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Nanopore analysis

An emerging technique for studying the folding
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Nanopore analysis is an emerging technique that enables
the investigation of the conformation of a single peptide or
protein molecule. Briefly, a pore is inserted into a membrane
under voltage clamp conditions. When a molecule interacts
with the pore there is a change in the current, |, for a time, T.
Small unfolded molecules can translocate the pore whereas
folded or large molecules tend to simply bump into the pore
and then diffuse away. Therefore, the parameters, | and T, are
dependent on the conformation of the molecule at the instant
at which it encounters the pore. Thus, multiple conformations
can be detected simultaneously in a single sample. As well,
the analysis can be performed under dilute conditions so that
folding or dimerization of a peptide can be followed in real time,
which is generally difficult to study for proteins that are prone
to aggregate. In this report, we describe our initial analysis
of (1) AR peptides, which are deposited as amyloid plaques
in Alzheimer disease, (2) a-synuclein, which is implicated in
Parkinson disease and (3) prion proteins whose misfolding is
evident in transmissable spongiform encephalopathies. In
each case conformational information can be obtained which
may help in understanding the early steps in the misfolding
pathways.

Origins

Nanopore analysis arose from a combination of three different
disciplines. First, the Coulter Counter is an elegant device that
was invented in 1947."2 An automated version is now found in
most hospital laboratories for measuring complete blood counts,
but it can also detect bacteria or viruses in biological samples
and particulate matter for pharmaceutical or industrial applica-
tions.® A small hole of about 1 pum was developed in the side of a
thin glass tube which was immersed in an electrolyte bath. The
sample was placed in the tube so that the level was higher than
that in the bath and the hydrostatic pressure would drive liquid
from the tube into the bath. Electrodes were placed in the two
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chambers so that upon application of a voltage, a constant cur-
rent would be recorded. However, if a particle passed through
the hole there would be a resistive pulse as the current transiently
dropped. The number of pulses in a given time yielded an esti-
mate of the concentration of particles. The technique could also
be used for estimating the relative size of bacteria and viruses
since the magnitude of the current drop is proportional to the
volume of the pore occluded by the particle. Nanopore analy-
sis (see Fig. 1) uses a similar principle except that the analytes
are usually driven through the pore by an electric field rather
than hydrostatic pressure. As well, the measured current is many
orders of magnitude smaller and the size of the pore is measured
in nanometers.

Physiologists routinely manipulate currents in the pA range
for patch clamp experiments.’ Briefly, a drawn out pipette tip
is clamped onto the membrane of an individual cell such that
individual pores or ion channels can be interrogated. In one
type of experiment, for example, a drug is added which allows
calcium ions to flow into the cell causing a small current which
is measured by the patch clamp amplifier.® The event time may
be very short so the response time of the amplifier must be less
than a millisecond. The final piece of the puzzle was provided by
microbiologists.

Many pathogens produce toxins which alter the permeability
of cell membranes.” For example, antibiotics such as Gramicidin
insert into the membrane and allow sodium ions to enter which
eventually leads to cell lysis.® A particularly vicious example,
from the human perspective, is the toxin a-hemolysin (a-HL)
from Staphylococcus aureus which is a common member of the
bacterial community found on the skin.”!* However, if it enters
the blood stream the toxin punches holes in red blood cells caus-
ing cell lysis and the resulting inflammatory response can lead
to multi-organ failure and death. The molecular basis for this
behavior was established once the crystal structure of the toxin
was solved.”!® The protein is heptameric and can self-assemble
into a membrane resulting in a pore with a minimum diameter
of about 1.5 nm (see Fig. 1A). In most situations the pore is not
gated and allows the translocation of ions, oligosaccharides, pep-
tides and single-stranded DNA. For these reasons the a-HL pore
has found widespread use in nanopore analysis. (More recently,
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the use of other bacterial pores such
as Aerolysin have been described as
well as solid state pores elaborated in
silicon nitride membranes. However
this mini-review will be confined to
the use of a-HL.)!"

The Basic Technique

A typical experimental setup is shown
in Figure 1A.'"® A lipid bilayer is
painted over a small (150 wM) aper-
ture in a teflon support. Then an
electrolyte with high conductance
(usually 1 M KCI) is added to both
sides of the membrane and a dilute
solution of the a-HL is added to one
side, usually the cis-side. It should
be noted that the pore is asymmetric
but it self-assembles in a unique ori-
entation such that the large opening
or vestibule is always on the side to
which the a-HL was added. Thus the
topology and dimensions of the pore
are very reproducible. When a voltage
is applied across the pore, the trans-
port of ions gives rise to a constant
current; coincidentally, at 100 mV the
current is -100 pA in a buffer contain-
ing 1 M KCI. With this arrangement
of the electrodes, negatively-charged
molecules will be electrophoreti-
cally driven from the cis-side toward
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Figure 1. (A) Schematic of the a-hemolysin pore embedded in a lipid membrane. Unfolded and simple
a-helical or B-sheet forming peptides can readily translocate. (B) Typical current trace of AB,_, recorded
for 10 sec. The open pore current is 100 pA and each spike represents an event where a single peptide

the pore although neutral molecules

may also diffuse toward the pore. |2 S

interacts with the pore. Typically for a peptide, large spikes are due to translocations and short spikes

Interaction of a molecule with the

pore will cause a resistive pulse or decrease in the curren, I, for a
time, T. These events are monitored by a patch clamp amplifier
and a typical current trace is shown in Figure 1B.

Each spike is the signal from a single molecule interacting with
the pore. The negatively-charged peptides (see Table 1) are driven
toward the pore and generally give rise to two types of events:
translocations, in which the molecule passes through the pore,
and bumping events where the molecule briefly interacts with the
vestibule of the pore and then diffuses away. For many proteins,
a third type of event called intercalation has also been identified.
In this case, a negatively-charged loop or terminus penetrates
the vestibule but the bulk of the protein does not allow complete
translocation and eventually the protein will diffuse back to the
cis-side.”?! Figure 1B shows a current trace for the Alzheimer
peptide, AR,
The larger spikes with I = -95 pA are typical of a mostly a-helical
conformation.”>? There are also spikes with smaller current
blockades (-20 to -30 pA) which are typical of bumping events.
More details concerning these tentative assignments and methods
for the processing of this data will be described below.

and two types of events are readily distinguished.
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From DNA to Protein

The initial focus of nanopore technology was on nucleic acids
with the ultimate goal being rapid DNA sequencing. Pioneering
studies by Deamer, Branton, Bayley, Akeson, Meller and col-
leagues demonstrated that simple sequences such as poly(tU),
poly(rA), poly(dC) and poly(dT) could be distinguished on the
basis of the parameters I and T.**** More recently, with the aid
of a modified a-HL pore it was shown that the four individual
nucleotides of DNA could be distinguished.” Thus, by attaching
an exonuclease to the vestibule of the pore to cleave off sequential
bases, it may be possible to sequence a single DNA molecule.*
However, there are many unresolved issues such as ensuring that
each cleaved nucleotide actually enters the pore. It remains to
be seen if such a “nanopore DNA sequencer” can compete with
conventional technology.

As was the case with nucleic acids, early work with peptides
showed that different sequences gave different values for I and
T.333¢ However, sequencing peptides and proteins with nanopores
will likely be even more challenging because there are 20 common

117



Table 1. Peptides and proteins used in this work

Protein or peptide Net charge
AB(1-42) -3
AB(1-40) 3

AB(1-40) (D23N) -2
Wild type a-synuclein -9

a-synuclein (A30P) -9

a-synuclein (E46K) -7

a-synuclein (A53T) -9

Bovine PrP (25-242) +8

Bovine PrP (T194A) +8

Human PrP (23-231) +9

Human PrP (90-231) +3

Peptide sequence or NCBI accession number
DAE FRH DSG YEV HHQ KLV FFA EDV GSN KGA IIG LMV GGV VIA
DAE FRH DSG YEV HHQ KLV FFA EDV GSN KGA IIG LMV GGV V
DAE FRH DSG YEV HHQ KLV FFA ENV GSN KGA IIG LMV GGV V
P37840.1
P37840.1
P37840.1
P37840.1
NP_851358.1
NP_851358.1
NP_001082180.1
NP_001082180.1

NCBI: National Center for Biotechnology Information, US, National Library for Medicine.

amino acids some of which are chemically very similar. There is
also the problem that neutral peptides cannot be driven through
the pore. On the other hand, it became clear that small changes
in the amino acid sequence could give rise to large changes in the
event profiles. For example, both I and T increase for a-helical
peptides of increasing length, B-sheet structures tend to give
smaller values of I and T compared with a-helices, random coils
yield small values of T, and some tetrapeptides give unique event
signatures.?>*>%” Thus, although it is not possible to identify with
certainty a particular structure based upon the values of I and T
tentative assighments can be made by comparison with previous
results. Perhaps of more importance to the present discussion, was
the ability of the pore to distinguish between multiple conforma-
tions in a single sample. For example, in the absence of metal ions
Zn-finger peptides, prion peptides from the octarepeat region and
myelin basic protein will readily translocate; but in the presence
of Zn(II) or Cu(Il) the peptides fold into a compact structure and
only bumping events are observed.*®** These results highlight the
capacity of the pore to interrogate the conformation of the peptide
at the instant at which it interacts with the pore.

Protein Misfolding

Alzheimer disease (AD) is the most widespread of a number
of neurodegenerative protein misfolding and aggregation dis-
eases which also include Parkinson disease (PD), Huntington
disease (HD), the “prion” diseases such as Creutzfelde-Jakob
Disease (CJD) and amyotrophic lateral sclerosis (ALS).*! In all
cases, post-mortem analysis of brain tissue shows the presence of
amyloid fibrils, plaques or Lewy bodies which consist of protein
aggregates. Surprisingly, the proteins show no obvious sequence
or structural homology [e.g., AB, which is derived from amyloid
precursor protein (APP) in AD, a-synuclein in PD, hungtingtin
protein in HD, prion protein in CJD and superoxide dismutase
in ALS]. The fact that the proteins are not in their native con-
formations has led to the hypothesis that they are all “protein
misfolding diseases.”**

In AD, for example, the amyloid plaques are composed of
aggregates of AR, and AR which are cleaved from APP by

1-40 1-42
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specific peptidases called secretases. The AR peptides can oligo-
merize through B-sheet formation into low molecular weight
precursors or protofibrils which then aggregate further into the
amyloid fibrils.**#* There is considerable debate whether the pro-
tein aggregates themselves are pathogenic leading to cell death or
whether a misfolded protein intermediate is the primary cause.
There is currently preference for the latter model since disease
progression is correlated with the formation of soluble protofibrils
rather than the burden of the amyloid plaques.®* Misfolded
proteins are normally sequestered or neutralized by cellular
defense mechanisms which include the chaperone, proteasome
and/or autophagosome responses. Thus one pathogenic possibil-
ity is that these responses are affected during AD such that nor-
mal protein turnover, which is essential for cell survival, cannot
function’®! The change in protein turnover and/or clearance
undoubtedly accounts for the inverse relation between central
nervous system A3 burden (based on imaging) and plasma levels
of the corresponding AR species.’> Another possibility is that the
initial misfolded AR structures bind Cu(Il) which can lead to an
increase in toxic and potentially lethal reactive oxygen species.”>4
The amyloid plaques on the other hand are relatively inert and are
extracellular so that they cannot interfere with protein turnover.
Whatever the mechanism, the presence and subsequent misfold-
ing of AP peptides plays a central role. Similar arguments can be

applied to PD, HD, CJD and ALS.
Nanopore Analysis of Misfolding

It is perhaps surprising that there is no definitive structure for any
of the misfolded proteins. The problem is that at high concentra-
tions they inevitably aggregate which precludes the use of NMR
or X-ray crystallography. (One intriguing method to overcome
this would be to co-crystallize an antibody-peptide complex in
which the antibody prevents an aggregate from forming.)>¢
Nanopore analysis is ideally suited for studying peptides which
can adopt multiple conformations since each molecule is inter-
rogated individually. It is also very sensitive since in theory a
single molecule can be detected. Therefore, the experiments can
be performed at relatively low concentrations so that aggregates
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will only form slowly if at all. These

>

advantages will be illustrated with 70-
three examples. Details of the pep-

shown in Figure 2. Each peptide was
dissolved in 50% trifluoroethanol
(TFE) and stored at -20°C before
adding an aliquot to the analysis
buffer (final concentration 10 pM).
The final concentration of TFE was

604
tides/proteins and their net charge &
are shown in Table 1. E 1

First, the results for AR, AB, ,, | 5
and mutant AR, (D23N) are 8
£
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0.5% but control experiments dem-
onstrated that this concentration had
no significant effect on the mem-

O

brane or pore. The blockade events
(see Fig. 1) have been converted into
histograms of blockade current (I,
right) and blockade times (T, left).
AB, _,, gives events which are mostly
of short duration and small blockade
current. The event parameters are

Number of Events

summarized in Table S1. Previous " " -

work in reference 20—23, has shown
that events with small values of I

Blockade Current (pA)
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and T are not due to translocations.
Thus, this profile is typical of bump- 704

ing events due to the molecule being

m
T

too large to pass through the pore.
Similarly, it is known that o-helices
and simple two-stranded B-sheets
can translocate through the pore.?2%
Thus the implication is that the pep-
tide forms multimers upon storage

in 50% TFE. For AB,_,, the profile

is very different with the majority

Number of Events

=100 -80 =60

Blockade Current (pA)

of events having large I and long T
which as mentioned above is typical

Number of Events
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of a long, mostly a-helical conforma-
tion which is translocating through
the pore.”? Further evidence for
translocation was obtained by mea-
suring the value of T as a function

of applied voltage. It was found that | supplemental Material).

Figure 2. Event histograms for AR peptides. Blockade current and blockade time histograms for AR
(AandB), AB, ,, (Cand D), and mutant AR, ,  D23N (E) and (F). Stock solutions of peptides (rPeptide,
Bogart GA) were dissolved in 50% TFE at T mg/ml and 10 pL was added to the cis-side of the nanopore
chamber which contained 1 M KCI, 10 mM HEPES, pH 7.8. The applied voltage was 100 mV. Further

details of the experimental set up have been described previously in references 12 and 20-22 (see also

1-42

T =39, 2.4 and 1.1 ms at 75, 100
and 125 mV respectively. In other
words the time decreases as the voltage increases since the peptide
is being driven through the pore by the electric field. There are
also some bumping events but the distribution is broader than for
AB,_,,. For AB,_,  (D23N) the profile is different yet again; most
events form a broad Gaussian distribution with an I value of about
-75 pA but of short duration. This behavior is typical of a peptide
adopting a simple folded 3-sheet.

It should be noted that the event profiles are constant during the
course of an experiment (typically lasting 2—4 h). In other words,
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once the peptide has been added to the analysis buffer there is
no further conformational change or oligomerization. The results
themselves may be of relevance to AD since it would appear that
AB,_,, aggregates more readily than AR, and it is known that the
presence of AB,_,, appears to be more toxic to cells than AR _, 7/
On the other hand, the familial AD mutation AR _, (D23N)
forms a B-sheet conformation which does not readily aggregate;”
consistent with the theory that it is a misfolded intermediate which

is most toxic to cells rather than the aggregates themselves.***
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-41 pA, probably due to a folded intermediate, is now evident.

, an intrinsically

-synuclein (Table 1)

yet another profile is observed with the majority of events being

! Current blockade histograms of the wild ~ which is slightly less than for the wild type. For A53T (Fig. 3D)

6

.22 The calculated  bumping at -23 pA. It was anticipated that the mutants would

show a higher propensity to misfold or aggregate and this appears
to be true for A30P and A53T. However, the profile for E46K

suggests that it prefers an unfolded conformation like the wild

The wild type

is probably different for different mutations. Further work is

type. Therefore, the molecular mechanism for disease causation
required to fully understand the misfolding pathways.

-25 pA. The peak at -86 pA is almost certainly

The final example is the prion protein of about 220 amino

feature of these diseases is the existence of prion strains which

acids which misfolds to cause a wide variety of transmissible spon-
giform encephalopathies (TSE).*® Perhaps the most intriguing
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The second example is a
disordered protein of 140 amino acids which misfolds to form  For E46K (Fig. 3C) about 67% of the events are translocations

Figure 3. Blockade current histograms for a-synuclein. (A) Wild type, (B) mutant A30P, (C) mutant E46K and (D) mutant A53T. The peptides (rPeptide)

were dissolved in 10 mM TRIS-HCI, pH 7.4 at 1 mg/ml and 10 p.L was added to the cis-side of the nanopore chamber which contained 1 M KCI, 10 mM

HEPES, 1 mM EDTA, pH 7.8. The applied voltage was 100 mV.

the voltage increases (0.61 and 0.49 ms at 75 and 100 mV respec-
tively). In other words, the protein is being electrophoretically
driven through the pore as would be expected for a negatively-
charged intrinsically disordered protein. The A30P mutation
larger proportion of bumping events and a third peak at about

due to translocation events since the average time decreases as
(Fig. 3B) has a smaller proportion of translocation events, a

type and three mutant proteins which are implicated in famil-
(Fig. 3A) has a major peak centered at about -86 pA, and a bump-

event parameters are summarized in Table S2.

ial forms of the disease, are shown in Figure 3

Lewy bodies in PD.”>-
ing peak at about
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Figure 4. Blockade current histograms for prion proteins. (A) Bovine PrP (25-242), (B) human PrP (23-231), (C) mutant bovine PrP (T194A) and (D) hu-
man PrP (90-231). The proteins were obtained from Jena Bioscience, and dissolved in 10 mM TRIS-HCI, 0.1 mM EDTA pH 8.0 at T mg/ml. Twenty micro-
liters were added to 8.6 p.L of 5 M Guanadinium-HCl and incubated at 21°C for 1 h. The whole aliquot was then added to the cis-side of the nanopore
chamber which contained 1 M KCI, 10 mM TRIS-HCI pH 7.8. The applied voltage was 100 mV.

arise from different misfolded conformations of identical protein
sequences.®®® Different strains show varying levels of infectiv-
ity within the same species and slightly different pathologies. As
shown in Figure 4, nanopore analysis can be used to investigate
the conformational flexibility of prion proteins. In these experi-
ments, a 10 ! aliquot of the protein was pretreated with 1.5 M
gaunadinium-HCl in order to favor the conversion to a different
conformation before dilution into 1 ml of the normal 1 M KCI
buffer. The blockade current histogram for full length bovine
PrP (Fig. 4A) reveals two peaks; a bumping peak at -30 pA and
a larger peak at about -80 pA. As has been discussed elsewhere,
for many proteins it is difficult to distinguish between intercala-
tion and translocation because the blockade time of these events
is little changed by changes in the voltage.?! By comparison, the
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full length human PrP (Fig. 4B) has a small bumping peak and
a major peak at about -50 pA. Even small (10-20 amino acid)
peptides give translocation events with blockade currents greater
than -60 pA and thus, the events at -50 pA for the 208 amino
acid human protein must surely be due to intercalation ie., a
loop of the protein transiently enters the pore but the remain-
der of the molecule is too tightly folded to allow translocation.
Further evidence for intercalation is provided by voltage studies
since the event time does not change significantly (0.096, 0.092,
0.093 and 0.083 ms at 50, 100, 150 and 200 mV respectively). It
is also noticeable that the current distributions for the full length
human PrP are narrower than that for the full length bovine PrP.
One possible explanation is that the bovine protein has more
conformational flexibility and thus is interacting with the pore
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in different orientations. For the mutant bovine PrP (T194A)
the event profile (Fig. 4C) is easily distinguished from the wild
type because there are far fewer intercalation events. Thus a sin-
gle amino acid change in a 200 amino acid protein results in
conformational changes which are readily distinguished by the
nanopore. Finally, the human PrP protein which is lacking the
disordered N-terminus also yields a unique profile (Fig. 4D).
Compared with the full length human PrP, there is no peak at
-50 pA and the bumping peak at -30 pA is more prominent.
Thus, it would appear that the presence of the N-terminus alters
the conformation of the C-terminus. We have shown previ-
ously that addition of prion-specific antibodies eliminates most
events because the antibody/prion complex diffuses to the pore
very slowly.®® Thus, epitope specific antibodies could be used to
delineate which epitopes are exposed under particular conditions.
These results are expected to clarify the nature of conformational
differences between prion strains.

Future Directions

The examples presented above demonstrate that conformational
changes can be readily examined with the a-HL pore for peptides
and proteins ranging in size from 40 to 220 amino acids. Thus
the a-HL pore with a diameter of 1.5 nm is suitable for studying
the factors that can either induce or prevent the initial stages in
the misfolding pathway. These factors include metal ions, particu-
larly Cu(II) which appears to be involved in most neurodegen-
erative diseases. The interaction of Cu(Il) with prions and prion
peptides using nanopore analysis has already been reported and
studies with AP peptides and a-synuclein are now underway.”
Similarly, small molecules or peptides that prevent misfolding can
be analyzed; for example, dopamine which inhibits misfolding of
a-synuclein.”” In order to study the later stages of misfolding i.e.,
the formation of oligomers and aggregates as well as larger proteins

such as SOD, implicated in ALS, it might be more appropriate to
use solid state pores.""” These can be fabricated in silicon nitride
membranes with diameters in the range of 5-20 nm, allowing the
translocation of large proteins or aggregates. Since the blockade
current is proportional to the volume of the pore occluded by the
protein, it is possible to estimate the size of oligomers/aggregates
as well as to distinguish unbound protein from antibody-protein
complexes. Recent experiments have shown that folded proteins
give smaller blockade currents than the corresponding random
coil but it is not clear that different conformations would yield
different signatures since the occluded volumes would be very
similar.”® There are also problems with the reproducibility of solid
state pores since it is very difficult to control the diameter during
fabrication and the chemistry of the internal surfaces can be quite
variable. One elegant solution is to coat the pore with a lipid.”!
This treatment not only makes the pore chemically inert which
prevents permanent blockages but also the structure of the inter-
nal surface becomes reproducible. In this way it was possible to
demonstrate single molecular events for AR oligomers and fibrils
although no detailed analysis was performed.

In conclusion, many neurodegenerative diseases involve pro-
tein misfolding into insoluble fibrils or amyloid plaques. The
misfolding processes, particularly the first steps, are very difficult
to study by conventional techniques because at high concentra-
tions the proteins inevitably aggregate. Nanopore analysis, being
a single molecule technique, is an attractive alternative because it
can be performed at very low concentrations.
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