010). The
selection of a particular prion strain from the mixture to propagate in a given host is
directed by the structural compatibility between PrP* and the host PrP¢, which in turn
depends on the amino acid sequence of the host PrP® (Collinge, 2010). This conclusion
also explains the species barrier, by facilitating the transmission of prions between
species with high degrees of similarity in the primary structure of PrP® and prohibiting
the transmission in species with low degrees of structure similarity. Furthermore, the

presence of PrP® polymorphisms lowers the susceptibility of transmission even within

49



A B E. Incubation

\, period
Q)Monomers Strain 1 Fiber %» T fem| prpse
20—guiEEy - guias o g 5| (g7 0
& ¢Fragmentation e\
- -
s G: G:
Strain 2 4: _g 5—» E—
%Q_,o“m_,“mo
J66006 oooro €rF £
o
0 668> 66 ¢
466 606 -, -
N 22,«35 (i, =
&b Strain 3 ‘D‘: ‘,\:
Q0 -9AAAAA _AAAAAA c ©
QAAAAA "AAAAAA m ) Tam, . -
l G
A2 aaa o
o e A\
s AT ié ) 4D, — -
‘ Strain 4 . A"'-. ./'“_
00000000 000000 o -
Q00000 000000 =
A | D o I -
—...000 000 -
000 000 o —— T
W W5 }g} — o ., — N
‘% ’ oo
R,
e =

Figure 1.11. Prion strain propagation. Panel (A) shows the propagation of different
prion strains by the template-directed refolding mechanism during which PrP©
molecules are recruited by the PrP* polymer and converted to PrP>® by autocatalysis.
The PrP*° fibers fragment to generate more infectious templates. Panel (B) shows that
strains can be differentiated based on their incubation times (arrow lengths),
neuropathology (brain areas affected) and PrP*® fragments (western blots). Panel (C)
shows that strains may maintain their properties even after passages in several other
species with distinct PrP® sequences. (Reprinted by permission from Collinge and Clark,
2007. Copyright 2007 AAAS).
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the same species as was reported for the PrP codon 129 polymorphism (Collinge et al.,
2006). When such a transmission barrier exists, the prion propagation can either be
stopped, necessitate longer incubation times, or the prion strain may mutate into a new
strain which will be able to accommodate that particular PrP€ conformation breaking the
transmission barrier. The resulting new strain may be more or less infective than the
original strain which is a situation of great concern for public health especially in the

case of potential CWD transmission to humans (Angers et al., 2010).

1.4.4 Metal affinity of the prion protein

The normal function of PrP® appears to be intimately related to its ability to bind
metal ions. Although PrP® binds preferentially to redox-active metals such as Cu(Il) and
Fe(Il), it was showen to also bind Zn(I1), Mn(ll) and Ni(ll), albeit with much lower
affinities (Brown et al., 1997; Brown et al., 2000; Jackson et al., 2001; Millhauser,
2004; Basu et al., 2007; Walter et al., 2007; Brazier et al., 2008). Cu(ll) and Zn(Il) bind
within the N-terminal octapeptide repeat region. The normal PrP® contains four
PHGGGWGQ octapeptide repeats which can bind up to four Cu(ll) or Zn(ll) atoms
(Figure 1.12). Crystallographic and spectroscopic studies confirmed the octarepeat
binding units and the coordination partners of the Cu(ll) at full occupancy involving the
histidine imidazole, two deprotonated glycine amides, the glycine carbonyl and a water
molecule forming a square pyramidal complex (Figure 1.12A) (Burns et al., 2003). Two
aditional Cu(ll) binding sites involving His 96 and 111 have also been identified
together with three probable sites within the globular C-terminal domain of the PrP®
(Walter et al., 2009). Multiple coordination modes with variable neurotoxic activities
have been proposed to exist as a function of the degree of metal ion occupancy (Pushie
and Vogel, 2009). Cu(ll) binding to PrP® starts at His 96 and His 111 and subsequently
continues in the octapeptide repeat region (Klewpatinond et al., 2008). Interestingly,
Cu(ll) and Zn(Il) binding to the octapeptide repeat region caused conformational
changes dependent on the number of atoms bound, triggering PrP endocytosis and
aggregation as well as fibril formation inhibition (Figure 1.12B) (Burns et al., 2003;
Klewpatinond and Viles, 2007; Millhauser, 2007; Walter et al., 2007; Stevens et al.,
2009). Addition of a large excess of Zn(11) (>1 mM) to Cu(11)-bound PrP® molecules did
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Figure 1.12. Cu(ll) coordination of PrPC. Panel (A) presents the location of the Cu(ll)
binding sites along the PrP® sequence and the two Cu(ll) coordination modes. Panel (B)
presents the three-dimensional conformation of the PrP® molecule with five Cu(ll)
bound. (Reprinted by permission from Burns et al., 2003. Copyright American Chemical

Society 2003).
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not displace the bound Cu(ll), confirming the higher affinity of PrP® for Cu(ll) (~10
nM) as compared to Zn(Il) (~200 uM) (Walter et al., 2007; Viles et al., 2008; Nadal et
al., 2009). The increase in the number of octapeptide repeats by up to five additional
inserts has been associated with the pathology of CJD by creating a Cu(ll) imbalance in
the brain which increased the neurotoxicity and decreased the onset age of the disease in
humans from over 60 years to about 30-40 years of age (Goldfarb et al., 1991;
Krasemann et al., 1995; Stevens et al., 2009).

PrP® appears to play an important part in the cellular uptake and transport of iron
through a yet-unknown mechanism (Singh et al., 2009a; Singh et al., 2009b). Although
the exact location of the binding sites of iron to PrP® has not been identified,
experiments showed that iron binding is dependent on the protein’s secondary or tertiary
structure since complete PrP® denaturation results in the release of all bound iron (Singh
et al., 2010). However, PrP affinity for iron is low in comparison to other iron binding
proteins such as ferritin or transferrin which regulate iron metabolism in the cells (Singh
et al., 2010; Brown, 2011a).

A Mn(I1) bound form of the prion protein was isolated from experimentally-infected
mice brains and it has been shown to promote and initiate prion aggregation (Thackray
et al., 2002; Giese et al., 2004; Brazier et al., 2008). Isothermal titration calorimetry
measurements have identified a low affinity Mn(Il) binding site (~200 uM) within the
octapeptide repeat region and a high affinity Mn(Il) binding site (~ 63 uM) located
around His 95 (Brazier et al., 2008). While the coordination mode of Mn(ll) is currently
unknown, recent studies show that it most probably differs from that of Cu(ll), causing
the prion protein to adopt a structurally distinct conformation as indicated by circular
dichroism measurements (Thompsett and Brown, 2007; Zhu et al., 2008; Brown,
2011b).

1.4.5 Inactivation, therapeutics and treatment of prion diseases

It is a well-known fact that prions are resistant to disinfectants and heat as well as to
ionizing and UV radiation (Alper et al., 1966, 1978). Prion inactivation methods include
autoclaving at 134°C for 5 hours, treatment with concentrated NaOH and NaOCI

solutions for 2 hours at room temperature, or with a H,O,/alkaline detergent mixture at
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55°C for 10 minutes or a combination of these methods (Prusiner et al., 1983; Fichet et
al., 2004; Schmitt et al., 2010). Gas plasma sterilization has recently proved effective for
the decontamination of sensitive medical instruments infected with prions (Fichet et al.,
2004; Okpara-Hofmann et al., 2005).

As far as antiprion therapeutics are concerned, a very large number of molecules
have been tested as potential antiprion agents both in cell culture as well as in animal
model systems. A variety of polyamine dendrimers such as polypropyleneimine,
polyethyleneimine, polyamidoamine and lipopolyamines were successfully used to
eliminate the detection of PrP* in previously PrP* infected neuroblastoma cells
(ScN2a) (Supattapone et al., 1999; Winklhofer and Tatzelt, 2000; Supattapone et al.,
2001; Solassol et al., 2004). Sulfated polyanionic glycans (pentosan polysulfate and
dextran sulfate) proved effective in inhibiting PrP>® formation and accumulation in
scrapie infected cells probably by affecting the attachment of glycosaminoglycans to the
prion protein which is required for prion infectivity (Caughey and Raymond, 1993).
Phosphorothioate oligonucleotides were found to share common binding sites with the
sulfated glycans on the PrP*® molecule and increased survival times if added at the same
time with the scrapie inoculums (Kocisko et al., 1994). The dye Congo red, a disulfated
molecule, destabilizes PrP>® amyloids and inhibits their formation through a similar
mechanism in cells (Caughey et al., 1993). Although intracerebral and subcutaneous
administration of Congo red and some of its derivatives to animal models slowed down
prion disease progression in scrapie infected hamsters, these compounds failed to
completely cure the disease (Poli et al., 2004). Heparin sulfate and suramin
(polysulfonated nafthyl urea) also had PrP*® formation inhibitory activities in ScN2a
cells as well as in scrapie-infected hamster models by promoting misfolding of PrP©
before reaching its conversion site into PrP*° (Gabizon et al., 1993; Nunziante et al.,
2005). Other molecules investigated included porphyrin, phtalocyanine and
amphotericin B which prevented PrP*® accumulation and increased the survival rate in
scrapie-infected cells and/or animals (Tagliavini et al., 1997; Caughey et al., 1998).

Generally, the antiprion agents proved to be more effective in cellular studies than in
animal models, probably because of the existence of the blood-brain barrier which

protects the central nervous system against a wide range of chemical molecules. Thus,
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compounds known to readily cross this barrier were further tested for antiprion activity.
Of several tricyclic acridine and phenothiazine derivatives, quinacrine showed great
promise as an antiprion therapeutic agent in neuroblastoma cells and were tested even on
human subjects with terminal CJD. The drug was unsuccessful in human studies and had
hepatotoxic effects in some patients, underlining the acute need for a pre-mortem prion
disease diagnosis method for humans before such treatment is commenced (Korth et al.,
2001; Prusiner et al., 2004).

Immunotherapy for prion diseases was investigated in parallel with the prion
chemotherapy. A variety of monoclonal and polyclonal anti-PrP antibodies were
generated in transgenic or Prnp” mice and their inhibitory effects on PrP*® propagation
have been proven in different cell lines (Korth et al., 1997; Enari et al., 2001; Peretz et
al., 2001; Gilch et al., 2003). One of the most effective antibody fragments proved to be
Fab D18 which was able to not only stop prion replication, but also successfully
eliminated previously existing PrP>® (Enari et al., 2001). The results indicated that the
antibodies bind to the PrP® molecules present on the cell surface, thus blocking the
access of the infective PrP>® molecules to PrP molecules (Kim et al., 2004). Passive
immunization with monoclonal antibodies of scrapie-infected mice had inhibitory effects
on PrP*° propagation only in cases of peripheral infection and when applied before the
onset of the clinical symptoms. This happened most probably because the antibodies
were not able to cross the blood-brain barrier and reach the central nervous system
(Heppner et al., 2001; White et al., 2003; Li et al., 2010). Active immunization with
full-length recombinant PrP®, as well as with different PrP® peptides, was able only to
delay the onset of the disease and mice tested eventually died. It was reported that only
antibodies with affinity for PrP® regions 105-125 and 144-152 showed antiprion
activities (Schwarz et al., 2003; Magri et al., 2005). Recent investigations show great
promise towards the development of a potent anti-PrP>® vaccine through the study of
different epitopes and delivery options (Hedlin et al., 2010).

In summary, the above therapeutic approaches extend the incubation times and slow
down the progression of the disease by inhibiting the accumulation of PrP>,
destabilizing PrP>® amyloids and limiting the availability of PrP® for pathogenic

conversion. However, prion diseases remain incurable to the present day.
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1.4.6 Diagnostic methods for prion diseases

To date, an approved presymptomatic diagnosis method of the prion diseases has
remained elusive. Infectivity bioassays in mice require very long incubation times and
are affected by the species barrier (Ingrosso et al., 1995; Brown et al., 1998b; Brown,
2001). Thus, definitive diagnosis of most TSEs relies on the detection of the proteinase
K resistant form of the prion protein (PrP 27-30) in post-mortem brain tissue of infected
individuals (McKinley et al., 1983; Meyer et al., 1986). Only five diagnostic tests have
been approved by the European Commission and assay kits are commercially available.
The Prionics-Check Western Test comprises SDS-PAGE separation of PrP 27-30
fragment resulted after PrP>° proteinase K digestion followed by Western blot analysis
with the monoclonal antibody 6H4 which binds to the DYEDRYYRE epitope. The
detection limit was determined to be between 5.0-20.0 pmol with good reproducibility
(Schaller et al., 1999; Oesch et al., 2000; Soto, 2004). The CEA/Biorad test uses two
different monoclonal antibodies in a sandwiched enzyme-linked immunosorbent assay
(ELISA). One antibody is immobilized onto a solid surface plate and binds the PrP 27-
30 contained in the brain homogenate/lysate. The second PrP 27-30 specific antibody
coupled to an enzyme (peroxidase) is added to the plate and its binding to PrP 27-30 is
indicated by the presence of enzyme activity in the ELISA test. This test has high
sensitivity with detection limits of 0.5-2.0 pmol but requires much longer preparatory
steps (Moynagh and Schimmel, 1999; Grassi et al., 2001; Bennion and Daggett, 2002;
Soto, 2004). A similar two antibody (one for capture and another for detection) approach
is used for PrP 27-30 detection in the Prionics-Check luminescent immunoassay (LI1A)
test with the distinction that the proteinase K digested samples are first mixed with the
antibody-peroxidase complex and then are transferred to the immobilized antibody plate.
A chemiluminescence-producing peroxidase substrate is added during the last step of the
assay, which indicates the presence of PrP 27-30 with 97.9% sensitivity (1.0-5.0 pmol)
(Biffiger et al., 2002; Soto, 2004). A chemiluminescence ELISA method is also used for
PrP 27-30 detection in the Enfer test, with detection limits ranging from 1.0 pmol to 10.0
pmol (Moynagh and Schimmel, 1999; Soto, 2004).
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The conformational-dependent immunoassay (CDI) developed by Stanley Prusiner’s
group at the University of California in San Francisco is capable of detecting the
presence of both PrP® and PrP*® proteins individually without the need for protease
digestion (Safar et al., 1998). This assay is basically a sandwich immunoassay,
employing a capture antibody and a fluorescently-labeled antibody for detection. The
detection antibody binds a PrP conformational epitope accessible only in the PrP©
conformation and not in the PrP>® conformation. Specific antibody binding to the native
and denatured PrP form is measured by dividing the sample into two aliquots, one of
which is treated with 4 M guanidium hydrochloride while the other one is left
untouched. After both aliquots are fixed on capture antibody-coated plates, the labeled
detection antibody is added and fluorescence is detected for both aliquots. The
difference in fluorescence between the native and denatured reactions correlates with the
amount of PrP* in the sample. The method has been subsequently improved to detect
prion protein concentrations as low as 0.5-5.0 pmol during an 8 hour procedure (Perrier
et al., 2002; Safar et al., 2002; Bellon et al., 2003; Soto, 2004).

The detection methods presented above are generally used to identify the presence of
PrP*® in brain tissue, which is known to have the highest PrP>® concentration. However,
brain biopsy can only be done post-mortem. The search for a less invasive prion
detection method continues, although the past years have brought a few significant
advances. Besides the brain tissue, PrP> has been identified during the biopsy of
lymphoid tissues such as tonsils, appendices, spleens as well as in skeletal muscle and
olfactory epithelium of patients with sporadic CJD (Hill et al., 1997; Hilton et al., 1998;
Glatzel et al., 2003; Zanusso et al., 2003). These findings showed some promise for the
development of a less invasive prion disease diagnosis method; however, the best option
for the patient would be a prion blood detector. The biggest challenge for such a method
is the extremely low PrP*® concentration in blood. For example, in the buffy coat
fraction of blood from scrapie-infected rodent models, the concentration of PrP** is
estimated to be ~3 x 10™* M during the symptomatic phase and about 10 fold lower
during the incubation period. In human and cattle blood it is expected to be even lower,
making its detection impossible without PrP>® amplification or concentration techniques
(Brown et al., 1998b; Brown, 2001; Brown et al., 2001b).
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The prion misfolding cyclic amplification (PMCA) was developed as a rapid in vitro
prion replication method aimed at increasing the PrP®® concentration in diluted samples
and serves as the foundation of the most sensitive method of prion detection (Saborio et
al., 2001). Briefly, the samples containing undetectable amounts of PrP*® are incubated
with excess quantities of PrP® from brain homogenate, which results in the formation of
new PrP> aggregates. Sonication of the aggregates following the incubation step
disrupts the growing aggregates and fragments them into smaller PrP*® converting units.
The cycle is repeated until a detectable amount of PrP* is generated (Figure 1.13)
(Saborio et al., 2001; Soto et al., 2005). This approach resulted in a several million fold
increase in sensitivity compared to the standard Western blot assay and was successfully
used to detect the presence of PrP*° in hamster and sheep blood during the
presymptomatic and symptomatic phase of the prion disease with detection limits of ~1
ag of PrP* in approximately 3 weeks (Saa et al., 2006; Thorne and Terry, 2008).
Furthermore, PrP® was also identified in urine and cerebral spinal fluid by using an
improved version of the PMCA technique called quaking-induced conversion (QUIC)
which uses recombinant PrP® instead of brain homogenate and replaces the sonication
step with automated shaking to fragment the PrP>® aggregates (Murayama et al., 2007;
Atarashi et al., 2008; Atarashi et al., 2011; Orru et al., 2011).

PrP conformation-specific antibodies have been developed for each prion protein
isoform and have been used in the sandwich ELISA methods (Korth et al., 1997;
Paramithiotis et al., 2003; Andrievskaia et al., 2006; Polymenidou et al., 2008). Latest
advances in prion detection methods combine the QUIC amplification method with
immunoprecipitation. The use of PrP* specific IgM monoclonal antibody 15B3 obtained
by Korth and coworkers brings the detection limit down to ~1 fg of prion in blood
plasma within 48 hours, making this combined technique the most sensitive available to
date (Atarashi et al., 2011; Orru et al., 2011).

58



Generation of new converting units by sonication

|
vl

Prpe - ‘ a

2 ‘ ;
999 ' Generation of new men :

99 2 Conversion of PrP® WA converting units ) W
‘)+ to PrpSe vav by sonication v . {) J
- ) .

va Other factors? \/w\ n J 8 ) /) 29 JJ :
nv - ; d -— Conversion of PrP® n

sc to PrpSe
PIP 1+ /8

Figure 1.13. The protein misfolding cyclic amplification (PMCA). PrP® molecules are
recruited by PrP*° seeds, converted to PrP*° and incorporated into aggregates. The PrP>°
aggregates are subsequently fragmented by rounds of sonication thus generating an
increasing number of PrP>® converting units. The procedure is repeated until the required
quantity of prion protein is obtained. (Reprinted from Aguzzi and Calella, 2009.
Copyright American Physiological Society 2009).
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1.5 Thesis objectives

The nanopore sensing method of analysis represents a powerful single-molecule
technique with great potential for the study of protein folding and protein-protein
interaction. The experimental part of this thesis represents a natural continuation of
previous peptide and protein nanopore investigations done by our laboratory and is
aimed at gaining a better understanding of the folding/unfolding mechanism of peptides
and proteins during their dynamic interaction with different types of nanopores.
Furthermore, the potential application of nanopore sensing as a diagnostic tool for
protein misfolding diseases in general, and prion diseases in particular, is assessed.

Experiments previously peformed in our lab with the a-hemolysin pore have shown
that small protein molecules, such as the histidine-containing phosphocarrier protein
(HPr), can unfold to translocate the nanopore and different folding states determined by
mutations can be detected (Stefureac et al., 2008). To find out how the anatomy of the
nanopore affects the translocation signatures of these proteins and their unfolding, a
similar analysis was performed with the aerolysin pore at the very beginning of this
project.

The next objective was to determine if and how protein conformational changes due
to disulfide bond cleavage are reflected in their interaction parameters with the a-
hemolysin pore. For this set of experiments, insulin was used since this protein contains
a number of disulfide bonds which are readily cleaved by tris(2-carboxyethyl)phosphine
(TCEP).

Another objective of this work was to investigate the effects of alternating current
rather than direct current on the translocation of peptides and proteins through a-
hemolysin nanopores. It was hypothesized that molecules of different lengths and dipole
moments will resonate at different frequencies of the applied electric field which will
improve their separation from complex mixtures.

The conformational study of protein folding continued with the nanopore analysis of
Zn-finger peptides in the presence and absence of different metal ions. The purpose of
this set of experiments was to determine if metal-induced folding of peptides can be

detected by this analytical method.
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The effect that metal ion binding to proteins exerts on their conformation
immediately suggested that nanopore sensing could prove useful for distinguishing
between the two prion protein isoforms based on their different affinities for Cu(ll), as
well as for studying metal binding to proteins. To test this hypothesis, nanopore analysis
of synthetic peptides mimicking the metal-binding sequences of PrP¢ was performed
with the a-hemolysin pore, and their affinity for different metal ions was investigated.

The next objective of this project was to determine if nanopore sensing can be
developed into a real-time live animal and human TSE detector. With this goal in mind
and considering the dimensions of the full-length prion protein and its aggregates, it
became obvious that solid-state nanopores accommodating the passage of such large
molecules were needed. The first experiments done after the characterization of the
solid-state nanopores concentrated on the sensitivity of the method by determining if
proteins of different sizes could be distinguished with this type of pore as well as
elucidating whether proteins transit the solid-state pores in a folded or unfolded
conformation.

Since the specificity of the future nanopore prion detector is to be conferred by PrP-
specific antibodies, the next objective was to test if the formation of the PrP-antibody
complex can be detected by the solid-state nanopore analysis method. Other questions
that needed to be answered here concerned whether or not the molecular complex needs
to translocate the nanopores in order for its formation to be detected, what would the
optimal nanopore diameter be for such a task, and if results obtained on different pores
correlate.

These sets of experiments lay the foundation for the development of the
electrophoretic nanopore prion detector with single-molecule sensitivity. In the long
run, the prion detector will rely on solid-state nanopores engineered with specific
antibodies and will prove useful for the real-time detection and discrimination of the

normal as well as the infectious prion proteins.
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2.0 MATERIALS AND METHODS

2.1 Reagents, supplies and equipment

Table 2.1 presents all the chemical and biological reagents, equipment and supplies
used for the experiments performed in this research. Table 2.2 shows the names of the

manufacturing companies and their addresses.

2.2 Analysis of protein molecules using nanopore detection

2.2.1 Analysis of wild type and mutant HPr with aerolysin pores

The wild type E.coli HPr together with the T34N and S46D mutants were generous
gifts from Dr. Bruce Waygood from the Department of Biochemistry, University of
Saskatchewan, and were over 99% pure (Waygood and Steeves, 1980; Sharma et al.,
1991; Napper et al., 1996). 10 mg/mL HPr solutions in 10 mM potassium phosphate
buffer with 1.0 M KCI at pH 7.8 were prepared fresh daily for the nanopore experiment.

The aerolysin nanopore was received as a kind gift from Dr. Peter Howard,
Department of Microbiology and Immunology, University of Saskatchewan. The stock
aerolysin solution concentration was 1.5 pg/mL, and contained 0.1 pM trypsin required
for activation. A 1000x diluted aerolysin solution in 10 mM potassium phosphate
buffer/1.0 M KCI at pH 7.8 was used in the patch-clamp experiments. All aerolysin
solutions were stored at -20 °C.

The stock lipid solution used in all the experiments performed in this thesis was 20
mg/mL 1,2-diphytanoyl-sn-glycero-3-phosphocholine in CHCI3, purchased from Avanti
Polar Lipids Inc. was aliquoted in several 75ul.  Kimble vials and stored at -20°C.
Before each experiment, one aliquot was dried under vacuum for 4 hours with a Welch
Vacuum pump (Thomas Industries) and then re-disolved in decane to a final

concentration of 30 mg/mL.
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Table 2.1. Chemical and biological reagents, equipment and supplies

Item

Supplier

Chemical and biological reagents

1,2-diphytanoyl-sn-glycero-3-phosphocholine in CHCI;
16.5% Tris-Tricine precast SDS-PAGE gel

Argon (gaseous)

Bromophenol blue

Cobalt chloride (CoCl,)

Control peptide (hairpin): Ac-SESYINPDGTWTVTE-

NH,

Copper sulfate (Cu,SO45H,0)

Decane (anhydrous)

Ethanol

Ethylenediaminetetraacetic acid (EDTA)
Fmoc-D,A;0K; (A10)

FSD-1: QQYTAKIKGRTFRNEKELRDFIEKFKGR
Guanidine hydrochloride (Gdn-HCI)
Hydrochloric acid (HCI)

Hydrogen peroxide (H,0,)

Insulin from bovine pancreas

Insulin chain A from bovine pancreas
Insulin chain B from bovine pancreas
Magnesium chloride (MgCl,)
Manganese chloride (MnCl,-4H,0)
Maltose binding protein

Nitric acid (HNO3)

Nitrogen (gaseous)

Octa2: PHGGGWGQ PHGGGWGQ
Octa4: PHGGGWGQ PHGGGWGQ PHGGGWGQ
PHGGGWGQ

Potassium chloride (KCI)

Protein molecular weight markers
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Avanti Polar Lipids
BIO-RAD

Praxair

BIO-RAD
Sigma-Aldrich
Sigma-Genosys

Sigma-Aldrich
Sigma-Aldrich
EMD

BDH
Sigma-Genosys
Sigma-Genosys
EM Science
BDH

EMD
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
BDH

Fisher Scientific
VLI Research Inc.
EMD

Praxair
Sigma-Genosys

Sigma-Genosys

Sigma-Aldrich

Boehringer Mannheim, Promega



PrP106-126: KTNMKHMAGAAAAGAVVGGLG
Potassium phosphate, dibasic (Na,HPO,)

Potassium phosphate, monobasic (NaH,PO,)
Ribonuclease A (RNase A)

Silver wire

Sodium dodecy!l sulfate (SDS)

Sulfuric acid (H,SO,)

N-tris-hydroxymethyl-methyl glycine (Tricine)
Tris-[hydroxymethyl] aminomethane (Tris)
Tris-2-carboxyethyl-phosphine hydrochloride (TCEP)
Zinc chloride (ZnCl,)

Zif268: KPFQCRICMRNFSRSDHLTTHIRTHTGD

a-hemolysin

Equipment and supplies

Active-air floating table

Automatic Pipettes and tips

Axopatch 200B amplifier

Basic pH meter

BC-535 amplifier

DigiData 1322A digitizer

DigiData 1440A digitizer

Falcon tubes

Faraday cage

Filters (0.2 pm)

Glass vials and plastic caps

Headstage model BC-535

Headstage model CV203BU

HP 8662A signal generator

LPF-8 eight-pole low pass Bessel filter
Microcentrifuge tubes

Microliter syringes

Mini-PROTEAN® electrophoresis cells
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AnaSpec
Sigma-Aldrich
Sigma-Aldrich
MP Biomedicals
Alfa Aesar
Sigma-Aldrich
EMD
Sigma-Aldrich
Sigma-Aldrich
Fluka Biochemika
BDH
Sigma-Genosys

Sigma-Aldrich

Kinetic Systems
Eppendorf , VWR
Axon Instruments
Fischer

Warner Instruments
Axon Instruments
Axon Instruments
VWR

Warner Instruments
Sarstedt

Kimble-Kontes, VWR

Warner Instruments
Axon Instruments
Hewlett Packard
Warner Instruments
VWR
Hamilton
BIO-RAD



Nitrile gloves (large)

ONEAC PC750A power supply
Parafilm

Pasteur pipettes and rubber bulbs
pClamp 9.0 and 10.1 software
Perfusion bilayer chamber and cup
Petri dishes (glass)

Silicone elastomer sheet

Size 000 paintbrushes

Syringes and needles

Tektronix® TDS220 digital oscilloscope
Tubes (various diameters)
Vacuum jars

Welch vacuum pump

VWR

ONEAC

VWR

VWR

Axon Instruments
Warner Instruments
VWR
McMaster-Carr
Island Blue
Becton Dickinson
Tektronix

Small parts Inc.
Bel-Art Products

Thomas Industries
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Table 2.2. Companies and addresses

Company

Address

AnaSpec

Avanti Polar Lipids
AXxon Instruments
BDH

Becton Dickinson
Bel-Art Products
BIO-RAD
Boehringer Mannheim
EMD

Eppendorf

Fischer

Fluka Biochemika
GIBCO/BRL

Hamilton

Island Blue
Kimble-Kontes
Kinetic Systems
McMaster-Carr
ONEAC

Praxair
Promega
Sarstedt

Sigma
Sigma-Aldrich
Sigma-Genosys
Tektronix
Thomas Industries

VWR

Warner Instruments

AnaSpec, Fremont, CA, USA.

Avanti Polar Lipids, Alabaster, AL, USA.

Axon Instruments, Foster City, CA, USA.

British Drug House, Saskatoon, SK, Canada.
Becton Dickinson, Franklin Lakes, NJ, USA.
Bel-Art Products, Pequannock, NJ, USA.
B1O-RAD Laboratories, Mississauga, ON, Canada.
Boehringer Mannheim Canada, Laval, PQ, Canada.
EMD Biosciences, San Diego, CA, USA.
Eppendorf AG, Hamburg, Germany.

Fischer Scientific, Winnipeg, MB, Canada.

Fluka Biochemika, Buchs, Swizerland.

Bethesda Research Laboratories, Burlington, ON,
Canada.

Hamilton, Reno, NV, USA.

Island Blue Art Supplies, Victoria, BC, Canada.
Kimble-Kontes, Vineland, NJ, USA.

Kinetic Systems, Boston, MA, USA.
McMaster-Carr, Santa Fe Springs, CA, USA.
ONEAC, Libertyville, IL, USA.

Praxair, Inc., Saskatoon, SK, Canada.

Promega, Madison, WI, USA.

Sarstedt, Montreal, QC, Canada.

Sigma Chemical Company, St.Louis, MO, USA.
Sigma-Aldrich Canada Ltd., Oakville, ON, Canada.
Sigma-Genosys, The Woodlands, TX, USA.
Tektronix, Beaverton, OR, USA.

Thomas Industries Inc., Louisville, KY, USA.

VWR, Mississauga, ON, Canada.
Warner Instruments, Hamden, CT, USA.
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The electrolyte solution used for the measurements was 1.0 M KCI in 10 mM
KH,PO4/K,HPO, buffer (pH 7.8). Millipore water (18 MQ-cm) was used for all
solutions.

A transmembrane potential of 100 mV which drove anions from the cis to the trans
chamber was applied through Ag/AgCl electrodes and the experiments were performed
as described in section 2.6.

2.2.2 Analysis of Insulin with a-hemolysin pores in the presence of TCEP

Highly pure insulin from bovine pancreas (>27 USP units/mg) was procured from
Sigma-Aldrich together with the oxidized ammonium salts of chain A (90% pure) and
chain B (85% pure) peptides.

The reducing agent tris-2-carboxyethyl-phosphine hydrochloride (TCEP) was
ordered from Fluka Biochemika and used without purification. Since TCEP is known to
oxidize over time, fresh solutions were made before each experiment.

The final concentration of insulin in the perfusion cup was 174 uM, and that of TCEP
was 1.74 mM to give an overall 10-fold TCEP excess.

This set of experiments was done in 1.0 M KCI with 10 mM KH,PO4/K,HPO, buffer
(pH 7.0) and contained 5 mM EDTA in order to avoid insulin’s propensity for
multimerization in the presence of metal ions. The pH value was lowered to 7.0 to
confer all insulin molecules a common net charge of -2e, taking into account the pKa
value of 8.0 for the sidechain of cysteine residues. The same applied potential as in
section 2.2.1 was used.

a-hemolysin was purchased from Sigma-Aldrich and used without purification. The
a-hemolysin solution was made up to a final concentration of 1.25 pg/mL in 1.0 M KCI
with 10 mM KH,PO4/K,HPO, buffer (pH 7.0) and was stored at 4 °C.

The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
experiment, which confirmed the cleavage of insulin’s disulfide bonds by TCEP, was
performed on a 16.5% Tris-Tricine precast gel from Bio-Rad in Mini-PROTEAN®
electrophoresis cells. Tris-Tricine-SDS cathode buffer pH 8.2 and Tris-HCI anode buffer

pH 8.9 were used. The experiment was run at 50 mV for the first 10 minutes and at 100
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mV until the tracking dye reached the end of the gel. The gel was then removed from the

cell and placed in a silver-stain solution for visualization.

2.3 The alternating current (AC) experiments

The Fmoc-protected a-helical A10 peptide (Fmoc-D,A10K;) was purchased from
Sigma-Genosys and was over 90% pure. A stock solution of 2 mg/mL was prepared in
10 mM KH,PO4/K;HPO, buffer with 1 M KCl at pH 7.8.

The a-hemolysin solution was made up to a final concentration of 1.25 pg/mL in 1.0
M KCI with 10 mM KH,PO4/K;HPO, buffer (pH 7.8) and was stored at 4 °C. The same
buffer/electrolyte was also used as the working buffer during the experiments.

The AC voltage was applied to the perfusion cell by an HP 8662A signal generator
(Hewlett Packard) connected to the BC-535 amplifier headstage (Warner Instruments).
The amplitude and frequency of the sine-wave was checked with a Tektronix® TDS220
digital oscilloscope (Tektronix) before recording of data was commenced. The overall
transmembrane potential was 60 mV with an AC amplitude of 200 mV for all five
frequencies investigated (10 MHz, 20 MHz, 50 MHz, 100 MHz and 500 MHz).

2.4 Analysis of peptide molecules in the presence of metal ions using nanopore

detection

2.4.1 The Zn-finger peptides

The Zn-finger peptides were synthesized by solid-phase synthesis and purified by
preparative reverse-phase high performance liquid chromatography (Sigma-Genosys).
The products were characterized by time-of-flight mass spectrometry and the measured
masses were within £ 1 mass units of their calculated values for both peptides. The

amino acid sequences of the two peptides were as follows:

Zif268: KPFQCRICMRNFSRSDHLTTHIRTHTGD;

FSD-1: QQYTAKIKGRTFRNEKELRDFIEKFKGR.
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Peptide solutions (2.0 mg/mL) in potassium phosphate buffer (10 mM) with 1.0 M
KCI (pH 7.8) were prepared fresh daily for the nanopore experiment. Aliquots of the
peptides (10 pL) were incubated with ZnCl,, CoCl, or MgCl;, (Sigma-Aldrich) and then
were added to the cis side of the perfusion chamber. All experiments were performed
under an applied potential of 100 mV driving anions from the cis side to the trans side of
the a-hemolysin pore. All other methods were performed as described in section 2.6.

2.4.2 The prion peptides

The control hairpin peptide as well as Octa2 and Octa4 peptides used in this set of
experiments were purchased from Sigma-Genosys and were >70% pure. PrP106-126
was purchased from AnaSpec Inc. and was >95% pure. The peptides had the following

sequences:

Control peptide (hairpin): Ac-SESYINPDGTWTVTE-NH2;

Octa2: PHGGGWGQ PHGGGWGQ;

Octad: PHGGGWGQ PHGGGWGQ PHGGGWGQ PHGGGWGQ;
PrP106-126: KTNMKHMAGAAAAGAVVGGLG.

All samples tested were dissolved at 1-2 mg/mL in 10 mM Tris—HCI, pH 7.8.
Aliquots of the peptides were incubated for 30 min with the appropriate metal chloride
or sulphate before addition to the perfusion cup at the ratios presented in Chapter 3.3.3.

The electrolyte solution used was 1.0 M KCI in 10 mM Tris—HCI buffer (pH 7.8).
The transmembrane potential used was 100 mV and the trans chamber was kept positive
while the cis chamber was grounded. The experiments were carried out at 22 £ 1 °C as

outlined in section 2.6.

2.5 Analysis of protein molecules using solid-state nanopores

The SixNy nanopores were obtained through collaboration with Dr. André Marziali
laboratory from the Department of Physics and Astronomy at the University of British

Columbia. These solid-state nanopores were all fabricated through the focused electron
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beam technique using a 200 kV transmission electron microscope (Storm et al., 2003;
Smeets et al., 2006; Kim et al., 2007; Tabard-Cossa et al., 2007).

With the model reported by Deblois and Bean for cylindrical pores with diameters
comparable in size to their lengths, it is possible to calculate the theoretical value of the
solid-state pore conductance as follows:

kmd3

G=—-—"— Equation 2.1
4(hp+ 0.8dp)

where G is the pore conductance, k is the buffer conductivity, h, is the thickness of the
pore and d, is the diameter of the pore (DeBlois and Bean, 1970). The pore conductance
values were experimentally obtained by calculating the slope of the open pore current
versus applied voltage curve (I/V curve) (Figure 3.19 and 3.26). These measurements
were performed before each experiment since it was observed that the open pore current
increased slightly with time. Solving equation 2.1 for d,, an approximate value of the
pore diameter is obtained. The pores used in the experiments were tested after mounting
on the experimental setup to insure that their conductivity had the correct value for that
particular diameter (within the error of the pore thickness). This also confirmed that the
measured currents were indeed through the nanopore and not the result of a leakage in
the setup. All pores presented stable conductances during an individual experiment.

For the experiments presented in Section 3.4, a total of 36 solid-state pores were
tested. Out of these 36 pores only 17 pores were able to detect events. 8 pores out of the
17 pores had correct conductance values and finally only 4 pores lasted long enough to
collect complete data sets. Other shortcomings of the nanopores included poor pore-to-
pore reproducibility, large open pore current noise (50-100 pA compared to 2-5 pA for
a-hemolysin), unexpected sensitivity to certain chemicals such as potassium phosphate
buffer, irreversible clogging, very clean and delicate manipulation required and

expensive fabrication equipment.

2.5.1 Analysis of maltose binding protein, calmodulin and HPr

All proteins tested were negatively charged at the experimental pH value of 7.3.
Highly pure (99.9%) maltose binding protein (MBP) was obtained from VLI Research

Inc. Calmodulin (CaM) and the histidine-containing phosphocarrier protein (HPr) were
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provided by Drs. E. B. Waygood and L. T. J. Delbaere of the Department of
Biochemistry, University of Saskatchewan and were used without any further
purification. The physical and chemical characteristics of the proteins are listed in Table
3.10.

Nanopore diameters were nominally 7 nm and 5 nm and had a calculated effective
pore length of ~15 nm. Their initial conductance values are shown in Table 3.9.

The electrolyte/buffer solution used for all experiments consisted of 1.0 M KCI / 10
mM Tris-HCI pH 7.3. Deionized ultra pure water with resistivity of 18 MQescm was used
for all solutions. Protein interaction with the 7 nm diameter SixNy pore was investigated
under 50 mV, 100 mV and 200 mV applied potential and under 50 mV, 100 mV and 150
mV applied potential for the 5 nm pore experiments. The proteins were added on the cis
side of the perfusion cell since the applied potentials carried the anions from the cis side
to the trans side. The final protein concentration in the experimental cup was 4 uM and
the experiments were carried out at 22 = 1 °C.

2.5.2 Analysis of bPrP(25-242) interaction with monoclonal antibody M2188

All proteins tested were positively charged at pH values above 7.0. Highly pure (70
Kunitz units/mg protein) ribonuclease A (RNase A) was purchased from MP
Biomedicals. The monoclonal antibody M2188 was developed against recombinant
bovine prion protein bPrP residues 25-242 with a C-terminal His5 tag in mice and
subsequently extracted and purified as described previously (Andrievskaia et al. 2006).
bPrP(25-242) and M2188 were received as gifts from Dr. Olga Andrievskaia from the
Canadian Food Inspection Agency, Nepean , Ontario, Canada. Protein stock solutions of
2 mg/mL, 1 mg/mL and 2.44 mg/mL of RNase A, bPrP and M2188 respectively were
made in 1.0 M KCI /10 mM Tris-HCI pH 7.8 which was also used as working buffer.
Aliquots of bPrP(25-242) and RNase A were incubated with M2188 at the desired ratio
for 1h before they were added to the experimental setup. Deionized ultrapure water with
resistivity of 18 MQ-cm was used for all solutions. Protein interaction with the 11 nm
diameter SiyNy pore was investigated under 50 mV, 100 mV and 150 mV applied
potential and under 80 mV applied potential for the 19 nm pore experiments. The

proteins were added on the trans side of the perfusion cell to facilitate their
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electrophoretic transport with the applied potentials. The experiments were carried out at
22 = 2 °C. The physical and chemical characteristics of the proteins are listed in Table
3.16. The pl values of RNase A and bPrP were calculated with the Innovagen Peptide
Property Calculator (Lund, Sweden) and their dimensions were estimated from the X-
Ray and NMR structures respectively (Joseph-McCarthy et al., 1996; Lopez Garcia et
al., 2000). The volumes were calculated assuming the proteins were regular ellipsoids
except for the antibody where the volume was calculated based on the individual
volumes of the Fab and Fc fragments (Pilz et al., 1975; Pilz et al., 1976).

Two synthetic nanopores with nominal diameters of 11 nm and 19 nm were used.
After mounting the pores on the experimental setup, their conductivity was determined
by calculating the slope of the open pore current versus applied voltage curve (I/V
curve) (Figure 3.26) as presented by Stefureac et al. (Stefureac et al., 2010b). From the
conductivity values an effective pore length of ~ 6 nm was calculated. Both pores
showed stable conductances throughout the duration of each experiment and their initial

values are listed in Table 3.17.

2.6 The patch-clamp experimental setup, data collection and processing
2.6.1 The hardware

For the investigation of individual molecules with protein pores and solid-state pores
a patch-clamp apparatus was used. Figure 2.1E shows a photograph of the instrumental
setup. The patch-clamp instrument consists of four main components connected to a
personal computer: the perfusion unit, the electrodes, the amplifier and the digitizer.

The hardware description will begin with the perfusion unit. For the experiments
utilizing protein pores, the perfusion unit is formed of a Teflon perfusion bilayer
chamber (black) and a Delrin perfusion bilayer cup (white) with a 150 pm aperture on
one side (Figure 2.1A). The two components separate the perfusion unit into two
compartments, cis and trans, each with an approximate volume of 1.0 mL. Both
compartments were filled with the same electrolyte solution. The perfusion unit was
encased in a block of solid copper that rested on an active-air floating table (Kinetic
Systems) to reduce the vibrational interference of the signal. For the solid-state pore

experiments, the perfusion unit consists of a two-piece poly-tetra-fluoro-ethylene
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Figure 2.1. Images of the instrumental setup. Panel B reprinted by permission from
Tabard-Cossa et al., 2007. Copyright 2007.
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(PTFE) cell with three liquid reservoirs of 0.5 ml volume each (Figure 2.1B) (Tabard-
Cossa et al., 2007). The solid-state nanopore support chip was interposed between two
silicone elastomer gaskets which ensured the gigaohm-seal between the first two
electrolyte-filled reservoirs of the cell, allowing the passage of ions only through the
nanopore. The third reservoir is usually filled with water to minimize the evaporation of
the electrolyte during the experiment and is not connected to any of the other reservoirs.
The whole cell assembly was tightened together by two stainless steel bolts with nuts
and was placed inside an aluminum housing unit which attenuated the electromagnetic
noise. A first small Faraday cage enclosing both the electrodes and the perfusion unit
was also added at this point. The solid-state apparatus in Figure 2.1D was designed and
fabricated at the University of British Columbia under the supervision of Dr. André
Marziali.

The electric potential across the perfusion units is applied via two Ag/AgClI
electrodes that had been sanded with sand paper and kept in bleach for about 2 hours
prior to each experiment to allow for plating.

The perfusion units and the electrodes were placed inside a large Faraday cage
(Warner Instruments) that protected the signal against external electric noise. The two
electrodes transmitted the signals through an integrating headstage (model CVV203BU,
with internal cooling unit, Axon Instruments or model BC-535, Warner Instruments) to
the patch-clamp amplifier (Axopatch 200B, Axon Instruments or BC-535, Warner
Instruments) which converted the voltage to current. The measuring electrode with the
low-noise integrating headstage was connected to the trans compartment and the
reference electrode was connected to the cis compartment. The signal was further
transmitted to the analog-to-digital converter (DigiData 1322A or DigiData 1440A,
Axon Instruments) where it was electronically filtered and digitized. We controlled the
membrane potential and the current needed to maintain the potential using the voltage
clamp recording mode of the amplifier. All components inside the Faraday cage were
grounded to a copper rod at the back of the metal cover of the cage and then connected
to the amplifier’s signal ground. During the AC experiments, an HP 8662A (Hewlett
Packard) sine-wave generator was employed to apply an AC voltage on top of the DC

voltage generated by the amplifier. Furthermore, all the patch-clamp instrument
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components and the sine-wave generator were powered through a conditioned power
supply (ONEAC) and were not connected directly to the wall outlet.

The patch-clamp instrument was connected to a personal computer running the
Clampex software included in the pClamp 9.0 and 10.1 packages (Axon Instruments),
which enabled us to adjust other very important experimental parameters such as the
filter used and the level of signal amplification.

2.6.2 The lipid bilayer setup and pore insertion

Before bilayer formation, the lipid/decane solution was applied on the 150 pum
aperture of the perfusion cup with a size 000 paintbrush. The lipid excess was dried
under a jet of argon. The cis and trans compartments of the perfusion unit were filled
with the same electrolyte/buffer solution. A lipid multilayer film was formed by dipping
the paintbrush into the lipid solution and painting across the aperture while in the
electrolyte solution. The multilayer needed to be thinned to a bilayer with repeated brush
strokes, until capacitance values allowing pore insertion were obtained. To make sure
the bilayer was formed, a transmembrane potential of 100 mV was applied through the
Ag/AgCI electrodes. If the bilayer was created, there was no electrical current traveling
between the cis and trans compartments. The bilayer quality was monitored using
capacitance measurements performed by pClamp 9.0 or 10.1 software. After a good lipid
bilayer was formed, SuL of nanopore solution (a-hemolysin or aerolysin) was injected
adjacent to the aperture in the cis chamber. The nanopores self-assembled and inserted
into the lipid bilayer. Nanopore insertions were detected by characteristic increases in
the current values. In 1M KCI/10 mM phosphate buffer at pH 7.8 under an applied
potential of 100 mV, the open current for a single pore insertion was 100 pA and 50 pA
for a-hemolysin and aerolysin, respectively. Once a stable single-pore insertion was
detected, 10-50 pL of the solution of the compound to be analyzed was added to the cis
chamber, proximal to the aperture. For the vast majority of our studied molecules,
current blockade events appeared immediately after their addition to the cis chamber and

data recording was commenced. The experiments were carried out at 22 + 2°C.
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2.6.3 The solid-state nanopore setup

The nanopore chips were subjected to piranha cleaning (H202:H,SO4 1:3) at 95°C
for 30 minutes before mounting on the PTFE cell. The piranha solution treatment was
used to remove all impurities and render the SixNy surface hydrophilic (Smeets et al.,
2003). Following piranha treatment, the chip was rinsed with distilled water and dried
under a current of nitrogen.

The two halves of the experimental cell were boiled first in 20% HNO; for 10
minutes and then two more times in distilled water for 10 minutes each time. Finally, the
two cell components were dried under compressed air and were then ready for the chip
mounting procedure.

During the mounting procedure, the nanopore chip was sandwiched between two
silicone elastomer gaskets and was positioned in the 2.032 mm indentation performed on
one part of the electrolytic cell (Figure 2.1B). The other part of the cell was then added
and the assembly locked in position with two bolts and nuts.

The two reservoirs connected through the nanopore were initially filled with
degassed ethanol and the whole cell was placed under vacuum (from a water-based
vacuum pump) in order to achieve proper wetting of the nanopore and to remove any
residual air bubbles from the assembly. During the last step, the ethanol was exchanged
by perfusion with degassed electrolyte/buffer solution and the experimental cell was

positioned inside the Faraday cage to be connected to the electrodes.

2.6.4 Data collection

In patch-clamp experiments, the raw signal-to-noise ratio is usually low. Thus, to
increase the voltage-clamp recording quality, the current needs to be subjected to a level
of amplification and electronic filtration before it is digitized and recorded (Sherman-
Gold, 2008). Initially, the current measured as a voltage undergoes a level of pre-
amplification in the headstage before passing through a low pass filter in the Axopatch
200B or through a separate LPF-8 eight-pole Bessel filter (Warner Instruments). After
the signal is filtered, it goes through another amplification step in the digitizer. Finally,
the properly amplified and filtered signal is digitized by the analog-to-digital converter

and is recorded as current in picoamperes through Clampex software, part of the pClamp
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9.0 or 10.1 package from Axon Instruments. The recorded files are saved in a compact
binary format specific to Axon Instruments (PClamp, 2005).

For all experiments presented in this thesis, a fixed-length event acquisition mode
was used. In this acquisition mode, data was acquired for same-length sweeps whenever
an input signal crossed the preset threshold level. This mode of data acquisition has
proven to optimize the usage of the hard disk space especially when recording events
that alternated with long periods of inactivity (Sherman-Gold, 2008).

The filtering, amplification and sampling rate of the signal are the most important
factors for a good quality recording and can be adjusted through the software. To
maximize the quality of the signal to be digitized, it must be first filtered and then
amplified enough for the signal to occupy the complete range of the digitizer
(Heinemann, 1995). Filters are used to reduce the background noise, to avoid aliasing
and to improve the signal-to-noise ratio. In all experiments performed throughout this
research, a 10 kHz low-pass Bessel filter was used.

The Axopatch 200B amplifier, for example, has a variable gain ranging from 0.5x to
500x. In our experiments with the protein nanopores, we used a gain of 1x while in some
solid-state nanopore experiments, especially those with very high open pore currents
(larger pores), we used a gain of 0.5x in order to be able to observe the current traces on
screen.

The Digidata 1322A and DigiData 1440A digitizers were set to sample the amplified
analog signal at a rate of 100 kHz. Filtering at 10 kHz and sampling at 100 kHz enabled
us to record good quality signals and observe the details of the signals while the data

was recorded.

2.6.5 Data analysis

The recorded data analysis was done with the Clampfit software contained within the
pClamp 9.0 or 10.1 packages from Axon Instruments. There are three main types of
windows in Clampfit: analysis, results and layout. Recorded data was opened in the
analysis window, displayed as a series of concatenated episodes of events and visualized

in the browse mode so that the important features of the signals could be observed.
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For our data analysis we used the single-channel analysis mode. In this method of
analysis, an event is defined as a sudden change in current as the result of the ion
displacement from inside the nanopore by the molecule analyzed. The events are
characterized by the amplitude of the blockade current (1) and the blockade time or
duration (T) of the molecules. Depending on these two parameters, the interactions with
the nanopore can be of three types. The first type of interaction, also called “bumping”,
is characterized by a small | value and is caused by molecules colliding with the
nanopore and then diffusing away (Sutherland et al., 2004; Stefureac et al., 2006). The
second type of interaction is known as “translocation” and presents a larger | caused by
molecules crossing the nanopore from the cis side to the trans side. Provided that the
applied voltages are of opposite sign compared to the net charge of the analyte,
translocation events have blockade times which decrease with increasing applied
voltages (Akeson et al., 1999; Sutherland et al., 2004; Stefureac et al., 2006). Recently,
a third type of interaction, namely “intercalation”, was identified (Meng et al., 2010).
This type of interaction can generate large | values similar to translocations but their T
values in fact increase with increasing applied voltages. In this situation, the molecules
enter the nanopore temporarily and then diffuse back out exiting on the same side they
entered. Translocations and intercalations can only be distinguished through nanopore
sensing experiments carried out under a range of increasing applied voltages while
monitoring the blockade duration variation.

Once a zone of interest on the displayed data was identified, the next step was to
select this segment for the Clampfit analysis. For the event detection step, one or two
detection thresholds were used. On one hand, if the acquired data was formed of only
one type of event, then a single detection threshold was sufficient. On the other hand, if
two distinctive populations of events belonging to two different blockade amplitudes and
times were identified, using two detection thresholds enhanced the separation and ease
of analysis. After the segment to be analyzed was selected and the thresholds placed, the
program scanned through the data approximating the amplitude and calculating the
duration of each event crossing the thresholds using a non-stop level detection mode. In
our protein pore experiments, any event with current blockade amplitude at least three

times larger than the membrane noise was recorded. Once the event detection session for
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the selected segment was complete, the features of each event could be observed in the
event viewer window. There it was much easier to notice the presence of one or more
populations of events belonging to different blockade amplitudes and durations or
identifying and rejecting unwanted signals from the analyzed data.

The time it takes for the instrument to respond to a signal is called the rise time of
the instrument (Tg) and determines the minimum duration of a transition that can still be
accurately measured in a signal. The rise time depends on the low pass filter cut-off
frequency (f.) applied during data collection and the standard deviation of the signal. It
has been shown that T is approximately 0.33/f. and so the rise time for data collected
at 10 kHz is about 33 ps (Colquhoun and Sigworth, 1995). Furthermore, Colquhoun and
Sigworth suggest that the amplitude of a channel blockade can be measured accurately
only if the event duration is twice the rise time of the recording system (Colguhoun and
Sigworth, 1995). In our experiments we considered any transition 50 ps or less to be too
fast to be correctly measured and the events were not included in our calculations.

Resolution of the amplitude is determined by the filter frequency and the sampling
rate. Clampfit calculates the amplitude by averaging the data points in the level after
dropping the first and last points to eliminate interference from filter attenuation
(PClamp, 2005).

After the analysis was finished, the individual characteristics of each event were
found in the results window as a spreadsheet of all durations and amplitudes listed in
sequence by their start time in the original file. Further on, we examined the results
spreadsheet in Clampfit and imported it into Origin 7.0 graphing software (OriginLab
Corporation). The imported data was organized in histograms of current blockade
amplitudes and blockade durations versus the number of events. The amplitude of the
blockade current populations was determined by fitting each blockade current
distribution with the Gaussian function. The lifetime data was obtained by fitting each
blockade duration distribution with a single exponential decay function. Curve fitting
was done using Lavenberg-Marquardt method (Levenberg, 1944; Marquardt, 1963). The

standard deviation of the function was used to evaluate the goodness of the fit.
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3.0 RESULTS
3.1 Analysis of protein molecules using nanopore detection
3.1.1 Introduction

Earlier results from our laboratory revealed that the a-hemolysin nanopore can be used as a
sensor for the study of protein folding/unfolding in solution (Stefureac et al., 2008). The major
finding of this work was that the histidine-containing phosphocarrier protein (HPr) from
Escherichia coli was able to unfold under the applied electrical force and the conformational
differences between the wild-type protein (wtHPr) and two of its mutants (S46D and T34N)
could be detected with the a-hemolysin nanopore.

The first objective of my project was to elucidate the role that the vestibule domain of a-
hemolysin plays in the protein unfolding and orientation of proteins for translocation. For this
purpose, the interaction of wtHPr together and its two mutants S46D and T34N with the
aerolysin nanopore which lacks the vestibule domain was investigated.

As a second objective, we were interested in testing whether the conformational changes
determined by disulfide bond cleavage of proteins can be detected with the nanopore sensing
method of analysis. The protein insulin was chosen to test the proof of principle for this kind of

detection with the a-hemolysin nanopore.

3.1.1.1 The structure of HPr

The histidine-containing phosphocarrier protein, HPr, of the phosphoenolpyruvate:sugar
phosphotransferase system (PTS) is a monomeric 85 amino acid, globular, soluble, pH and
heat-stable protein with a molecular weight of about 9.5 kDa (Anderson et al., 1971) (Figure
3.1). The protein is also stable over a wide interval of pH values ranging from 3.6 to 9.0 and has

no net charge at physiological pH (Waygood et al., 1985).
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Figure 3.1. A ribbon diagram of the HPr model highlighting the secondary structure. Helices
are presented as coils, and strands are depicted as flat arrows. Each of the a-helices and B-sheets
are labeled. The N terminus and C terminus are also indicated. The helical face is in front and
the B-sheet is in back (Reprinted by permission from Jia et al., 1993. Copyright American
Society for Biochemistry and Molecular Biology 1993).
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HPr does not contain disulfide bonds or other prosthetic groups (Waygood et al., 1985; Klevit
and Waygood, 1986; Smallshaw et al., 1998). The overall folding topology is Bafpapa (Figure
3.1), forming an open-faced B-sandwich. The three a-helices overlay the four B-stands that form
an antiparallel B-sheet. The B-sheet and the a-helical faces pack against one another, forming a
well defined hydrophobic core. The overall shape of E. coli HPr is ellipsoidal, having
approximate dimensions of 21 x 27 x 38 A (Jia et al., 1993). The structure is compact and
regular which may, in part, account for the thermal stability of HPr (Kundig et al., 1965;
Anderson et al., 1971).

The X-ray structure of S46D mutant at 1.5 A has been determined (Napper et al., 1996).
The conformational changes of S46D compared to wtHPr are modest, consisting in a tightening
of the a-B helix. The principal effect of the alteration of S46D is a 40% decrease in the PTS
activity (Sharma et al., 1991). The mutant carries a formal negative charge at physiological pH.

So far, no three dimensional structure of the T34N mutant has been reported. wtHPr
specific antibodies do not bind T34N and the mutant completely lacks PTS activity. These
reports suggested the adoption of a disrupted structure (Sharma et al., 1991; Prasad et al.,

1998). Moreover, T34N is uncharged at physiological pH.

3.1.1.2 The structure of insulin

Insulin is a protein hormone produced exclusively by the pancreatic 3 cells with a compact
three-dimensional structure consisting of two polypeptide chains connected by two inter-chain
disulfide bridges (Adams et al., 1969; Blundell et al., 1971). The A chain (21 amino acids and
2.5 kDa) contains an intra-chain disulfide bridge which stabilizes the hairpin structure of the N-
terminal helix linked to the C-terminal helix. The B chain (30 amino acids and 3.5 kDa) has a
three-turn central helix flanked by two extended amino acid strands (Figure 3.2) (Adams et al.,
1969). In the body, insulin is stored as hexameric complexes with Zn(I1) but can also exist as
dimers, tetramers or multimers depending on concentration, pH, metal ions and solvent
composition while only the monomeric form of insulin is biochemically active (Brange et al.,
1997; Chang et al., 1997).

Insulin has low solubility at neutral pH and it can only be dissolved up to 1 mg/mL in

phosphate buffer solutions (Lakhiari and Muller, 2004). Alkaline stock solutions are not
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Chain A

Cys-7

Cys-19

Chain B

Figure 3.2. The quaternary structure of insulin. Chain A and chain B are assembled through the
post-translational formation of two inter-chain disulfide bridges and the cleavage of the C-
terminal peptide (not shown). The positions of the Cys involved in disulfide bond formation are
indicated. (Based on the 2HIU structure and adapted from Beta Cell Biology Consortium,

Copyright 2005).
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recommended since high pH increases the rate of deamidation and aggregation. The insulin
monomer has an ellipsoidal shape with dimensions of 31 A x 18 A x 27 A and has a net charge
of -2e at neutral pH (Hua et al., 1995). Upon treatment with reducing agents, such as TCEP, the
disulfide bonds are cleaved and the two insulin polypeptide chains are released. Chain A taken
separately has a -2e net charge at pH 7.0 and is water soluble whereas chain B is neutral and
precipitates over time (Hong et al., 2006).

3.1.2 Analysis of wild type and mutant HPr with aerolysin pores

The transport of wild type HPr (wtHPr) protein together with the two mutants, S46D and
T34N, through aerolysin pores was investigated by measuring the current blockade (1) and the
blockade duration (T). The setting for the experiments and the analysis of the acquired data are
described in greater detail in the materials and methods. The current blockade analysis is
presented as a histogram where the number of events for each 1 pA increment in | is counted.
Similarly, the blockade duration analysis histogram counted the number of events for each 0.05
ms increment in T. The intensity of the current blockade histograms for wtHPr and the two
mutants are shown in Figure 3.3. The histograms of the current blockade duration are presented
in Figure 3.4. The calculated parameters are listed in Table 3.1 for easier reference.

The experiments performed with wtHPr revealed, after processing, that the events fell into
two distinct types describing two populations (Figure 3.3a). The first population had a
Gaussian-fitted peak situated at -21 pA and had a wider distribution of events than the second
population centered at a value of -43 pA. The current blockade duration values were obtained
by fitting each distribution with a single exponential function. For the first population peak of
the wtHPr a blockade lifetime value (T;) of 0.36 ms was obtained whereas the second
population peak was characterized by a T, value of 0.19 ms (Table 3.1). Thus the events
belonging to the first population had current blockade amplitudes almost two times smaller and
current blockade durations two times longer than the events forming the second population.
There were also more events forming the first population than the second population.

The current blockade distribution of the S46D mutant looked very similar to that of the
WtHPr, in terms of number of populations and in the value of the blockade current (Figure
3.3¢).
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Table 3.1. Interaction parameters of the wtHPr together with the T34N and S46D mutants with the aerolysin pores®.

Compound I; (pA) I, (PA) T, (Ms) T, (ms) Ay A, AJA; W, W,
WtHPr -21 -43 0.36 0.19 692 485 0.7 9.8 7.4
T34N -22 -39 0.29 0.23 1048 397 0.4 9.9 7.8
S46D -23 -43 0.40 0.22 643 926 14 9.5 9.3

%14, 1, T1 and T, represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 3.3. The number of events (A; and A,) forming the populations and their widths at half their heights (W; and W) are also
presented here. (The error is estimated to be £1 pA for | and £10% for T).



The first population had a peak at -23 pA while the second population had a blockade current of
-43 pA. The blockade time histograms in Figure 3.4c showed a time of 0.40 ms for the first
population and 0.22 ms for the second population. There were however more events belonging
to the second population than the first population in the ratio of 1.4:1 (Table 3.1).

The second mutant tested was T34N which also showed a two population current blockade
histogram (Figure 3.3b). The I, value was found to be -22 pA while the I, value was -39 pA.
The analysis of the blockade durations revealed similar time values of 0.29 ms and 0.23 ms for
the first and second event populations respectively. This mutant showed the least number of
events forming the second population of all three molecules tested indicating a greater
preference for collision events than for translocations.

From the results obtained so far it is apparent that single mutations in the structure of a
protein are reflected in the protein-nanopore interaction. Although the blockade current values
of the three molecules tested differed only slightly, important differences in the proportion of
events between the two populations indicated a clear preference for translocation in the case of
the S46D mutant.

3.1.3 Analysis of insulin with a-hemolysin pores in the presence of TCEP

The interaction between bovine insulin and the a-hemolysin pore in the presence and
absence of 10-fold excess TCEP was analyzed using a similar experimental setup as for the
experiments performed with the HPr proteins. The same parameters | and T were monitored.
TCEP is a very stable, odorless, water-soluble, thiol-free reducing agent with a broad
application to protein research involving reduction of disulphide bonds over a wide pH range
(Burns et al., 1991). Furthermore, nanopore analysis of the individual insulin chains was
performed as a control. The current blockade histograms for all molecules are presented in
Figure 3.5 while the blockade duration histograms are grouped in Figure 3.6. All calculated
parameters are summarized in Table 3.2.

A dramatic difference is apparent between the first two histograms in Figure 3.5a and
Figure 3.5b. For insulin without TCEP the histogram presents a low total number of events
(515) spread along the blockade current axis between -20 pA and -85 pA forming a profile
difficult to interpret with several possible populations of events (Figure 3.5a). In the presence of

TCEP, the number of events increases 10-fold reaching a value of 5188 during the same 30
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Table 3.2. Interaction parameters of the insulin in the absence of TCEP, insulin in the presence of TCEP and of insulin chain A
and chain B with the a-hemolysin pores®.

Compound I; (pA) I, (pA) T, (Ms) T, (Mms) A A, AJAL W1 W,
Insulin -31 -69 0.15 0.18 232 283 0.82 150 222
Insulin+TCEP -31 -76 0.17 0.27 2150 3038 0.71 107 116
Insulin Chain A -26 -75 0.10 0.08 1739 1359 0.78 74 130
Insulin Chain B -34 -94 0.28 0.49 4084 588 0.14 4.8 7.4

%1y, I, Ty and T, represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 3.5. The number of events (A; and A;) forming the populations and their widths at half their heights (W, and W) are also
presented here. (The error is estimated to be £1 pA for | and £10% for T).



minute recording period and the event distribution becomes distinctly separated in two
populations of events. Moreover, the distribution of events, as reflected in the peak width at half
the maximum height (W), sharpens drastically indicating that the vast majority of the molecules
have fallen into the two distinct types of events: bumping or translocation.

The peak values of the current distributions where calculated with a Gaussian function and
the current blockade duration histograms from Figure 3.6 were fitted with an exponential decay
function of first order.

From the calculated parameters listed in Table 3.2 it can be seen that insulin in the presence
of TCEP had a bumping peak situated at -31 pA with a blockade time of 0.17 ms and a
translocation peak with a current blockade value of -76 pA and a blockade time of 0.27 ms.

The few events determined by the interaction of insulin with the a-hemolysin pore could be
formally grouped in a low current blockade peak situated at -31 pA with a blockade time of
0.15 ms and a high current blockade peak situated at -69 pA with a blockade duration of 0.18
ms. The wide distribution of the events forming these populations of events could be
determined by aggregated insulin molecules unable to translocate or by partial entries of the
polypeptide extremities.

Similar to insulin in the presence of TCEP, chain A of insulin alone generated a histogram
of blockade current amplitudes which shows two distinct populations of events: one with a peak
current value of -75 pA and a fast translocation time of 0.08 ms and another with a peak current
value of -26 pA and a bumping time of 0.10 ms (Figure 3.5c, Figure 3.6e and f, Table 3.2).
Furthermore, it must be noted that insulin in the presence of TCEP and insulin’s chain A
histograms present a very similar ratio of translocations to bumpings 0.71 and 0.78 respectively
(Table 3.2).

About 85% of the interactions between chain B and a-hemolysin generated the formation of
the large peak situated at -34 pA with a blockade duration of 0.28 ms (Figure 3.5d, Figure 3.6h,
Table 3.2). The remainder 15% of the events recorded are grouped in a small peak situated at -
94 pA with a blockade duration of 0.49 ms (Figure 3.5d, Figure 3.6h, Table 3.2).

The results presented above indicate significant changes in both the blockade current and
the blockade time histograms upon addition of TCEP reducing agent to insulin as compared to
native insulin. These changes support the cleavage of the disulfide bonds present in the

structure of insulin and the release of the component polypeptides.
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3.2 The alternating current effect on peptide interaction with a-hemolysin
3.2.1 Introduction

A modification enabling the interpolation of a sine wave generator was made to the patch-
clamp headstage. This modification allowed an AC voltage to be superimposed on the DC
voltage and to be delivered through the electrodes to the electrolyte/buffer solution inside the
perfusion cups and finally to the molecules to be analyzed (Figure 3.7A). This set-up was
thought to be useful to further the study of the effects of peptide dipole moments upon their
translocation through a-hemolysin pores and could be theoretically tailored into a peptide
separation method.

In our early analysis of the effect of dipole moment on the transport characteristics of a-
helical peptides through protein nanopores, it was found that peptides with small dipole
moments gave more bumping events. Presumably this is because they were less likely to be
rotated by the electric field into an orientation which could translocate smoothly (Stefureac et
al., 2006). We reasoned that the discrimination of the pore might be improved by applying an
AC field superimposed on the normal electrophoretic voltage. When an AC field is applied, the
peptides will tend to rotate according to the frequency of the AC field and their speed of
rotation will depend on the dipole moment of each particular peptide (Figure 3.7B). Peptides
with a large dipole moment would be more likely to be disoriented as they approach the narrow
constriction of the pore, causing an increase in the proportion of bumping events while short
molecules with smaller dipole moments will rotate more slowly and will be more likely to
translocate (Figure 3.7B). Furthermore, it can be hypothesized that peptides of various lengths
and dipole moments will resonate at different frequencies of the applied electric field which
will improve their separation from a mix.

To avoid using an AC frequency range where the AC field variation would be faster than
the response time of the molecules, it was important to consider their rotational correlation time
(tc). This parameter represents the time it takes a molecule to rotate by one radian under
Brownian diffusion. t. can be experimentally determined with techniques such as fluorescence
spectroscopy, light scattering or NMR and can also be calculated for approximate spherical
proteins with Stoke’s law (Cavanagh et al., 2007). For proteins, . expressed in ns can be
estimated roughly as being 0.6 x Mw of the protein in kDa. Typical t. values for peptides and

proteins range between 1.5-10 ns but are strongly influenced by the particular level of folding
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of the respective structures (Lam et al., 1998; Larsen et al., 2003; Cavanagh et al., 2007). These
values translated into a maximal frequency of 667 MHz that could be appropriately used for our
experiments. Frequencies in the MHz range were chosen for the AC voltage because they were
not expected to be either filtered or detected by our Axon headstage or amplifier. By trial and
error, many different combinations of AC voltage amplitude with a constant DC voltage offset
were tested with the o-helical peptide Fmoc-D,A10K, (A10) and CY12(-)T2 peptides before
fixing these parameters as shown in Figure 3.7B. It was found that a 200 mV AC voltage
superimposed on a constant 60 mV driving voltage yielded a stable membrane and consistent
parameters over time for frequencies from 10-500 MHz as measured by an oscilloscope.

The reason behind choosing the two peptides was that the A10 peptide has a significant
dipole moment while CY12(-)T2 in a linear conformation has no permanent dipole, thus a

difference in their interaction with a-hemolysin was expected.

3.2.1.1 The a-helical peptide Fmoc-D,A0K; (A10)

The 14 amino acid a-helical peptide Fmoc-D,A10K; (A10) has been previously synthesized
and analyzed through circular dichroism measurements (CD) and nanopore sensing experiments
(Stefureac et al., 2006). The CD spectra at pH values ranging from 3.5 to 8.3 have shown the
formation of a very stable a-helical secondary structure (approximately a three-turn a-helix)
with no signs of aggregation (Perutz et al., 2002; Stefureac et al., 2006). As an a-helix, the
peptide had a length of 28.3 A, a net charge of -1e and a dipole moment of 260 debye which
made A10 the perfect study subject for our AC nanopore experiment (Stefureac et al., 2006).

3.2.1.2 The CY12(-)T2 peptide

The CY12(-)T2 peptide contains two repeats of the sequence AcCCSRSDWDLPGEYNH,
attached through cysteine thiol linkages to a xylene molecule by displacement of bromide from
m-bromoxylene (Figure 3.7C). Each of the two oligopeptide repeats attached to the xylene
moiety has a net charge of -2e which confers CY12(-)T2 a net charge of -4e. The molecule does

not possess a permanent dipole moment when in a linear conformation (Figure 3.7C).
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3.2.2 Nanopore analysis of Fmoc-D,A10K; (A10) under an AC voltage

Figure 3.8 shows the effect of AC frequency on the current blockade histograms of A10. In
the absence of any AC voltage, a single Gaussian peak is observed centered at -40 pA (67% of
open pore current, OPC) which is consistent with previous results indicating translocations
(Figure 3.8a) (Stefureac et al., 2006). Upon applying the AC voltage a new peak appears at
about -25 pA which increases in magnitude as the frequency increases from 10 MHz to 500
MHz (Figure 3.8b-f). The peak at -25 pA is almost certainly due to bumping events because a
% OPC of about 40% is too small to be caused by A10 translocations. The event parameters are
summarized in Table 3.3. The translocation peak had Gaussian-fitted blockade current values
very similar to the blockade current value obtained in the DC experiment (-40 pA). The
increase in the bumping to translocation ratios with increasing AC frequency was very

reproducible with different pore/membrane preparations on different days.

3.2.3 Nanopore analysis of CY12(-)T2 under an AC voltage

CY12(-)T2 was also studied previously with a constant DC voltage (Meng et al., 2010). As
shown in Figure 3.9a, in the absence of an AC voltage it gives a complicated event profile
because it can adopt at least two different conformations. Both Gaussian peaks at -53 and -47
pA are due to translocations because it was previously shown that the parameter, T, decreases
with increasing voltage but there are also unassigned events at about -37 pA and a bumping
peak at -17 pA (Meng et al., 2010). Compared to A10, the effects of applying an AC voltage
are more subtle (Figure 3.9b-f). At 10 MHz, the translocation peak at -47 pA and the events
around -37 pA are diminished and the bumping peak at -28 pA becomes very broad, implying at
least two types of interactions. At increased frequencies the event profiles show an increase in
translocation events and a decrease in bumping events. The translocation population peaks for
all frequencies are situated at blockade current values around -53 pA which are not significantly
different from the blockade current value of the second translocation peak generated in the
absence of the AC voltage. The event parameters are listed in Table 3.4. From the results
presented above it becomes apparent that peptide molecules possessing different dipole
moments indeed behave differently when in an AC environment than in an exclusively DC

environment.
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Table 3.3. The interaction parameters of the A10 peptide interaction with a-hemolysin under different AC frequencies °.

AL0/AC I: (pA) 1, (pA) T, (Ms) T, (Ms) A A AA, WL W,

No AC - -40 - 0.22 - 1206 - i 7.8
10 MHz 25 37 0.05 0.17 100 528 019 36 56
20 MHz 27 38 0.06 0.17 139 448 031 39 52
50 MHz -30 -39 0.12 0.15 244 201 121 44 43
100 MHz 26 36 0.06 0.18 475 564 084 34 51
500 MHz -30 -40 0.14 0.18 564 322 1.75 3.5 3.8

% 14, 1y, Ty, and T represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 3.8. A; and A, are the number of events forming the populations and W; and W, represent their width at half the maximum
heigh. (The error is estimated to be +1 pA for I and £10% for T).
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Table 3.4 The interaction parameters of the CY12(-)T2 peptide interaction with a-hemolysin under different AC frequencies °.

CYlZ(-)TZ/AC I (pA) I, (pA) T, (ms) T, (ms) A A, AlA; W W,

No AC -17 -53/-47 0.06 1.54/0.68 213 495 0.43 7.4 5.0/3.1
10 MHz -28 -54 0.09 0.72 353 392 0.90 11.0 5.5
20 MHz -23 -53 0.06 0.83 92 353 0.26 6.2 5.5
50 MHz -23 -53 0.06 0.76 110 346 0.32 7.8 53
100 MHz -21 -54 0.05 0.71 85 419 0.20 5.0 6.8
500 MHz 21 -54 0.05 0.91 62 336 0.18 5.0 7.3

% 14, 15, T1, and T, represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 3.9. A; and A, are the number of events under the curve and W; and W, represent their width at half the maximum height. (The
error is estimated to be +1 pA for I and £10% for T).



3.3 Analysis of peptide molecules in the presence of metal ions using nanopore detection
3.3.1 Introduction

The results presented in Chapter 3.1 confirmed the ability of nanopore sensing to detect
conformational changes in proteins caused by mutations in their primary sequence as well as
disulfide bond cleavage. For the next step of my project, we were interested if structural
modifications to peptides due to metal ion binding could be detected by this single-molecule
method of analysis. To reach this goal, we chose to start with one of the simplest models
available in biochemistry, which is the Zn-finger structural motif.

The affinity of many proteins for metal ions plays a crucial role in their ability to perform
biochemical functions. One such protein is PrP¢ which is involved in maintaining copper
homeostasis in the brain protecting neuronal cells against oxidative stress. Upon pathological
conformational changes, the prion protein loses its ability to bind copper and aggregates into
amyloid plaques disrupting cellular functions and eventually causing transmissible spongiform
encephalopathies. The difference in copper binding affinity could be used, in principle, to
identify and distinguish the two prion protein isoforms. Thus, another objective of this thesis
was to demonstrate that the conformation of prion peptides can be modulated by binding

divalent metal ions.

3.3.1.1 The Zn-finger peptides

The Zn-finger motif was first identified in several transcription regulatory proteins as
Zn(11)-binding repeat units which fold into a nucleic acid binding domain (Klug and Rhodes,
1987; Evans and Hollenberg, 1988). The most common Zn-finger motif contains about 30
amino acids with the following sequence:

Cys — X4 —Cys — X3 — Phe — X5 — Leu — X, — His — X3 4 — His
This sequence can coordinate Zn(ll) between the sulfur atoms of two deprotonated cysteines
and the nitrogen atoms of two neutral histidines resulting in a compact folding with a -sheet
structure on the Cys side and an a-helical structure on the His side (Figure 3.10a) (Kaim and
Schwederski, 1994). Although commonly encountered as strings of several Zn-finger motifs,

single Zn-fingers can also function as independent structures (Parraga et al., 1988).
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Figure 3.10. Cartoon diagram of a) Zif268 with an atom of Zn(ll) bound (red) and b) FSD-1.
Helices are represented as coils and strands as flat arrows. Adapted from Pavletich and Pabo,
1991 and Dahiyat and Mayo, 1997.
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In our experiments, we have analyzed a 28 amino acid long single Zn-finger module
(Zif268) with the typical B-sheet, a-helix and turn motifs (Figure 3.10a). In the absence of
Zn(II), which clamps the o-helix onto the B-sheet, the peptide is unfolded and only binds
weakly to its DNA target (Berg and Godwin, 1997). Interestingly, the Zn-finger motif was the
first structure to be designed by fully automated sequence selection (Dahiyat and Mayo, 1997).
The resulting protein, called FSD-1 folds into the correct structure by using hydrophobic
interactions in the core in the place of Zn(ll) (Figure 3.10b).

3.3.1.2 The prion peptides

The binding of metal ions to PrP® has received considerable attention because there is
evidence from multiple lines of research that it can cause changes in conformation (Quaglio et
al., 2001; Burns et al., 2003; Todorova-Balvay et al., 2005; Leach et al., 2006). Two regions
appear most important (Gaggelli et al., 2006) (Figure 3.11). The octapeptide repeat (residues
60-91, human sequence) is highly conserved and contains 4 tandem sequences of
PHGGGWGQ. It is found in the disordered N-terminal domain and can bind 4-5 Cu(ll) ions
with micromolar or sub-nanomolar dissociation constants (Walter et al., 2006). The affinity for
other divalent metal ions is several orders of magnitude lower (Stockel et al., 1998; Millhauser,
2004). Elimination of this region does not prevent formation of PrP*, but addition of further
repeats increases the likelihood of development of spontaneous TSE, confirming the region’s
importance in disease pathogenesis (Goldfarb et al., 1991; Leliveld et al., 2006). Cu(ll) binding
to the octapeptide repeat may influence the folding of the C-terminal domain and cause self-
association of the protein (Wells et al., 2006; Thompsett and Brown, 2007; Zhu et al., 2008).

The second region (residues 106-126) is at the interface between the disordered and
globular domains of PrP (Figure 3.11). The peptide alone is toxic to neurons in vitro and shares
many amyloidogenic properties with the  peptide of Alzheimer’s disease (Jobling et al., 2001,
Walsh et al., 2009). The PrP 106-126 peptide binds Cu(ll), Zn(ll), and Mn(ll) and appears
critical for aggregation and neurotoxicity (Gaggelli et al., 2005). One model suggests that metal
ion binding causes this region to adopt a B-sheet conformation that helps stabilize the 3-sheet of

PrP> (Jobling et al. 2001). However, a direct effect of metal ions on pathogenesis has been
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Figure 3.11. Cartoon model of the structure of the prion protein showing the Cu(ll) binding
regions of residues 60-91 and 106-126.
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difficult to establish. Some studies suggest that Cu(ll) binding causes prion diseases, whereas
others suggest that a copper deficiency is responsible (Varela-Nallar et al., 2006).

Although many aspects of prion biochemistry remain an enigma, misfolding and metal ion
binding play a central role in the prion disease pathogenesis.

The metal ion binding to prion peptides containing two and four octapeptide repeats from
the N-terminal copper-binding region of PrP® (Octa2, (PHGGGWGQ), and Octa 4,
(PHGGGWGQ)4) as well as residues 106-126 (PrP106-126) was studied with a-hemolysin

nanopores.

3.3.2 Nanopore analysis of the folding of Zn-fingers

The magnitude and duration of the blockade currents caused by Zif268 and FSD-1 with the
o-hemolysin pore were measured and analyzed by curve fitting as described in the materials
and methods chapter. The blockade current histograms for Zif268 in the absence and in the
presence of increasing concentrations of Zn(Il) are shown in Figure 3.12a, b and ¢ while the
current blockade duration histograms appear in Figure 3.13. The corresponding | and T values
extracted from the histograms are listed in Table 3.5. In the absence of metal ions, Zif268
generates two distinct populations corresponding to bumping events (1,=-33 pA) and the more
frequent translocation events (1,=-80 pA). The blockade times are also distinguishable with T,
and T, having values of 0.07 and 0.30 ms respectively.

Upon addition of an equimolar concentration of Zn(Il) there is a large decrease in
translocation events and a corresponding increase in bumping events with the ratio Aj/A;
increasing from 0.40 to 1.43 (Table 3.5). The simplest interpretation is that Zn(ll) stabilizes the
folded conformation which is too large to translocate through the pore.

In the presence of a 10-fold molar excess of Zn(ll) the number of translocation events is
reduced even further and the ratio A;/A; increases to 3.83. As well, the distribution of blockade
currents for bumping events becomes very narrow. The peak widths at half their maximum
heights (W) are also listed in Table 3.5. In the absence of Zn(Il), W; is 18.8 whereas with an
excess of Zn(ll) it decreases to 3.7 with a significantly reduced I value (I; =-33 and -23 pA
respectively). Thus, as expected, a single folded conformation upon bumping gives essentially a
single blockade current compared to the more variable blockade currents of unfolded or

partially-folded molecules.
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Figure 3.13. Blockade time histograms for each of the two populations of events (1 and 2) for

Zif268 in the presence and in the absence of equimolar and 10-fold excess of Zn(ll).
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Table 3.5. The interaction parameters of the FSD-1 and Zif268 in the absence and in the presence of Zn(ll), Mg(ll) and Co(I1)%.

Peptide I (pA) I, (pA) LK (ms) T, (ms) A A, AlA;, W, W,
Zif268 -33 -80 0.07 0.30 1153 2871 040 188 133
Zif268:Zn(11) -22 -75 0.07 0.14 729 508 1.43 482 227
11
Zif268:Zn(11) -23 -75 0.12 0.18 905 236 3.83 3.7 13.0
1:10
FSD-1 -28 - 0.03 0.15 1904 1233 154 11.2 -
Zif268:Mg(l11) -28 -76 0.02 0.07 795 1510  0.52 13.3 189
1:1
Zif268:Co(ll) -26 -72 0.03 0.12 1329 2815  0.47 185 184
1:1

% 14, I, T4, and T, represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 3.12. A; and A; are the number of events forming the populations and W; and W, represent their width at half the maximum
height. (The error is estimated to be +1 pA for I and £10% for T).



For FSD-1 the nanopore analysis reveals a majority of bumping events with a blockade
current (I; =-28 pA) similar to that for Zif268 (Figure 3.12a and d). There is also a broad
shoulder of events with higher blockade currents which may represent the translocation of
partially-folded molecules.

As a further control, the effect of Mg(ll) and Co(ll) on the folding of Zif 268 was studied
(Figure 3.12e and f). It is clear that the majority of events remain translocations and there is no
sharpening of the bumping peak as expected since the binding of other ions to Zn-fingers is at
least three orders of magnitude weaker than Zn(l1) (Berg and Godwin, 1997).

This set of nanopore sensing experiments proved possible the detection of conformational
changes in peptides caused by metal ion binding and recommended the study of metal ion

binding to prion peptides and proteins.

3.3.3 Nanopore analysis of the interaction of metal ions with prion peptides

Nanopore analysis on a-hemolysin pores was used to study the effect of Cu(ll) and other
divalent metals on the translocation of prion peptides. A similar experimental setup as for the
experiments performed with the Zn-finger peptides was employed.

It has been previously reported that high concentrations of some divalent metal ions,
including Cu(ll), can cause changes to the architecture of the pore (Menestrina, 1986; Bashford
et al., 1988). Therefore, control experiments were performed. First, Cu(ll) was added to the cis
chamber and the open pore current was monitored. Below 0.3 mmol/L the current was steady at
—100 pA, but above 0.3 mmol/L reversible blockages became apparent (data not shown).
Second, a control peptide that is known to exist in 2 conformations was investigated (Xu et al.,
2003). The peptide adopts either a disordered random strand or an intramolecular B-sheet. Thus
any non-specific binding of Cu(ll) to either conformation would also be expected to effect the
event parameters. A typical recording is shown in Figure 3.14 in which each spike or event
represents a single molecule interacting with the pore. In general, if a molecule bumps into the
pore both the current blockade and the length of the event are smaller than if the molecule
translocates through the pore (Goodrich et al. 2007). The magnitude and duration of the
blockade currents were measured and analyzed by curve fitting as described previously.

As shown in Figure 3.15, the control peptide gives two peaks in the histogram of blockade

currents in the absence and presence of an excess of 0.12 mmol/L Cu(ll), which is an 8-fold
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Figure 3.14. Current (pA) versus time (ms) trace for the control peptide. The inset shows an
expanded view of typical bumping and translocation events.
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excess over the peptide concentration. The peak at —26 pA is due to bumping events and the
peak at —74 pA is due to translocation events. The histograms of blockade time for both
bumping and translocation events also show no significant changes upon the addition of Cu(Il)
(Figure 3.15 and Table 3.6). In the experiments described below, the Cu(ll) concentration was
less than 0.3 mmol/L so no interference with the pore is expected.

Histograms of blockade current for Octa2 are shown in Figure 3.16 and the corresponding
event parameters are summarized in Table 3.7. In the absence of metal ions there is a single
population of translocation events with I, = —67 pA, which is typical for a small peptide of 16
amino acids (Stefureac et al. 2006; Goodrich et al. 2007; Zhao et al. 2009). Upon the addition
of 2 equivalents of Cu(ll) (Octa2 at 20 umol/L and Cu(ll) at 40 umol/L), the translocation peak
broadens and shifts to —77 pA with a broad shoulder. (For simplicity, this feature has not been
included in the analysis.) As well, a bumping peak becomes evident with I, = —-24 pA, and T,
increases from 0.16 ms to about 0.46 ms (Table 3.7). Upon addition of an 8-fold excess of
Cu(ll), the peak currents remain constant, but the ratio of translocation to bumping events
(A2/A;) decreases from 2.5 to 1.8. Thus Cu(ll) binds to Octa2 and causes significant
conformational changes. In contrast, addition of Mg(ll) or Mn(ll) has no effect. As a further
control, the peptide was studied in 1 mmol/L EDTA, but this too caused no change in the
profile (data not shown). Zn(ll) causes broadening of the translocation peak, but with a
significant increase in blockade current (I, = —72 pA); there is also the appearance of a small
proportion of bumping events. Thus Zn(1l) binds to Octa2 but more weakly than Cu(ll).

For Octa4 (Figure 3.17 and Table 3.8) a similar pattern is found, although the effects of
metal ions are more pronounced. In the absence of metal ions, there are few bumping events
with 1; = —28 pA and the translocation events appear to be of two types centered around —75
and —87 pA, which may represent different orientations of the same molecule (i.e., either N-
terminus or C-terminus first) or different conformations (i.e., folded or unfolded). However, for
convenience, all the translocation events have been analyzed as a single Gaussian distribution.
Upon addition of 16 equivalents of Cu(ll) (Octa4 at 10 umol/L and Cu(ll) at 160 pumol/L) the
ratio of translocation to bumping events decreases considerably, and with 64 equivalents of
Cu(ll) the translocation peak is further depressed and becomes much broader. As well, 1, for

bumping events decreases by as much as —8 pA upon addition of Cu(ll) and T; increases from

112



€11

Table 3.6. Event parameters for the control peptide °.

Compound I; (pA) I, (pPA) Ti(ms) T, (ms) A A, ArlA; W, W,

Hairpin -26 -74 0.03 0.12 291 2647 9.1 14.1 11.2

Hairpin:Cu(ll) -25 -74 0.03 0.14 255 2315 9.1 11.1 12.2
1:8

% 14, 15, T1, and T, represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 3.15. Ajand A; are the number of events forming the populations and W3 and W, represent their width at half the maximum
height. (The error is estimated to be +1 pA for I and £10 % for T).
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Table 3.7. Event parameters for Octa2 ®,

Compound I (pA) P (pA) T1 (Ms) T, (Ms) A1 A AolA; W, W,
Octa2 - -67 - 0.16 - 4790 - - 8.8
Octa2:Cu(ll) -24 =17 0.06 0.46 940 2354 2.5 6.8 9.5
1:2
Octa2:Cu(ll) -23 -78 0.05 0.35 1128 2047 1.8 13.9 7.1
1:8
Octa2:Mg(I1) - 64 - 0.18 i 6026 i i 6.7
1:16
Octa2:Mn(I1) - -66 - 0.18 - 4308 - - 8.2
1:16
Octa2:Zn(11) -23 -72 0.05 0.38 717 5973 8.3 6.9 16.4
1:16

% 14, I, T4, and T, represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 3.16. A; and A; are the number of events forming the populations and W; and W, represent their width at half the maximum
height. (The error is estimated to be +1 pA for I and £10 % for T.)
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Table 3.8. Event parameters for Octa4 °,

Compound I; (pA) I, (pA)  Ti(ms) T, (ms) A A AolAq W, W,
Octad -28 -79 0.04 0.58 344 3554 10.3 10.3 20.8
Octa4:Cu(ll) -20 =17 0.15 0.30 1092 1964 1.8 12.1 27.1
1:4
Octa4:Cu(ll) -22 -68 0.19 0.20 2441 1454 0.6 10.1 314
1:64
Octa4:Mg(ll) -30 -82 0.06 0.49 572 2415 4.2 12.5 20.1
1:64
Octad:Mn(11) -26 -79 0.06 0.49 455 2829 6.2 10.4 19.6
1:64
Octa4:Zn(l1) -25 -66 0.09 0.34 1735 2954 1.7 9.8 28.6
1:64

14, 15, Ty, and T represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 3.17. A; and A, are the number of events forming the populations and Wy and W, represent their width at half the maximum
height. (the error is estimated to be £1 pA for I and £10 % for T.)



0.04 ms to about 0.19 ms. Most significant and in contrast to Octa2, the value of T, decreases
from about 0.6 ms to about 0.3 ms in the presence of Cu(ll). As with Octa2, the addition of
Mg(Il) or Mn(l11) causes only small changes, so the binding must be weak. Zn(I1) clearly binds
to Octad4 because the translocation peak broadens and the proportion of bumping events
increases; however, as with Octa2, this binding is weaker (compare Zn(lIl) 64x with Cu(ll) 64x
in Figure 3.17).

In the absence of metal ions, PrP106-126 yields both translocation and bumping events
with an A,/A; ratio of about 4 (Figure 3.18 and Table 3.9). Upon addition of Cu(ll) (1x) the
ratio decreases to about 0.3 and with an excess of Cu(ll) the translocation peak all but
disappears. Thus, Cu(ll) binds tightly to PrP106-126 and the complex is unable to translocate
freely. Mg(Il) and Mn(ll) appear to bind weakly because there is some broadening of the
bumping peak and T decreases significantly. In contrast, Zn(ll) behaves similarly to Cu(ll) and
very few translocation events are observed at high concentrations.

The results presented above clearly indicate that metal ion binding to all three prion
peptides induced significant changes in peptide conformation which in turn are reflected in their

interaction parameters with the a-hemolysin pore.
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Figure 3.18. Blockade current histograms for (a) PrP106-126, (b) with Cu(ll) 1x, (c) with

Cu(ll) 4x, (d) with Mg(ll) 4x, (e) with Mn(I1) 4x, and (f) with Zn(Il) 4x.
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Table 3.9. Event parameters for PrP106-126 °.

Compound I; (pA) I, (pA)  Ti(ms) T, (ms) A A AolAq W, W,
PrP106-126 -24 -66 0.17 0.17 898 3625 4.0 51 9.8
PrP106-126:Cu(ll) -22 -63 0.17 0.11 3062 985 0.3 3.6 12.1
1:1
PrP106-126:Cu(ll) -23 - 0.15 - 1957 - - 5.4 -
1:4
PrP106-126:Mg(l1) -29 -66 0.08 0.18 325 944 2.9 9.9 7.8
1:4
PrP106-126:Mn(11) -28 -68 0.09 0.18 618 2403 3.9 10.8 8.7
1:4
PrP106-126:Zn(11) -23 -67 0.16 0.15 1033 385 0.4 2.9 13.7

1:4

% 14, I, T4, and T, represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 3.18. Ajand A; are the number of events forming the populations and W3 and W, represent their width at half the maximum
height. (The error is estimated to be +1 pA for | and £10 % for T.)



3.4 Analysis of protein molecules using solid-state nanopores
3.4.1 Introduction

Bacterial toxins, such as a-hemolysin from S. aureus, have proven to be very useful tools
for the analysis of single molecules and have laid the foundation of the nanopore analysis field
(Kasianowicz et al., 1996; Branton et al., 2008; Howorka and Siwy, 2009). To improve the
versatility and stability of nanopore sensing with natural pores, artificial pores or solid-state
pores were developed in synthetic silicon nitride (SixNy) membranes (Li et al., 2001; Dekker,
2007). While the detection principle continued to rely on the blockade current and blockade
duration determined by the interaction of the analyte with the nanopore, the solid-state
nanopores held the promise of controllable dimensions, adjustable surface properties and high
stability over a wide range of experimental conditions (temperature, pH, applied potentials,
solvents and electrolyte concentration) that would normally destroy lipid bilayer assemblies. In
practice, working with solid-state nanopores proved challenging and several authors reported
irreversible clogging due to the analytes adhering to the inside walls of the pores (Li et al.,
2003; Han et al., 2006; Han et al., 2008; Niedzwiecki et al., 2010; Yusko et al., 2011).

The interaction of proteins with SiyNy nanopores was investigated. For example, it was
shown that bovine serum albumin (BSA) and fibrinogen could be distinguished on the basis of
the event parameters and translocation of BSA to the trans side of the pore was confirmed by
an immunosorbent assay (Fologea et al., 2007). Others have used synthetic pores to investigate
antibody/protein interactions with the goal of developing ultra-sensitive bioassays (Han et al.,
2008; Sexton et al., 2007). Although several protein molecules of different dimensions have
been analyzed with SixNy nanopores, contradictory results regarding the folding state of the
proteins during translocation have been obtained. Based on the excluded volume and blockade
duration, Talaga and Li reported that the majority of B-lactoglobulin molecules tested were
linearized or looped during translocation by the high electrical forces acting on them (Talaga
and Li, 2009). On the other hand, the results of Firnkes and coworkers showed no evidence of
such an effect with their model protein, avidin (Firnkes et al., 2010).

To shed more light on the folding state of protein molecules during translocation, a detailed
analysis of three negatively-charged proteins of increasing sizes (HPr, calmodulin, CaM, and

maltose binding protein, MBP) interacting with two SixNy nanopores with diameters of 7 nm
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and 5 nm was conducted. The reason for choosing proteins with net negative charges was that
their electrostatic interaction with the negatively-charged walls of the SixNy, nanopores would
be inhibited thereby reducing permanent pore blockages. The pl of each protein had to be taken
into consideration as well as the pH of the buffer used to avoid changes in the net charge of the
proteins. Furthermore, it was advisable to use a series of proteins with different dimensions to
determine if their size difference would be reflected in their interaction parameters with the
nanopores which in turn would indicate if the molecules were translocating folded or unfolded.
The properties of the pores are presented in Table 3.10 and the properties of the proteins are

presented in Table 3.11.

3.4.2 Analysis of maltose binding protein, calmodulin and HPr with SixNy nanopores
3.4.2.1 The 7 nm pore

Before addition of protein, the current-voltage curve (I/V curve) was measured to ensure
linearity and that there were no leaks (Figure 3.19). MBP was added to the cis chamber and
current blockades (events) were observed only when the electrode in the trans chamber was
positively biased, which correlated with the negatively charged protein molecule being
transported by the applied potential. Typical event profiles are shown in Figure 3.20. The
magnitude and duration of the blockade currents were measured and plotted as histograms
versus the total number of events recorded. The peak values of the current distributions were
calculated with a Gaussian function and the blockade duration histograms were fitted with an
exponential decay function of first order with the standard functions from Origin 7.0. In order
to be able to compare the results of the same protein interacting with pores of different
diameters it was convenient to convert the blockade current values to the percentage block (%
block) of the respective open pore current measured at the beginning of each experiment.

As shown in Figure 3.21a, b and ¢ and Table 3.12, the majority of the events fall into a
single population of blockade currents with % peak values of 21.9% at 50 mV, 10.7% at 100
mV and 5.8% at 200 mV potential. Small populations of events (<25% of the total) were also
seen at 34.0%, 29.4% and 17-30% for 50 mV, 100 mV and 200 mV respectively. The number
of events in the second population at 200 mV was too small and the values too spread out, to

allow meaningful analysis. The blockade times, for both populations, show a single exponential
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Table 3.10. Parameters of the solid-state nanopores.

Pore diameter (nm) Conductance (nS)*>  Pore volume (nm®)"

7 22.4 576.9

5 14.4 294.3

# measured from the slope of the I/V curve.
b calculated based on the physical characteristics of the pore.
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Table 3.11. Physical and chemical characteristics of the proteins.

Characteristic

Protein Net Charge M.W. No.of pl° Dimensions Volume Volume
Charge Density® (kDa) residues (hm)° (m*)? (nmd)°
HPr -2 -0.023 9.1 85 55 2.1x2.7x3.8  11.27 40.4

Calmodulin -25 -0.169 16.9 148 3.9 23x3.0x6.5 23.47 78.8

MBP -8 -0.021 40.8 370 5.2 3.0x4.0x6.5  40.82 107.5

% Calculated from the net charge divided by the number of amino acids.

b Taken from references (14-16).

° Taken from references (17-19).

¢ Calculated based on dimensions considering an ellipsoidal shape (without 0.7 nm water shell).
® Calculated based on dimensions considering an ellipsoidal shape (with 0.7 nm water shell).
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Figure 3.21. % blockade current histograms and scatter plots for MBP interactions with the 7 nm

pore under applied potentials of 50, 100, and 200 mV.
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Table 3.12. Event parameters for MBP interactions with the 7 nm pore ®.

Voltage OPC 9% block % block T, T, A A, W, W,
(mv)  (pA) 1) ) (ms)  (ms)
50 1600 21.9 34.0 0.059 0.099 410 155 95 7.0
100 3150 10.7 29.4 0.040 0.089 843 222 54 151
200 6350 5.8 19.0 0.049 349 3.0

8 OPC, open pore current; %block, percentage block; T, blockade time; A, number of events
under curve; W, peak width at half height. The subscripts 1 and 2 refer to the respective
population of events. (The error is estimated to be +1% for %block and £10% for T).
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distribution with very fast durations of <0.1 ms (Table 3.12). As will be discussed below, these
results are difficult to reconcile with translocation because the event durations are roughly
constant and the % block is not constant with increasing voltage; i.e. they are consistent with
bumping events in which the protein approaches the pore but then diffuses away.

Plotting the % block peak values against the blockade times as two-dimensional scatter plots
enhances the visualization of the protein interactions with the nanopore. Each point in the plot
correlates the blockade duration with the % block determined by the interaction of a single
molecule with the SixNy nanopore. In this way it is possible to observe the blockade durations of
the events which form the blockade current populations. For MBP, the scatter plots (Figure
3.21d, e and f) show that most of the events from both populations have blockade durations
faster than 0.25 ms, indicating one type of interaction between the protein molecules and the
pore.

The histograms of % block and the scatter plots for CaM are shown in Figure 3.22 and the
corresponding event parameters are summarized in Table 3.13. Again, the event profiles are
dominated by populations at low % block (13.2, 7.3 and 4.4% for 50 mV, 100 mV and 200 mV,
respectively). Because the % block decreases with increasing voltage, these events are consistent
with bumping into the pore before diffusing away. At 100 and 200 mV, there is a second
population of events with a % block of about 13%, which can also be seen in the scatter plots of
Figures 3.22e and f. The event duration decreases with increasing voltage which, as well, is
consistent with translocation. It should be noted that the single broad peak recorded at 50 mV
with a % block of 13.2% may include both bumping and translocation events which cannot be
distinguished in the scatter plot of Figure 3.22d.

In contrast with MBP and CaM, HPr’s interaction with the 7 nm SiyNy pore reveals very
narrow and well defined populations of events. The current blockade events are grouped in a
single population for the experiments at 50 and 100 mV potential whereas two populations of
events are apparent for the 200 mV experiment (Figure 3.23a, b and c¢). The % block of this
population (7.2—7.5%) does not change with voltage and the blockade duration decreases from
0.28 to 0.11 ms as the voltage increases, indicating that these are translocation events (Table
3.14). Similarly to CaM, a second population of events with short duration, 0.05 ms, and small %

block, 4%, becomes apparent at higher voltages which is consistent with bumping events.
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Table 3.13. Event parameters for CaM interactions with the 7 nm pore .

Voltage OPC 9% block % block T, T, A A, W, W,
(mv)  (pA) 1) ) (ms)  (ms)
50 1600 13.2 0.14 345 5.7
100 3150 7.3 13.2 0.076 0.12 496 297 3.2 3.1
200 6350 4.4 12.5 0.032 0.096 545 217 24 4.2

8 OPC, open pore current; %block, percentage block; T, blockade time; A, number of events
under curve; W, peak width at half height. The subscripts 1 and 2 refer to the respective
population of events. (The error is estimated to be +1% for %block and £10% for T).
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Table 3.14. Event parameters for HPr interactions with the 7 nm pore ®

Voltage OPC 9% block % block T, T, Ay A, W, W,

(mV)  (pA) (1) (2) (ms)  (ms)
50 1600 7.3 0.28 797 1.7
100 3150 7.2 0.12 1396 16
200 6350 3.9 75 0048 011 322 546 20 11

8 OPC, open pore current; %block, percentage block; T, blockade time; A, number of events
under curve; W, peak width at half height. The subscripts 1 and 2 refer to the respective
population of events. (The error is estimated to be +1% for %block and £10% for T).
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3.4.2.2 The 5 nm pore

Originally it was intended for MBP, CaM and HPr molecules to be tested on a 5 nm pore as
well. Unfortunately, after analyzing MBP and HPr, the nanopore became permanently blocked
and unusable for further experimentation. Even though the pore presented a good ohmic behavior
and correct open pore currents, it tended to become blocked when voltages higher than 150 mV
were tested. As a conseguence, the highest voltage used in these experiments was 150 mV.

Analysis of MBP reveals two populations of events at all voltages; a sharp peak at low %
block and a broader peak at higher % block (Figure 3.24 and Table 3.15). For both populations
the % block decreases with increasing voltage and the scatter plots show very fast interaction
times (T < 0.25 ms) for the majority of events (Figure 3.24d, e and f). From the above, it appears
unlikely that MBP can translocate.

HPr generates histograms very similar to those for CaM when analyzed on the 7 nm pore.
There is one broad population of events for the 50 mV experiment and two populations of events
for the 100 and 150 mV experiments (Figures 3.25a, b and c). The two-dimensional scatter plots
indicate a significant number of interactions with durations longer than 0.25 ms (Figures 3.7d, e
and f). The smaller population of events at 100 and 200 mV are consistent with translocation
because the % blocks are similar and the event durations decrease with increasing voltage (Table
3.16). As was mentioned with CaM above, the single peak for HPr at 50 mV may include both

bumping and translocation events which cannot be separated.
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Table 3.15. Event parameters for MBP interactions with the 5 nm pore ®.

Voltage OPC % block % block T, T, Ay A, Wi W,
(mV)  (pA) 1) ) (ms)  (ms)

50 1286 12.9 33.3 0.045 0085 724 130 63 222

100 2572 6.1 17.4 0.034 0064 767 161 3.0 113

150 3858 3.5 10.1 0.038 008 737 23 16 3.9

8 OPC, open pore current; %block, percentage block; T, blockade time; A, number of events
under curve; W, peak width at half height. The subscripts 1 and 2 refer to the respective
population of events. (The error is estimated to be +1% for %block and £10% for T).
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Figure 3.25. % blockade current histograms and scatter plots for HPr interactions with the 5 nm

pore under applied potentials of 50, 100, and 150 mV.



Table 3.16. Event parameters for HPr interactions with the 5 nm pore ®.

Voltage OPC % block %o block T T, A A, Wi W,
(mv)  (pA) 1) ) (ms)  (ms)
50 1240 10.4 0.12 869 6.1
100 2480 6.5 12.9 0.049 0.083 254 144 39 3.2
150 3720 3.5 10.3 0.069 0.055 679 96 18 4.1

8 OPC, open pore current; %block, percentage block; T, blockade time; A, number of events
under curve; W, peak width at half height. The subscripts 1 and 2 refer to the respective
population of events. (The error is estimated to be +1% for %block and £10% for T).
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3.4.3 Analysis of bPrP(25-242) interaction with monoclonal antibody M2188

Antibodies that selectively bind one of the two forms of the prion protein PrP® or PrP* have
been recently developed (Korth et al., 1997; Paramithiotis et al., 2003; Curin Serbec et al., 2004;
Zou et al., 2004; Andrievskaia et al., 2006; Polymenidou et al., 2008). This selectivity resides in
the fact that different epitopes are exposed in the two prion isoforms. More specifically,
Andrievskaia and coworkers have generated a PrP®-specific monoclonal antibody (M2188)
which binds the SRPLIHFG epitope (positions 146-153) (Andrievskaia et al., 2006). With a
molecular weight of 150 kDa, the M2188 antibody has the classic Y-shape of the 1gG2a class of
antibodies. The largest dimension of the antibody is its height of 14.5 nm followed by its width
of 8.5 nm and its thickness of 4 nm (Silverton et al., 1977). As presented in Table 3.17, we have
calculated a hydrated volume of 436 nm® assuming a 0.7 nm thick water shell.

So far, the detection of the bPrP/M2188 complex formation has been successfully tested only
in patch-clamp experiments utilizing the o-hemolysin pore (Madampage et al., 2010). Since
solid-state nanopores will provide the sensitivity of the portable prion detector, the next step in
my project was to investigate if the prion/antibody complex formation could be detected with
this type of nanopore.

Recombinant bovine prion protein encompassing residues 25-242 (bPrP25-242) with a
carboxy-terminal His5 tag and the M2188 antibody were tested on two solid-state nanopores
with diameters of 11 nm and 19 nm respectively. The 11 nm pore was chosen because its
diameter is larger than bPrP but smaller than M2188 and it should permit the transit of the prion
protein but not of the antibody. Upon binding of M2188 to bPrP25-242, the translocation peak of
the prion protein should disappear which, in turn, would report the formation of the
prion/antibody complex. On the other hand, the interactions of bPrP and M2188 with the 19 nm
pore should result in translocations since the pore’s diameter should accommodate the transit of
both molecules. In this case, the complex formation would be indicated either by an increase in
the blockade current determined by the complex translocation or a complete lack of
translocations if the complex is unable to transit the pore. Regardless of the outcome of the
interaction with the nanopore, the complex formation should still be detectable.

All protein molecules tested on the two nanopores had positive net charges as opposed to the
ones presented in section 3.4.2 and possessed a higher risk of clogging the pores by adhering to

their negatively-charged surface. Preliminary testing determined that the M2188 antibody had a
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positive net charge as current blockades were witnessed only when the antibody was added to the
positively-biased chamber. All chemical and physical characteristics of the proteins are presented
in Table 3.17.

Before the experiments were started, the conductivity of each pore was tested. While the 11
nm pore presented stable conductance values at all applied voltages, the conductance of the 19
nm pore frequently oscillated between the correct value and a lower value at voltages above 80
mV. For this reason, the experiments performed on the 19 nm pore were recorded only at an
applied potential of 80 mV. The conductance values of both pores stayed constant during the
individual experiments. The initial conductance values and volumes of the two pores are listed in

Table 3.18 and the I/V curves are presented in Figure 3.26.

3.4.3.1 The 11 nm pore

All % block distributions were plotted against the number of events per minute in order to
obtain a more detailed picture of the interaction of bPrP, M2188 antibody and bPrP/M2188
complex with the nanopore and to facilitate the visual observation of the applied voltage effect
on the event frequency.

First, the current blockade histograms of bPrP interaction with the 11 nm pore revealed two
distinct populations of events for all applied voltages tested (Figure 3.27a, d and g). The first
population had % blockade peak values ranging from 2.3 % to 2.9 % and the second population
had values between 4.1 % and 4.5 % (Table 3.19). Plotting the % block values against the
number of events per minute allows the observation that the number of events per minute
increases with the applied potential indicative of an electrophoretically-driven process. At the
same time, the proportion of events forming the higher blockade population increases and both
populations of events shift slightly to lower % blockade values as the applied potential is
increased. The single-exponential fit of the blockade duration distribution generated by the
events of the higher blockade population indicate values of 0.162 ms, 0.033 ms and 0.078 ms as
the voltage was increased from 75 mV to 100 mV and to 150 mV respectively (Figure 3.27b, e
and h). At the same time the blockade durations of the lower blockade population were faster and
stayed mostly constant with the increasing voltage (Figure 3.27c, f and i). All calculated
parameters are presented in Table 3.19. The two-dimensional scatter plots maintain good
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Table 3.17. Physical and chemical characteristics of the proteins.

Characteristic
Protein Net Charge M.W. No.of pl® Dimensions Volume Volume
Charge Density® (kDa) residues (hm)° (hm3?  (nm®)°

bPrP +8 +0.036 25.0 223 9.7 4.4x2.8x2.7 17.4 54.3

RNase A +4 +0.032 13.7 124 9.5 3.8x2.8x2.8 15.6 49.0

M2188 + 150.0 14.5x8.5x4.0  211.0 436.0

& calculated from the net charge divided by the number of amino acids.

b calculated with Innovagen Peptide Property Calculator (Lund, Sweden).

¢ taken from references (Joseph-McCarthy et al., 1996; Lopez-Garcia et al., 2000).

d calculated based on dimensions considering an ellipsoidal shape (without 0.7 nm water shell).
® calculated based on dimensions considering an ellipsoidal shape (with 0.7 nm water shell).
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Table 3.18. Parameters of the solid-state nanopores.

Pore diameter (nm) Conductance (nS)*>  Pore volume (hm®)°

11 57.8 1424.8

19 129.7 4250.8

# measured from the slope of the I/V curve.
® calculated based on the physical characteristics of the pore.
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under an applied potential of 100 mV (panel j-I).



Table 3.19. Event parameters for bPrP and M2188 interactions with the 11 nm pore ®.

Protein Voltage OPC % block 9% block T, T, Ay A, Wi W,
(mv)  (pA) 1) ) (ms)  (ms)

bPrpP 75 4350 2.9 4.5 0.036 0.162 315 3.0 0.7 0.6

bPrpP 100 5750 2.5 4.3 0.030 0.033 1445 180 09 0.6

bPrpP 150 8675 2.3 4.1 0.030 0.078 5595 4155 08 0.5

M2188 100 5475 4.7 16.9 0.034 0.161 40.0 85 19 31

# OPC, open pore current; %block, percentage block; T, blockade time; A, number of events
under curve; W, peak width at half height. The subscripts 1 and 2 refer to the respective
population of events. (The error is estimated to be +1% for %block and £10% for T).
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separation between the two populations of events and confirm that the events forming the lower
% blockade population are faster than those belonging to the higher % blockade population
(Figure 3.28a, b and d) (Table 3.19). This is consistent with the time values listed in Table 3.19
which suggest the existence of two types of interactions between bPrP and the pore: translocation
and bumping.

Second, the interaction of the M2188 antibody with the 11 nm pore could only be studied
under 100 mV applied potential before the nanopore became irreversibly blocked and ceased to
function. The % blockage and blockade time histograms of this experiment are shown in Figure
3.27j, k and | and reveal the presence of two populations of events. A peak value of 4.7 % for the
lower population and 16.9 % for the peak of the higher population are reported in Table 3.19.
The high % block population is formed of events with long interactions with the pore (0.161 ms)
while the low % block population contains events with much shorter interaction times (0.034
ms). These results are also reflected in the scatter plot which shows a very compact cluster of
events with fast times for the low % block population and a more spread-out cluster of events
with slower interaction times for the high % block population (Figure 3.28c).

Third, to detect a possible dose-dependent effect of the specific protein/antibody binding, two
bPrP/M2188 molar ratios were tested. The % block histograms of bPrP/M2188 at 1:1 ratio are
presented in Figure 3.29d, e and f and at 2:1 ratio in Figure 3.29a, b and c. The corresponding
parameters are summarized in Table 3.20 and Table 3.21. For all three applied voltages the
histograms of both protein/antibody ratios look similar for the same applied voltage. The events
are grouped in two well-represented populations for the 75 mV and 100 mV experiments while
at 150 mV the higher blockade populations have very few events detected. At the same time the
lower blockade populations become narrower with the increasing voltage indicating that there is
less variation in the orientation of the molecules as they interact with the pore. On one hand, both
bPrP/M2188 ratios and the M2188 antibody alone have similar % block values ranging from 4.0
% to 5.9 % for the low % block population and from 14.9 % block to 17.5 % for the high %
block population (Table 3.19 and Table 3.20). On the other hand, there are more events
generated per minute by bPrP/M2188 1:1 than by bPrP/M2188 2:1 and in both cases more than
the events generated by M2188 alone. Similarly to the bPrP results, the % block values decrease
slightly with the increasing voltage. Generally, the low % block populations have faster blockade

times than the high % block populations pointing towards bumping for the former and
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nm pore under applied potentials of 50, 100, and 150 mV. Panels c, g and k show scatter plots of
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Table 3.20. Event parameters for bPrP/M2188 1:1 interactions with the 11 nm pore ®.

Voltage OPC 9% block % block T; T, A A, Wi W,
(mv)  (pA) 1) ) (ms)  (ms)
75 4350 5.6 17.5 0.066 0.094 6870 535 53 40
100 5750 5.4 15.8 0.036 0.088 2845 640 1.7 49
150 8675 4.0 - 0.081 - 1146.5 - 1.0 -

8 OPC, open pore current; %block, percentage block; T, blockade time; A, number of events
under curve; W, peak width at half height. The subscripts 1 and 2 refer to the respective
population of events. (The error is estimated to be +1% for %block and £10% for T).
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Table 3.21. Event parameters for bPrP/M2188 2:1 interactions with the 11 nm pore ?,

Voltage OPC 9% block % block T, T, A A, Wi W,
(mv)  (pA) 1) ) (ms)  (ms)
75 4150 5.9 17.1 0.019 0.087 184.0 23.0 21 5.0
100 5475 4.9 16.7 0.022 0.093 155.0 185 21 4.9
150 8375 4.1 14.9 0.021 0.050 1155 95 16 2.3

8 OPC, open pore current; %block, percentage block; T, blockade time; A, number of events
under curve; W, peak width at half height. The subscripts 1 and 2 refer to the respective
population of events. (The error is estimated to be +1% for %block and +10% for T)
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translocation or intercalation for the latter as presented in section 4.7.1 of the Discussion. As
the voltage increases, the T, values stay roughly constant for both bPrP/M2188 ratios with the
exception of bPrP/M2188 2:1 at 150 mV where the very few recorded events did not allow a
proper calculation of the blockade time. The T; values stay around 0.020 ms for bPrP/M2188
2:1 and vary irregularly for bPrP/M2188 1:1. The irregularities in blockade duration values and
the different frequency of events generated for the two protein/antibody ratios indicate original
interaction patterns with the pore for each of the two sets of experiments. Furthermore, the
scatter plots show narrower time distribution clusters for bPrP/M2188 2:1 (Figure 3.28e, f and
h) as compared to bPrP/M2188 1:1 (Figure 3.28i, j and I). A unique scatter plot is generated at
150 mV by bPrP/M2188 1:1 (Figure 3.28i) where the low blockade population has a large extra
cluster of events with longer duration values that is not present in any of the other scatter plots
regardless of the antigen/antibody ratio. This indicates a special phenomenon taking place at
this particular applied voltage that could clearly be observed in the scatter plot and not in the %
block histogram.

A plot of the sum of the individual scatter plots of bPrP and M2188 at 100 mV applied
potential against the adjusted frequency of events for bPrP:M2188 ratios of 2:1 and 1:1 was
performed to provide a point of reference for the comparison with the experimentally-recorded
bPrP/M2188 1:1 and 2:1 scatter plots at the same potential (Figure 3.28g and k). A crucial point
for data interpretation was to know how the scatter plots would look if no interaction between
bPrP and M2188 would take place. In other words we were interested to determine whether the
bPrP/M2188 1:1 and bPrP/M2188 2:1 histograms were generated by the protein-antibody
complex or by the individual unbound species. While the % block histograms in Figure 3.29
show some degree of interaction between bPrP and M2188, the scatter plots give a clearer
indication of complex formation. In the resulting scatter plots four well-defined event clusters
are visible in contrast to only two clusters observed for bPrP/M2188 1:1 and 2:1 (Figure 3.28g,
k and f, j respectively).
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3.4.3.2 The 19 nm pore

The same molecules analyzed on the 11 nm pore were also analyzed on a pore with a
diameter of 19 nm under an applied potential of 80 mV. RNase A was added to the group to
serve as a negative control since it does not have binding affinity for the M2188 antibody. As
far as the protein/antibody complex formation was concerned, only the 2:1 ratio was tested
during the bPrP/M2188 and RNase A/M2188 experiments to facilitate the interpretation of the
results by having only one molecular species in solution as discussed in section 4.7.1. Similarly
to the 11 nm pore analysis, the % block histograms were plotted against the number of events
per minute in order to enable a visual comparison of the event frequency generated by the
different molecules tested.

The % block histograms show single populations of events for both bPrP and RNase A
molecules with peak values of 1.18 % and 0.84 % respectively (Figure 3.30a and d). Although
both populations have very similar widths at half the peak hight: 0.37 for bPrP and 0.36 for
RNase A, the number of events per minute generated by bPrP was slightly higher than that of
RNase A (Table 3.22). The molecules also generated sharp two-dimensional scatter plots with
blockade time values of 0.149 ms for bPrP and 0.111 ms for RNase A (Figure 3.31a and d). All
numeric values with statistical parameters are presented in Table 3.22.

The interaction of the M2188 antibody with the 19 nm pore resulted in a % block histogram
with two populations of events: a sharper peak situated at 1.82 % block and a broader peak
positioned at 4.02 % block (Figure 3.30c). The blockade times show single exponential
distributions with values of 0.030 ms and 0.093 ms respectively. The scatter plot in Figure
3.31c shows the events arranged in two clusters with the vast majority of blockade times around
a value of 0.100 ms. In the same plot a few longer-lived events can be visualized for both
clusters. The antibody generated the least number of events per minute of all molecules tested
(Table 3.22).

RNase A incubated for one hour with the M2188 antibody at a molar ratio of 2:1 reveals a
three peak histogram with % block values of 0.90 %, 1.83 % and 3.99 % and blockade times of
0.071 ms, 0.060 ms and 0.055 ms respectively (Figure 3.30b and Table 3.22). The scatter plot
in Figure 3.31b shows a first cluster of events similar in shape to the one belonging to RNase A
from Figure 3.31a while the rest of the events are distributed in a second cluster stretching

across a broader % block range at blockade times below 0.100 ms. The similarity in % block
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Table 3.22. Event parameters for RNase A, bPrP, RNase A/M2188 2:1, bPrP/M2188 2:1 and M2188 interactions with the 19 nm pore
under an applied potential of 80 mV?.

Protein % block 9% block % block  T; T, Ts As A, A Wi W, W,
1) ) 3) (ms) (ms) (ms)
RNase A 0.84 - - 0.111 - - 32.1 - - 0.36 - -
bPrP 1.18 - - 0.149 - - 39.2 - - 0.37 - -
M2188 1.82 4.02 - 0.030 0.093 - 146 51 - 058 1.36 -
RNase A/M2188 0.90 1.83 3.99 0.071 0.060 0.055 36.1 112 48 042 032 165
2:1
bPrP/M2188 2:1 1.43 3.96 - 0.033 0.089 - 833 64 - 065 119 -

 %%block, percentage block; T, blockade time; A, number of events per minute; W, peak width at half height. The subscripts 1, 2 and
3 refer to the respective population of events. (The error is estimated to be £1% for %block and +10% for T).
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Figure 3.31. Scatter plots for RNase A, bPrP, RNase A/M2188 2:1, bPrP/M2188 2:1 and
M2188 interactions with the 19 nm pore under an applied potential of 80 mV.
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values of the first population of RNase A/M2188 2:1 with RNase A experiments as well as
between the second and third populations of RNase A/M2188 2:1 with the two populations of
M2188 strongly indicate that RNase A did not bind the M2188 antibody (Figure 3.30). This
outcome is also observed, although less pronounced, in the scatter plots of Figure 3.31.

bPrP incubated with M2188 for the same amount of time and at the same molar ratio as the
RNase A/M2188 experiment generates a two peak histogram with the first peak centered at
1.43 % block and the second at 4.02 % block (Figure 3.30e). The blockade times are 0.033 ms
and 0.089 ms for the first and second peak respectively (Table 3.22). It must be noted here that
the position and blockade time value of the second peak are extremely similar to those
belonging to the second peak of M2188 (Table 3.22). The scatter plot for this molecule is
presented in Figure 3.31e and is dominated by a first cluster of events similar to the one
recorded for bPrP tested alone while the rest of the events are distributed along fast durations in
a cluster similar in shape to the second cluster of M2188 from Figure 3.14c. Compared to bPrP
and M2188 experiments there is an increase in the number of events forming the histograms as
well as in the width of the first population most probably determined by the superposition of the
bPrP population over the first antibody population.

Because the first population of M2188 and the population of bPrP have very close % block
values, the two populations are superimposed and cannot be separately identified in the

histogram.
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4.0 DISCUSSION
4.1 Analysis of wild type and mutant HPr with aerolysin pores

It is clear that the two distinct populations of events in the current blockade histograms
indicate two different types of interactions between the HPr proteins and the aerolysin pore.
From a theoretical point of view, it is possible that both event populations could be determined
by different non-translocational events. However, as for previous peptide analysis with
nanopores, the simplest interpretation is that the first population of events (smaller blockade
current values) is assigned to molecules that bump into the pore, diffusing away afterwards,
while the second population of events (larger blockade current values) corresponds to
molecules that translocate the pore. Considering that the dimensions of HPr (21 A x 27 A x 38
A) are larger than the diameter of aerolysin (~14 A), it is obvious that the protein can not
translocate in its folded conformation. HPr’s structural conformation and behavior in solution
under an applied electric field within the confinement of the nanopore is unknown, but it is
known that small globular proteins with low activation free energy of unfolding such as HPr
(~5 kcal/mol) can unfold and refold spontaneously even without additional factors or assistance
(Nicholson and Scholtz, 1996; Stefureac et al., 2008; Movileanu, 2009).

It is important to know that the current blockade value is a measure of the pore volume from
which ions are excluded as the protein molecules translocate. Thus, the current blockade
depends on the dimensions of the molecule traversing the pore. Consequently, a big molecule
will determine a larger current blockade than a small one. In other words, a folded molecule
will exclude more ions from the nanopore than an unfolded molecule. As far as the
translocation time is concerned, an unfolded structure will need a longer time to translocate
than the folded structure if no interactions between the protein and the amino acids lining the
inside walls of the pore occur.

On one hand, the results indicate that wtHPr translocates the aerolysin pore in a more folded
conformation than the T34N mutant, determining a larger current blockade (-43 pA) and a

faster translocation time (0.19 ms). Furthermore, the disrupted structure of T34N allows the
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mutant to unfold to a greater extent than the wild type protein, generating a smaller current
blockade (-39 pA) and a longer translocation time (0.23 ms). The difference in the number of
translocations between wtHPr and T34N mutant most probably is a consequence of the
mutant’s disrupted structure which makes the molecule more prone for bumping than
translocation. Since both wtHPr and T34N have no net charge, they are mostly diffusion-driven
towards the nanopore and thus a disrupted structure is more difficult to orient for translocation
than a compact structure. On the other hand, the similar 1; values recorded for all three HPr
variants represent a good indication that the first populations of events are determined by
collisions with the pore.

The S46D mutant has a structure very similar to that of the wtHPr which is confirmed by
comparable 1, values, yet it generated the highest number of translocations of all three
molecules. This is likely due to the net negative charge that this molecule carries which
facilitates its electrophoretic rather than diffusional transport to the pore. The long translocation
time of S46D (similar to T34N) as opposed to the wtHPr may seem surprising at first but it is to
be expected if we consider aerolysin’s preference for cation transport (aerolysin has a net
charge of -52¢) (Pastoriza-Gallego et al., 2011). The results for S46D show that the protein is
transported towards the pore entrance faster than the wtHPr and T34N, while its transit through
aerolysin is retarded by the repulsive interactions between the protein and the amino acid side
chains lining the inside walls of the pore.

To determine the effect that the pore structure exerts on the interaction parameters of the
proteins, the aerolysin results must be discussed in comparison to the results previously
obtained with the a-hemolysin pore which are presented in Figure 4.1 and summarized in Table
4.1 for easier reference. It can be observed clearly that the proteins interact with the two
nanopores very differently (Figure 3.3 and Table 3.1; Figure 4.1 and Table 4.1). First, for
aerolysin all three proteins generated fewer events at high blockade currents, suggesting that it
is more difficult to translocate through the aerolysin pore compared to a-hemolysin. Second, for
a-hemolysin the value of 1, was lowest for S46D whereas for aerolysin the lowest value is for
T34N. Third, the peak widths at half height are much less variable for aerolysin compared to a-
hemolysin. Fourth, the translocation times through a-hemolysin were faster than through

aerolysin, correlating well with the preference of the pores for anions or cations respectively.
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Table 4.1. Interaction parameters of the wtHPr together with the T34N and S46D mutants with the a-hemolysin

pores®,
Compound I; (pA) I, (pA) T, (Ms) T, (Ms) A A, AJA W, W,
wtHPr -34 -72 0.65 0.10 116 454 3.9 23.5 16.7
T34N -25 -65 0.80 0.14 234 403 1.7 3.4 23.3
S46D -53 0.11 1701 8.0

%14, I, T1 and T, represent the intensities and the durations of the current blockades of the respective event populations presented in
Figure 2. The number of events (A; and A;) forming the populations and their widths at half their heights (W; and W) are also
presented here. (The error is estimated to be £1 pA for | and £10% for T).



The reduction in the proportion of translocation events for aerolysin compared to a-
hemolysin was also observed for a series of a-helical peptides and is attributed to the presence
of the vestibule domain of a-hemolysin which is absent in aerolysin (Stefureac et al., 2006).
Upon entering the vestibule, a more hydrophobic environment is created which favours the
unfolding of the protein and its subsequent translocation. This process is enhanced when a
protein is driven into the vestibule by a negative charge as is the case with S46D. In
comparison, for translocation through aerolysin a protein would have to interact in a rather
precise orientation to allow simultaneous unfolding and translocation (Figure 4.2). Thus for
aerolysin the proportion of translocation events is reduced.

In conclusion, we have shown that small proteins can translocate aerolysin pores by
unfolding and single mutations are sufficient to alter the event profile. Either the mutants must
unfold differently or they must interact with the pore differently from the wtHPr. More
importantly, the anatomy and net charge of the pores are crucial factors which affect the
translocation parameters of the analytes.

The ultimate goal of the nanopore technology is to be able to provide sequence and
structure information for single molecules. Sequencing of proteins may be very challenging
because single amino acids cannot be detected directly. However, single amino acid
substitutions do cause structural changes which are readily detected by this technology.

4.2 Analysis of insulin with a-hemolysin pores in the presence of TCEP

The size of the monomeric insulin molecule (31 A x 18 A x 27 A) is too large to permit its
transit through the a-hemolysin nanopore (limiting diameter of 15 A) and unlike HPr, insulin
cannot unfold to translocate due to the presence of the disulfide bonds which enforce its
quaternary structure. As a result, insulin can only collide with the cis end of the nanopore and
then diffuses away. These collisions are responsible for generating the events forming the low
current blockade population with faster blockade durations in Figure 3.5a. However, the
extended amino acid strands of chain B or the short a-helical segments of chain A may also
partially and temporarily enter the nanopore without translocating, giving rise to larger current
blockades than the simple collisions. This type of interaction supports the wide distribution of

events obtained for the insulin experiments.
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Figure 4.2. Cartoon of a-hemolysin (panel a) and aerolysin (panel b) nanopores inserted into
lipid bilayers with HPr proteins unfolding for translocation. The funnel-shaped vestibule
domain of a-hemolysin facilitates the unfolding and translocation process. Molecules must
adopt precise orientations to transit the aerolysin pore.
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The net separation of the peaks in Figure 3.5b is an indication of the fact that the disulphide
bonds have been cleaved by TCEP. After TCEP’s reducing action, the two component peptide
chains of insulin are separated and can translocate easier than the bulky insulin which explains
the increase in the number of events as opposed to the low total number of events generated by
the large insulin molecule. The complete separation of the two insulin strands by TCEP was
also confirmed in an SDS-PAGE experiment (Figure 4.3). Due to its small size (2.5 kD), chain
A was difficult to capture on the gel but it is visible both as a cleavage product of insulin and
better as a pure solution used as a control.

Our previous experiments with a-helical peptides of different lengths indicated blockade
current values ranging from -62 pA to -78 pA for a-helices of 14 to 26 amino acids (Stefureac
et al., 2006). Since insulin’s chain A is 21 amino acids long with two short helices at the ends
and chain B is 30 amino acids long with a three-turn central helix, it was initially expected that
upon disulphide bond cleavage of insulin two translocation peaks (one for each insulin chain)
would become visible. As it can be seen in Figure 3.5b this was not confirmed. There were two
possible explanations for this situation. On one hand, the low aqueous solubility of chain B can
cause its precipitation and so, the only molecule transiting the pore following disulfide bond
cleavage would be chain A. On the other hand, the two separated chains may adopt different
structures in solution but might cause similar blockade current values. For this scenario two
superimposed translocation populations would be generated and impossible to distinguish.

To elucidate this issue, the two insulin chains were analyzed separately. The low number of
translocation events generated by chain B and the similar I, values of chain A and of the
cleaved insulin (75 pA and 76 pA respectively) both supported the former explanation and
proved that chain A translocation was in fact responsible for the second peak of the cleaved
insulin histogram (Figure 3.5b, Table 3.2). Furthermore, the blockade current values were in the
range expected for a-helical peptides of this length (Stefureac et al., 2006).

The nanopore analysis of the two individual insulin chains also suggested that minor
modifications in their net charges determined major differences in their blockade durations. The
insulin chains used for the control experiments were ordered from Sigma-Aldrich and contained
the thiol groups (-SH) of the cysteines oxidized to sulfonic groups (-SOg3). This modified the
net charge of the chains from -2e to -6e for chain A and from 0 to -2e for chain B compared to

the chains resulting from TCEP cleavage of insulin. The increase in electronegativity of chainA
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Figure 4.3. SDS-PAGE gel confirming the separation of the two insulin chains by the reducing
agent TCEP. Separate samples of insulin chain A and chain B served as controls.
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explains its fast translocation time (0.08 ms) compared to the translocation time of the TCEP
cleaved chain (0.27 ms) (Table 3.2) as the molecules are dragged through the nanopore by the
electric field faster. Although the control chain B is negatively-charged, its tendency for
aggregation likely account for the small number of translocations present in the current
blockade histogram as well as the long T, and T, values.

In conclusion, the experiments presented above showed that protein structural modifications
determined by the cleavage of disulphide bonds can be studied with the nanopore method of
analysis and changes in the net charge of polypeptides are reflected in their translocation

parameters.

4.3 The alternating current effect on peptide interaction with a-hemolysin

As a starting point to understand the alternating current results, previous work on the
electric dichroism of proteins and DNA has demonstrated that an electric field of 10 kV/cm is
sufficient to align polarized molecules (Ding et al., 1972; Hogan et al., 1978; Antosiewicz and
Porschke, 1995). In our work, the a-hemolysin pore has dimensions at the opening to the pore
of about 2 nm so that an applied AC voltage of 200 mV results in a transient field of at least
100 kV/cm in this region. As well, the correlation times of molecules of this size are estimated
to be about 600 MHz (Larsen et al, 2003). Thus, it is entirely reasonable that the motion of
peptides can be modified by the fields used in this work. A simple working hypothesis for the
behaviour of the A10 peptide can be constructed as follows (Figure 3.7B). In the absence of an
AC voltage, the peptide, due to its dipole moment, is oriented in the DC electric field such that
the axis of the peptide is aligned with the axis of the lumen of the pore. Thus, translocation is
favored. In an AC field, the peptide may rotate so that it can no longer enter the constriction of
the pore and a bumping event will be the result. As the AC frequency increases, there is an
increased probability that the peptide will adopt an orientation that is incompatible with
translocation. The translocation time of the peptide is in the ms range so that rotation of the
peptide may occur many times as it approaches the lumen of the pore.

For CY12(-)T2 there are two translocation peaks in the absence of the AC field. We propose
that the peak at -53 pA is due to a linear conformation of the peptide which has no formal
dipole. Thus, it is not affected by the AC field and maintains its position at all AC frequencies.

In contrast the peak at — 47 pA is due to a conformation which has a dipole and thus, in an AC
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field, translocation events are less favored. It should be noted that even DNA which has no
permanent dipole can be oriented in electric fields due to anisotropic ion flow which, in turn,
creates an asymmetric ion atmosphere around the DNA (Tsoulou et al., 2001). However,
anisotropic ion flow requires ps (i.e kHz frequencies) to become established and so the MHz
frequencies of these studies are probably too fast to induce a dipole moment in the peptides.

In summary, we have shown that nanopore analysis can be performed in the presence of an
applied MHz AC field. Translocation of peptides with a permanent dipole moment is inhibited
whereas peptides with no dipole moment are less affected. These results have important
implications for understanding the transportation of polymers through pores and may allow the
development of biosensors which can discriminate different molecules based on differences in

dipole moment.

4.4 Nanopore analysis of the folding of Zn-fingers

The folded structures of Zif268 and FSD-1 have dimensions of about 2 nm x 2 nm x 1.2 nm
which is larger than the 1.5 nm diameter of the a-hemolysin pore and, thus, translocation
should be inhibited. Conversely, in the absence of metal ions the Zif268 peptide is unfolded and
can freely translocate the a-hemolysin pore. (Figure 4.4). That is why the folded finger only
gives rise to bumping events whereas in the unfolded state translocation events predominate.
Although smaller than HPr in size, the folded finger cannot be unfolded by the applied electric
potential to translocate because its free energy of unfolding is larger than that of HPr (16
kcal/mol versus 5 kcal/mol respectively) (Krizek et al., 1993). Thus, the Zn-finger motif is
more tightly-folded and cannot thread through the pore. Similarly, the large maltose binding
protein from E. coli (370 amino acids) only translocates after denaturation with guanadinium
hydrochloride (Oukhaled et al., 2007).

Previous studies with FSD-1 have shown that the folding is weakly cooperative with a
melting temperature of 42 °C (Dahiyat and Mayo, 1997). Thus at 20 °C it should be mostly
folded and generate a high number of bumping events. This hypothesis is indeed

experimentally confirmed (Figure 3.9d).
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Figure 4.4. Cartoon illustrating the conformational effect of metal ion binding to a Zn-finger
peptide as detected by nanopore sensing. Upon Zn(Il) binding, Zif268 adopts the Zn-finger
structural motif which is too large to translocate the a-hemolysin nanopore inserted into a lipid
bilayer (panel a). In the absence of Zn(Il), Zif268 is unfolded and is able to transit the nanopore
(panel b).
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The high affinity for Zn(ll) of Zif268 is highlighted in the two control experiments
conducted in the presence of Mg(ll) and Co(ll) by a low bumping-to-translocation event ratio
similar to that of Zif268 in the absence of Zn(ll).

One limitation of this method is that it is very difficult to estimate the metal ion dissociation
constant (Ky) because the relationship between number of events and concentration of a
particular conformation is unknown. For example the rate of diffusion to the pore will be
different for folded and unfolded molecules which will alter their effective concentrations. As
well, even in the absence of Zn(ll) the unfolded peptide gives rise to a significant number of
bumping events which cannot be distinguished from bumping events by folded molecules.

In conclusion, we have demonstrated that the Zn(ll)-induced folding of a small protein can
be studied by nanopore analysis. These studies highlight the advantages of using a single
molecule technique for investigating protein folding. Finally, similar techniques may be
applicable to other small proteins such as calmodulin, a-synuclein or prions whose folding is
influenced by metal ions (Chiti and Dobson, 2006; Binolfi et al., 2006).

4.5 Nanopore analysis of the interaction of metal ions with prion peptides

Nanopore analysis has obvious advantages for studying conformational changes because
each molecule in the sample is interrogated individually. Thus, several conformations in the
same sample can be analyzed simultaneously as long as each gives rise to distinct event
parameters, namely the blockade current (I), width at half height (W), and blockade time (T).
In general, small changes to the value of I are difficult to interpret because it is a measure of the
number of ions occluded from the pore. Thus, it depends not only on the conformation of the
molecule but also on the number of ions carried by the molecule. The value of W is a measure
of the conformational flexibility of the molecule. For example, the PrP106—-126—Cu(ll) complex
(Figure 3.15) gives a very sharp bumping peak, suggesting that the complex adopts a single,
rigid structure. On the other hand, the bumping peak for Octa2 broadens with increasing Cu(ll),
suggesting that multiple conformations can exist.

The value of 1/T can be interpreted as the dissociation rate constant, ks (Gu et al. 2001),
for the interaction of the molecule with the pore. For example, T; for Octa2 increases
significantly on binding Cu(ll) so that the dissociation of the complex from the vicinity of the

pore is much slower, which could be caused by a change in the rate of diffusion or in the
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interaction with the pore. Since there is no evidence for significant aggregation that would
change the rate of diffusion, it would appear that the metal complex binds more tightly to the
pore. Comparison of the T, values for Octa2 and Octa4 is also instructive. For Octa2, T,
increases on binding Cu(ll); for Octa4, T, decreases on complex formation. One interpretation
is that the individual octarepeats in Octa2 and Octa4 adopt different conformations that present
different functional groups for interaction with the pore.

In the present case, the major change upon addition of divalent metal ions was in the ratio
of bumping to translocation events as was seen previously with Zn fingers (Stefureac et al.
2008). Peptides or proteins with tightly bound metal ions may be unable to sufficiently unfold
to thread through the pore. For Octa2, the addition of excess Cu(ll) causes the appearance of
bumping events, but translocations still predominate. Thus, it seems likely that the folded
Octa2—Cu(ll) complex is not sufficiently bulky to prevent passage through the pore. This view
is supported by the observation that the translocation parameters are different in the presence of
Cu(ll); T, increases several fold and I, increases by more than 10 pA (Table 3.6). In principle,
the values of A; and A, could be used to calculate an equilibrium constant, but in practice this
becomes difficult when the complex also translocates and the peaks overlap. We have shown
previously that both folded a-helical or B-sheet hairpins can translocate readily (Madampage,
2011). The proposed structure of the Octa2—Cu(ll) complex consists of a simple, linear, two-
stranded fold around the Cu(ll) ions and thus translocation is not unexpected (Millhauser, 2004;
Gaggelli et al., 2006). Similar observations can be made for the Octa4—Cu(ll) complex, since
even at the highest Cu(ll) concentration a significant proportion of translocation events were
still observed (Table 3.7). Alternatively, the binding of Cu(ll) is not tight enough to maintain
the folded conformation during interaction with the pore. On the other hand, the behaviour of
PrP106-126 is different, since the majority of the complex with both Zn(Il) and Cu(ll) cannot
translocate. A previous NMR and EPR study proposed that the Cu(ll) complex involved the
imadazole and ionized amide groups of His111 together with functional groups from both the
N- and C-termini to give an overall double fold that may indeed be too large to translocate
(Gaggelli et al., 2005). In contrast, they found no interaction with Zn(Il), but the experiments
were performed at pH 5.7 (in contrast to pH 7.8), which may be too low for Zn(ll) to
deprotonate the amide group. They also reported a complex with Mn(ll), although we could

find no evidence for this in our experiments with PrP106-126.
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In order to test if metal ion binding to the full prion protein can be detected by this
methodology, a nanopore sensing investigation of the effect of metal ions on full-length
recombinant bovine PrP® (BrecPrP) was conducted in our lab by Claudia Madampage
(Stefureac et al., 2010). The results indicated that BrecPrP formed complexes both with Cu(ll)
and Zn(Il). Moreover, the formation of these metal complexes was readily reversed by the
addition of EDTA which acts as a metal ion scavenger.

In conclusion, we have demonstrated that nanopore analysis can be useful for interpreting
conformational changes of peptides caused by the concentration-dependent binding of metal
ions. Since these experiments can be performed at very low peptide concentrations, aggregation
or precipitation of the peptides is much less likely to occur and does not interfere. This set of
experiments together with the detection of metal ion binding to full-length BrecPrP suggested
that nanopore sensing could be used to study drugs or peptides binding to PrP that may cause
conformational changes leading to the prevention of conversion to PrP>¢. Similarly, if the PrP is
bound to an antibody, then translocation will be inhibited so that antibody discrimination of
PrP® and PrP** or other conformations can be analyzed and the nanopore analysis method could

be further developed into a real-time live prion detector.

4.6 Analysis of protein molecules using solid-state nanopores
4.6.1 Working with the solid-state nanopores

Despite the high expectations, working with the solid-state pores proved to be a difficult
and often frustrating task. During the experimentation it was found that the operating life of the
SixNy pores ranged between 2-7 days depending on the applied potentials used and on the net
charge of the molecules analyzed. Applied potentials above 200 mV and molecules with net
positive charges proved to shorten the life span of the pores which usually became partially and
irreversibly blocked prohibiting the detection of new analytes. Initially, it was suspected that
one of the positively-charged protein molecules might have plugged the pore by adhering to its
negatively-charged walls and so reversal of the applied potential temporarily solved the
problem. Unfortunately, this behaviour became more and more frequent from that moment on

until it finally resulted in a permanent block of the nanopore.
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To correct this problem and revive the nanopores several approaches have been tested.
Unmounting and recleaning with Piranha solution (3H,SO4:1H,0,) followed by remounting on
the experimental setup did not prove successful. Soaking in a concentrated ethanol solution
overnight as well as in acidic (pH 2.0-5.4) buffer solutions failed to unblock the nanopores.
Furthermore, the addition of a 1 mg/mL solution of proteinase K in the presence of 3 mM Ca®*
in a pH 10.0 buffer that was expected to digest the eventual protein molecule blocking the pore
was unsuccessful. The pH 10.0 value was chosen to render proteinase K negatively charged and
thus to avoid its own binding to the nanopore walls which in turn would have caused permanent
blockage of the nanopores. Ultimately, treatment of the blocked nanopores with oxygen plasma
(100 W) for 30-45 seconds failed as well. Regardless of the above efforts, the blocked state of
the solid-state nanopores could not be reversed so that they proved to be essentially single-use

devices.

4.6.2 Solid-state nanopore analysis of maltose binding protein, calmodulin and HPr

Theoretically, the drop in blockade current generated by a molecule passing through an
electrolyte-filled pore should be proportional to the volume of the electrolyte being displaced
by the translocating molecule (Coulter, 1953). Thus, it is expected that the translocation of a
molecule with a given folded structure on a given pore will generate the same % block at all
applied voltages. Another strong indication for translocation driven by electrophoresis is that
the Dblockade durations should decrease with increasing voltages. In contrast, non-
translocational interactions or bumping with the nanopore may result in % blocks that will vary
widely with the applied voltages. Intuitively, a large molecule will displace a larger volume of
electrolyte from the pore than a smaller molecule and so it will generate a larger blockade
current. Based on this principle of detection it is possible to distinguish the translocation of
different molecules and even identify particular levels of folding of the same molecule.
Therefore, it is important to calculate the volumes of the molecules to be analyzed as well as
the volumes of the pores to be used for the analysis. These volumes are summarized in Tables
3.10 and 3.11. The minimum % block for a particular molecule can be calculated based on
these numbers once the open pore currents have been identified. The actual % block is expected
to be larger than this value due to the hydration shell around the protein which has been
estimated to be between 0.5 and 1.0 nm (Ebbinghaus et al., 2007). Since the hydration shell
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carries bound ions of both charges, it will reduce the effective current and increase the effective
volume of the protein. We have chosen an intermediate value of 0.7 nm for the increased radius
of the hydration shell (Table 3.11) and used this to estimate the % current block.

4.6.2.1 Translocation or bumping

For MBP, the distinguishable populations give % blocks which decrease with increasing
voltage and event durations which are roughly constant. Thus, there is no evidence for
translocation through either pore at any voltage. The largest dimension of the folded, MBP
molecule is 6.5 nm (assuming no water shell) and so it presumably bumps into the conical
entrance of the pore before quickly diffusing away. The two distinct populations of events at 50
and 100 mV may correspond to interaction of the protein with the pore in different orientations.

For CaM with the 7 nm pore, a population could be distinguished with a constant % block
of about 13% and decreasing event durations as the voltage was increased. The % block can
also be calculated from the volume of the pore which is occluded by the protein (DeBlois and
Bean, 1970). The calculated % block of 13.6% is in good agreement with the measured value.
These putative translocation events represent 37% and 28% of the total at 100 and 200 mV
respectively. Presumably, translocations also occur at 50 mV but they cannot be distinguished
from the bumping events having the same parameters.

For HPr with the 7 nm pore, the majority of the events are consistent with translocation
since the % block is constant at about 7.3% and the event duration decreases as the voltage
increases. The expected % block is estimated to be about 7.0%, or about half that of CaM
which is twice the volume, again in excellent agreement with the measured values. For the 5
nm pore, a small population of events was also consistent with translocation with a % block of
about 11% and an estimated block of about 13%.

4.6.2.2 Folded or unfolded protein translocations

The second question to be answered regards the folding state of the translocating proteins.
Translocation of completely unfolded protein molecules longer than 15 nm (the pore thickness)
should generate similar % block values at the same applied voltage. As previously reported, for

a completely unfolded linear peptide, on average each amino acid contributes 0.38 nm to the
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length of the polypeptide chain which equals about 39 amino acids that can fit inside the 15 nm
thick pore (Talaga and Li, 2009). The maximum volume of electrolyte displaced by the
unfolded protein segment residing inside the nanopores is smaller than the volume displaced by
the same protein when folded. Figure 4.5 illustrates the dimensions of completely unfolded
MBP, CaM and HPr as they relate to the length of the nanopores. Thus, for a linear unfolded
protein the % block would be expected to be similar for CaM and HPr. However, the magnitude
of the % block for translocating CaM is about twice that for HPr and in both cases it agrees well
with the calculated values expected for folded molecules.

Experiments performed with HPr in the presence of denaturants with the 7 nm pore further
confirm that the translocation events witnessed for CaM and HPr are indeed generated by the
passing of folded protein molecules. The conformational state of HPr in a buffer solution
containing 8 M urea is completely unfolded (Talaga and Li, 2009). Based on the excluded
volume, the % block generated by the passage of such a molecule should have a value of about
0.95 % which translates into a blockade current of 23 pA. Because the noise (width) of the open
pore current trace is roughly 100 pA, such small current blockades cannot be resolved. The
current trace for this experiment (Figure 3.20d) shows no current blockades although HPr was
present but in an unfolded conformation.

In conclusion, the evidence presented above indicates that protein molecules which have
dimensions similar to, or larger than the pore do not translocate. However, smaller proteins can

apparently translocate and do so in a folded conformation.

4.6.3 Analysis of bPrP(25-242) interaction with monoclonal antibody M2188

The experiments performed with MBP, CaM and HPr have confirmed that solid-state pores
are sensitive enough to distinguish between protein molecules of different dimensions and most
importantly have shown that these molecules translocate the solid-state pores in a folded
conformation. These results represent crucial preliminary steps towards the development of the
prion detector and indicate that the prion protein together with aggregates of different sizes
could be individually identified from a mixture in solution in a similar way.

To interpret the results obtained during the study of bPrP and M2188 antibody with the 11
nm and 19 nm pores, the same principles of analysis as presented in Chapter 4.6 were used. The

basic rules taking into account the applied voltage, the volume of the nanopore and of the
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Figure 4.5. Cartoon comparing the translocation signatures of completely unfolded proteins
versus a folded protein through a solid-state nanopore. If the completely unfolded proteins are
longer than the pore, the % block should stay the same while the blockade time should increase
proportional to their length (% block; stays constant for all unfolded proteins and T1<T,<T3).
However, this is not observed. Translocation of a folded protein will determine a much larger %
block and a more rapid blockade time than the unfolded proteins (% block;>>% block; and
T4<T3, Tz, Tl)
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molecule tested and their effect on the magnitude and duration of the open pore current
blockade are essential in understanding the intimacy of the protein/pore and protein/protein

interaction process.

4.6.3.1 The 11 nm pore

The presence of the two well-defined populations of events for bPrP interaction with the 11
nm pore was unexpected since the recombinant bPrP used in this study is a globular protein
with dimensions of 4.4 x 2.8 x 2.7 nm and a volume of 54.3 nm?® if a 0.7 nm-thick water shell is
taken into account (Table 3.17). Considering the largest dimension of bPrP molecule is 4.4 nm
and the pore diameter is 11 nm it was expected for this molecule to freely translocate
generating only one population of events. As Figure 3.27 shows, this was not the case.
However, similar results were obtained by Talaga and Li for the interaction of B-lactoglobulin
with an 8 nm SixNy pore (Talaga and Li, 2009). The presence of two populations of events
could have been caused by an irregular morphology of the pore entrance that appeared during
pore fabrication and/or by electrostatic interactions between the positively charged bPrP
molecules and the negatively charged walls of the pore (Talaga and Li, 2009; Niedzwiecki
2011).

From a theoretical point of view, a molecule such as bPrP should generate a % block of
about 3.8 % during translocation through the 11 nm pore. This value is very similar to the
values of 4.1 %, 4.3 % and 4.5 % observed for the higher % blockade populations under 150
mV, 100 mV and 75 mV potentials respectively (Table 3.19) pointing out that the events
forming this population may constitute translocations. The fact that the number of events
forming this population increase with the increasing voltage while the blockade duration values
decrease with increasing voltage represents the final proof that these populations of events are
generated by translocating bPrP molecules. This is not observed for the lower % blockade
populations which have roughly constant and generally much faster blockade durations
indicative of non-translocational interactions with the nanopore or bumpings.

For the M2188 antibody, it is difficult to establish if the higher % block population is
formed by translocating or non-translocating molecules since only one voltage was
investigated. One thing that can be stated is that depending on its hydration level, M2188 could
cause % block values from 14.8 % (unhydrated) to 30.6 % (0.7 nm hydration shell) and above
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while translocating the pore. The observed % block value of 16.9 % shown in Table 3.19 for
the second population of events is well within this range and could be attributed to
translocations but the largest dimension of M2188 (14.5 nm) compared to the pore diameter of
11 nm makes this outcome very unlikely. Considering the Y-shaped structure of the antibody,
the large current blockades generated by this molecule most probably belong to a type of non-
translocational interaction called intercalation. In this type of interaction, one arm of the
antibody molecule that fits the pore diameter enters the pore to a point where its incipient
translocation is stopped by the bulk of the molecule left outside the pore. Since it cannot
continue the translocation the antibody diffuses backwards and exits the pore on the same side
it entered. Such interactions have durations that usually increase with the applied potential as
decribed by Christensen et al. for the interaction of multiply-branched peptides with the o-
hemolysin pore (Christensen et al., 2011). Similarly, since the % blockade value for the first
population of events (4.7 %) is much smaller than expected for a translocating molecule and the
blockade time is very fast (0.030 ms) it can be concluded that the molecules are neither entering
nor translocating the nanopore but only bump into it and then diffuse away.

To interpret and understand the interaction with the pore of the two protein/antibody
complexes all the experimental results have to be taken into account. The first observation that
can be made is that the % block histograms of the M2188 antibody and of the two bPrP/M2188
experiments are very similar in terms of peak % block values but different in the number of
events detected per minute (Figure 3.27 and Figure 3.29). It must be mentioned here that each
M2188 antibody can bind a maximum of two bPrP molecules. Assuming all bPrP molecules are
bound to the antibody it means that for a bPrP/M2188 molar ratio of 1:1 in solution there is a
mixture of three molecular species: free antibody, antibody with one bPrP molecule bound and
antibody with two bPrP molecules bound (Figure 4.6). In contrast, at a molar ratio of 2:1
bPrP/M2188 there is only one molecular species in solution both binding sites of the antibody
being occupied by bPrP molecules. The presence of the different species accounts for the
broader distribution of the % block populations for bPrP/M2188 1:1 (Figure 3.29d, e and f) as
opposed to the narrower peaks of the bPrP/M2188 2:1 experiment (Figure 3.29a, b, and c). The
scatter plots also show more variation of the event distribution within the clusters for
bPrP/M2188 1:1 than for bPrP/M2188 2:1 (Figure 3.28) which are very similar to the scatter

plot of M2188 alone from Figure 3.28c. There is, however, one notable exception for
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Figure 4.6. Cartoon of the interaction of bPrP, M2188 and bPrP/M2188 1:1 with the 11 nm
solid-state nanopore. Free bPrP molecules are able to pass through the nanopore while neither
the free M2188 antibody nor the antibody-bound bPrP molecules are able to do so due to the
large volume of M2188. (Drawn approximately to scale).
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bPrP/M2188 1:1 at an applied potential of 150 mV. Although the % blockade is very similar for
the two bPrP/M2188 ratio experiments, bPrP/M2188 1:1 has generated more events and had a
narrower population than bPrP/M2188 2:1 under 150 mV potential (Figure 3.29f). An even
bigger discrepancy between this result and the other bPrP/M2188 results is observed in the
scatter plot (Figure 3.28i) which shows a well-represented cluster of events with longer
blockade times similar to the translocation cluster of bPrP (Figure 3.28c). Unfortunately, no
definite conclusion could be drawn from this experiment since a repeat experiment was
impossible after the nanopore became unusable.

The three different molecular species with different net charges present in solution for the
case of the bPrP/M2188 1:1 experiment generate more events than the single molecular species
of the bPrP/M2188 2:1 ratio experiment. Moreover, with each bPrP molecule binding the
M2188 antibody the net charge of the complex increases by +8. The extra positive charges
cause an increase in the number of events generated by the complex as opposed to the antibody
alone.

The fact that both bPrP/M2188 ratios and M2188 have similar % block values is an
indication that these molecules are unable to transit the nanopore. The bPrP molecules are 10 x
smaller than the antibody and their binding to M2188 will not significantly affect the % block
values of the antibody unless the complex is able to translocate. As observed in our
experiments, complex formation identification is still possible without translocation, based on
the different event frequency generated due to the extra positive charges brought in by the bPrP
molecules.

The heterogeneity of the solution, due to the presence of multiple species in the
bPrP/M2188 1:1 case, accounts for the irregular variation of T; as each species generates
characteristic blockade time values (Table 3.20). Although the T; values are inconclusive, the
% block values experimentally obtained for these populations are much smaller that the
minimal calculated value for a translocation. Based on this consideration it can be concluded
that these events represent bumpings.

Interpretation of the T, values for bPrP/M2188 2:1 is a much easier task since there is only
one molecular species interacting with the pore. The values are very fast and stay constant for
all three voltages which is a behavior normally associated with bumping events. The roughly

constant T, values of both bPrP/M2188 ratio experiments do not support translocations
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especially when the antibody is much larger than the diameter of the nanopore.

A clearer proof of protein/antibody complex formation is brought by comparing the scatter
plots of bPrP/M2188 1:1 and 2:1 experiments done at 100 mV (Figure 3.28f and j) with the
summed-up scatter plots of the individual bPrP and M2188 experiments at the same ratio and
voltage (Figure 3.28g and k). Obvious differences appear in the number and position of the
event clusters. The summed up scatter plots shows the events grouped in four different clusters
whereas the bPrP/M2188 2:1 and 1:1 experiments revealed only two clusters. In order to
highlight them, the clusters have been numbered in Figure 3.28b, ¢ and g, k. Clusters 1 and 2
belonged to bPrP while clusters 3 and 4 belonged to M2188. All the above mentioned
differences strongly support the formation of the protein/antibody complex.

In conclusion, the results have proven that bPrP/M2188 interaction at 1:1 and 2:1 molar
ratios could be detected and distinguished even in the absence of the translocation of the
complex through the pore. Although the individual species present in solution could not be
separately identified for bPrP/M2188 1:1 experiment, the differences in the % blockade
histogram characteristics and scatter plots indicated their presence. Finally, in order for the
small changes in volume caused by bPrP binding to M2188 antibody to be directly reflected in
the % block histograms, a pore with a diameter large enough to allow the passage of the
protein/antibody complex would be needed.

4.6.3.2 The 19 nm pore

The presence of narrow single populations of events recorded for RNase A and bPrP during
their analysis with the 19 nm pore confirm our initial expectations of both molecules being able
to translocate freely. Furthermore, considering that the calculated volume of the hydrated
RNase A molecule (with a 0.7 nm water shell) is 49.0 nm® (Table 3.16), it should generate a
1.15% block of the open pore current upon complete translocation. At the same time, bPrP with
its hydrated volume of 54.3 nm?® should generate a % block of 1.28 % upon translocation
through this nanopore. The calculated values agree with the experimentally recorded values
within the error of the hydration shell. Even though voltage studies were not performed during
this set of experiments, a very strong proof for translocation is the fact that RNase A, which is a
smaller molecule than bPrP, generates a smaller % block and a faster interaction time with the

nanopore than bPrP. This result may seem contradictory because of bPrP’s ability to generate
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more events per minute than RNase A. To explain why a larger molecule generates more events
with longer durations, while a smaller molecule causes less events but of shorter durations, it is
necessary to consider the net charge and the volume of the two molecules as well as the
different dynamics outside and inside the nanopore. In the vicinity of the nanopore, bPrP with
its net charge of +8 will be transported faster towards the pore than RNase A, which has a net
charge of +4. Inside the confinement of the nanopore, the larger bPrP is slowed down by the
opposing drag force which is higher than the drag force encountered by the smaller RNase A
molecule (Pastoriza-Gallego et al., 2011).

The M2188 antibody has an unhydrated volume of 211 nm® which should generate a
minimum % block of 4.96 % when transiting the 19 nm pore. The event populations of Figure
3.30c have % block values of 1.82 % and 4.02 % which are well below the minimum calculated
% block value for translocation. This result points towards non-translocational interaction of
M2188 with the 19 nm nanopore which was unexpected since the diameter of this pore should
have been large enough to accommodate the transit of the antibody. The very fast blockade
time of the low % block event population clearly indicates bumping of M2188 molecules into
the pore whereas the high % block population is most probably formed by intercalation events
similar to the ones detected for M2188 interaction with the 11 nm nanopore. The low frequency
of events indicates a lower positive net charge for the antibody as compared to either bPrP or
RNase A, a behavior also observed in the experiments performed on the 11 nm pore.

Assuming that RNase A and M2188 formed a complex together, there would have not been
a population generated by translocating RNase A molecules. In this situation the % block
histogram would have contained only two populations of events corresponding to the bumping
and intercalation events of the antibody carrying the RNase A molecules with % block values
similar to those of M2188. Since this was not observed, the presence of the three peaks clearly
indicates that RNase A did not bind the M2188 antibody. Further support for the absence of
binding is apparent by comparing the % block histograms in panels a, b and ¢ of Figure 3.30
where it is possible to identify the population situated at 0.90 % as being caused by RNase A
molecules, the population at 1.83 % corresponding to the bumping population of M2188 and
the population at 3.98 % corresponding to the intercalation peak of M2188. A similar
identification was also possible in the scatter plots of Figure 3.31a, b and c. From Table 3.22 it

can be observed that there is very little variation in the number of events forming each
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population. This variation could be caused by reciprocal pore access hindering of RNase A and
M2188 molecules present together in solution due to the difference in size and charge even
though the molecules do not bind to each other. In other words, the two molecules have
different dynamics when present together in solution than when analyzed individually which
affects their access time and interaction time with the nanopore.

A similar analysis was performed for the bPrP/M2188 2:1 experiment which was compared
to the histograms of the individual bPrP and M2188 experiments. In contrast to the RNase
A/M2188 2:1 experiment, here the peak % block values of the first population of events in
Figure 3.30e is significantly different from the ones of M2188 and bPrP from Figure 3.30c and
d suggesting the presence of a new molecular species in solution. Furthermore, the frequency
of events belonging to the first population is 83.3 events per minute which is more than the sum
of the event frequencies of the respective bPrP and M2188 populations, a fact that also supports
the binding of bPrP to the antibody (Table 3.22). This change is also reflected in the width of
the first population which increases accordingly. At the same time the second population does
not change position or blockade duration but gains events indicating that intercalation continues
to happen for this molecule at a higher rate. As it was reported in the experiments performed on
the 11 nm pore, bPrP is not large enough to cause a change in the % block value of the
intercalation peak of the complex but apparently affects the % block values of the bumping
peak. On the other hand, the blockade time values of both bPrP/M2188 2:1 and M2188
populations are not significantly different (Table 3.22) which does not support bPrP/M2188
complex formation and suggests that the first population of M2188 may in fact be overlapping
the event population of bPrP. Consequently, a definite decision in favor or against bPrP/M2188
complex formation cannot be made with this nanopore.

In conclusion, the experiments performed on the 11 nm pore are the first in the literature to
report the detection of prion/antibody complex formation with SixNy nanopores with diameters
that allow the passage of the prion protein but not of the prion/antibody complex. The
experiments performed on the 19 nm pore underline the importance of choosing a suitable pore
size for the molecules that need to be analyzed in order to avoid inconclusive results. These
results lay the foundation for the further development of the nanopore prion detector, although
stable pores with larger diameters will be needed for the nanopore analysis of larger prion

aggregates.
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4.7 Future directions

The experiments conducted in this thesis have demonstrated that nanopore sensing can be
used to study protein folding and protein-protein interaction in solution with single-molecule
sensitivity. The method was able to detect conformational changes within proteins caused by
point mutations, disulfide bond cleavage and binding of metal ions as well as the formation of
prion-antibody complexes. These discoveries present nanopore sensing as the perfect technique
to be developed into an electrophoretic prion detector that will enable real-time detection and
discrimination between the normal and the infective prion proteins..

The novel AC nanopore sensing experiments of peptides with a-hemolysin show promise
for the development of biosensors capable of distinguishing molecules based on differences in
dipole moments. A systematical analysis of a series of a-helical peptides of increasing dipole
moments is needed in order to determine the way in which the dipole moment governs their
dynamics in solution and how different AC frequencies and amplitudes affect their interaction
with the a-hemolysin nanopore. It would also be of interest to compare the AC behavior of the
CY12(-)T1 peptide (which possesses a dipole moment) with that of CY12(-)T2. Moreover, AC
field studies of peptides and proteins should be also conducted with solid-state nanopores of
different dimensions. With a large solid-state nanopore in a DC field for example, two
conformations of the same protein are expected to give very similar values for I and T.
However, in an AC field the translocation of the conformation with the lower dipole moment
will be less restrained and will enable its identification from the mix.

The solid-state nanopore experiments performed with HPr, CaM and MBP on pores of
different diameters were able to distinguish between the individual proteins based on their
interaction parameters with the pores. The parameters correlated well with the dimensions of
the proteins showing that MBP, which is bigger than the pores, did not translocate while the
smaller CaM and HPr were able to translocate in a folded conformation. However, other
proteins with smaller free energies of unfolding or different structural features may behave
differently. As well, other types of pores with different surface properties or different
topologies may facilitate protein unfolding. The analysis of a broader panel of proteins with

different types of pores is needed to fully understand protein translocation through solid-state
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pores, especially since our work disagrees with the results obtained by Talaga and Li (Talaga
and Li, 2009).

The experiments conducted with the prion protein have demonstrated that sensing with
SixNy nanopores was able to detect the formation of complexes between bPrP and the specific
monoclonal antibody M2188 provided the appropriate nanopore diameter is used. This finding
represents a fundamental step towards the development of an in vivo and real-time diagnosis of
prion diseases. The prion detector will rely on solid-state nanopores engineered with specific
antibodies and will be able to physically detect prion particles interacting with the antibody-
coated nanopores by monitoring the blockade current and duration. Every time a prion protein
will bind the antibody there will be a permanent current blockade of certain amplitude. The
number of current blockades will correlate with the number of prion proteins bound, while the
amplitude will indicate the degree of aggregation of each prion particle.

Although techniques based on PMCA with improved detection limits are available, they are
expensive, laborious and require long times to diagnose the disease. The advantages of the
nanopore prion detector are three-fold: speed of detection — the results would be available
within a few hours, high specificity — conferred by bPrP specific antibodies and sensitivity —
provided by the nanopore which in principle can detect a single molecule. Thus, such a real-
time prion detector will be of great benefit for both the beef industry and human health by being
able to detect, monitor and prevent future prion infections.

At the present time the analysis of recombinant PrP® fibrillar aggregates of different sizes
using solid-state nanopores would be the next step to take. It is expected that aggregated prion
molecules will cause larger current blockades than single PrP® molecules and so the two forms
can be readily distinguished. Furthemore, the identification of the monomeric PrP>*
immediately after PrP¢ conversion will help elucidate the conversion mechanism and
potentially identify where on the prion protein the misfolding process begins. The nanopore
analysis of different species of PrP>® will prove useful to further understand the species barrier
concept.

Finally, nanopore sensing could be applied for the study and detection of other proteins
involved in neurodegeneration with important diagnostic applications. Molecules such as a-
synuclein (Parkinson’s) and B-amyloid (Alzheimer’s) both form aggregates and could also be of

medical interest.
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