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ABSTRACT: This paper describes the analysis of pore formation
and detection of a single protein molecule using a large nanopore
among five different pore-forming proteins. We demonstrate that the
identification of appropriate pores for nanopore sensing can be
achieved by classifying the channel current signals and performing
noise analysis. Through these analyses, we selected a perforin
nanopore from the membrane attack complex/perforin superfamily
and attempted to use it to detect the granzyme B protein, a serine
protease. As a result, we found that granzyme B might pass through
the perforin nanopore if it adopts an unfolded structure. Our
proposed analytical approach should be useful for exploring several
types of nanopore as large biological nanopores other than a-
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anopore sensing has emerged as a unique method for

detecting single molecules. One of the most important
and unique features of this method is that it involves electrical
measurement at the single-molecule level of the ion currents
through a nanopore; when one of the target molecules binds or
passes through the pore, the current clearly decreases, which is
represented as the blocking current." This blocking current and
the duration of analyte binding or translocation reveal the
chemical identity and properties at the single-molecule level. In
addition, the frequency of current blocking reflects the
concentration of analytes, indicating that this approach can
also be used for quantification.”™* Although this method is
powerful for single-molecule detection, its selectivity essentially
depends on the size of analytes and the nanopore. For example,
a-hemolysin (aHL) is generally used as a biological nanopore,
with a pore of 1.4 nm in diameter at its narrowest point.” '’
This is highly compatible for detecting single-stranded DNA
(ssDNA) because its diameter is approximately 1 nm. As such,
DNA detection is a particularly attractive field of nanopore
study.'”'” On the other hand, for the detection of small
molecules, a molecular binder that binds to the interior of dHL
and narrows its size has been proposed.’ Alternatively, DNA
aptamer has been used as a component to bind to the target
molecule.” The specific sequence of ssDNA can recognize and
bind to the target, forming a complex that is larger in size; as a
result, the complex is captured into the @HL nanopore.’

-4 ACS Publications  © Xxxx American Chemical Society

However, larger molecules, such as proteins, for which the
diameter is normally 3—5 nm, cannot be detected by an aHL
nanopore because they are too large.

To overcome this limitation, larger nanopores can be
fabricated by using solid-state nanopores. The pore size of a
solid-state nanopore can be controlled by the fabrication
procedure, for which protein detection at the single-molecule
level has also been attempted.”*~"” With regard to biological
nanopores, protein detection still remains a challenge, although
several candidate nanopores other than aHL have been
reported (Table 1). At present, the major issues with biological
nanopores are as follows: (1) Most biological pores are too
small to detect proteins. (2) A stable lipid bilayer is required
because large pores readily result in rupture of the lipid
membrane. Against this background, in this study, we explored
appropriate nanopores for detecting protein molecules from
five pore-forming protein families, namely, the hemolysin
(toxin), antimicrobial peptide (antimicrobial), actinoporin
(toxin), membrane attack complex/perforin (MACPF) (im-
munity), and cholesterol-dependent cytolysins (toxin) families
(Figure 1). To investigate the pore-forming activity of these
proteins, we employed a high-throughput system that can
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Table 1. Biological Nanopores That Have Been Used for Nanopore Sensing”

Nanopore Diameter [nm] Shape Target molecules Ref.[PDBID]
MspA 1.2 ssDNA, dsDNA [1UUN]?2!
a-hemolysin 14 Metal ion, small orgamcs, RNA, ssDNA, Ammo‘ acid, Unfold- [7AHL]5"
ed protein, Polymers, Gold nanoparticle
Aerolysin 1-1.7 %ﬁ%‘ Peptide, Protein [SJzT]™*
{‘,’ v/
o
14
2
Omp ~2 y}r‘ " '% Protein, Antibody [2F1C]*2526
A}‘: {
FhuA ~2.4 Protein, Protein-ssDNA, polymers [1BY3]¥28
BlLLcy
VDAC 2.5-3 ll e Tubulin, Small organics, dsSDNA [2JK4]%5%0
SP1 =8 'g "% ssDNA [1TROJ*.®
2 ﬁﬁf 2
Phi29 3.6 ssDNA, dsDNA, Thioester antibody [IFOUJ?**
ClyA 3.3-42 ssDNA, Protein [2WCD]3s,%¢

. . . . . . 1 .
“@HL is the most common biological nanopore used for nanopore sensing. The diameter of these nanopores is <5 nm.'? All protein structures are

from Protein Data Bank (PDB).
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Figure 1. Representation of five types of nanopore reconstituted in a
lipid bilayer. We selected five nanopores from different pore-forming
protein families and evaluated each pore’s properties.

prepare stable and reproducible lipid bilayers using a droplet
contact method (Figure 2).8 Through our investigation, we
revealed the stability of the open-pore state and the pore size of
five nanopores, from which we propose a method of estimating

two different pore-forming behaviors by analyzing the noise of
the open-channel current. Finally, using a perforin (PFN)
nanopore from the MACPF family, we analyzed the trans-
location of a single protein, granzyme B (GZB), passing
through it.

B EXPERIMENTAL SECTION

Reagents and Chemicals. The reagents used in this study
were as follows: 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC; Avanti Polar Lipids, AL, USA); 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC; Avanti Polar Lipids); 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE; Avanti
Polar Lipids); 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycer-
ol) (DOPG; Avanti Polar Lipids); sphingomyelin (SM; brain,
porcine, Avanti Polar Lipids); cholesterol (Avanti Polar Lipids);
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Figure 2. (A) Lipid bilayer prepared using the droplet contact method.
(B) A photograph of two chambers for formation of a lipid bilayer
(top view). (C) A photograph of the setup of a device connected with
a laptop PC. (D) A photograph of the device for measuring channel
currents.

n-decane (Wako Pure Chemical Industries, Ltd., Osaka, Japan);
3-morpholinopropane-1-sulfonic acid (MOPS; Nacalai Tesque,
Kyoto, Japan); KCl (Nacalai Tesque); CaCl, (Nacalai Tesque);
dithiothreitol (DTT; Wako Pure Chemical Industries); a-
hemolysin (aHL; Sigma—Aldrich); magainin 1 (Mag; LKT
Laboratories Inc., MN, USA); perforin (PFN; Kamiya
Biomedical Company, WA, USA); streptolysin O (SLO; Bio
Academia, Osaka, Japan); granzyme B (GZB; R&D System
Inc, MN, USA). FraC was obtained from the Tsumoto
laboratory (University of Tokyo). Buffered electrolyte solutions
were prepared from ultrapure water, which was obtained from a
Milli-Q_system (Millipore, Billerica, MA, USA).

Lipid Bilayer Preparation and Reconstitution of Pore-
Forming Protein. Lipid bilayers were prepared by the
“droplet contact method””” using a device fabricated with
microfabrication technology. In this method, two lipid
monolayers contact and form a bilayer as shown in Figure
2A. First, 2.3 uL of lipid/oil solution was dropped into each
chamber. Next, 4.7 uL of the buffer solution was dropped into
both chambers. Then, two lipid monolayers contacted and
formed a bilayer. Pore-forming proteins were added to only one
side of the chambers and spontaneously reconstituted in lipid
bilayer. The detailed procedures of this system have been
previously reported.””

We applied various buffers and lipid compositions when
performing the measurements on each nanopore. aHL was
dissolved at 0.33 nM in buffer solution including 1 M KCl and
10 mM MOPS. Mag was dissolved at 10 uM in buffer solution
including 200 mM KCl and 10 mM MOPS. FraC was dissolved
at 10 nM in buffer solution including 1 M KCl and 10 mM
MOPS. PEN was dissolved in buffer solution including 140 mM
KCl, 0.1 mM CaCl,, and 10 mM MOPS. SLO was dissolved at
16 nM in buffer solution including 140 mM KCI, 10 mM DTT,
and 10 mM MOPS. For all measurements, the buffer solution
was pH 7.0. The lipid composition for each measurement is
shown below. aHL and PFN were reconstituted in DPhPC
membrane. Mag was reconstituted in DOPG/DOPE = 1:3
(mol/mol) membrane. FraC was reconstituted in DPhPC/SM
= 5:1 (mol/mol) membrane. SLO was reconstituted in
DPhPC/cholesterol = 1:1 (mol/mol) membrane. Within a
few minutes of adding the buffer solution, two lipid monolayers
connected and formed a lipid bilayer, and pore-forming

proteins formed nanopores by reconstitution. When the lipid
bilayer ruptured during this process, we reformed it by tracing
with a hydrophobic stick (typically using pipet chips) at the
interface of the drops. Through this process, no influence of
contamination at the droplet fuse was observed in this study.*®

Channel Current Measurements and Data Analysis.
Channel currents were monitored using a PICO patch clamp
amplifier (Tecella, Foothill Ranch, CA, USA) connected to an
Ag/AgCl electrode in each chamber. These electrodes were in
each droplet when we added the solution into the chambers.
Nanopores formed in the bilayers allowed ions to pass through
them under the voltage gradient, so we obtained signals of the
channel current. These signals were detected using a 4-kHz
low-pass filter at a sampling frequency of 20 kHz. Analysis of
channel signals was performed using pCLAMP ver. 10.7
(Molecular Devices, CA, USA).

Signal Classification. We classified the current signals into
three types by reference to the shape of the time—current
traces. First, when step-like signals were observed, in which the
current sharply increased and then plateaued, we counted one
step of the current increase as one signal. Second, we regarded a
current increase with continuous fluctuation as multilevel
signals and counted the period from the start to the finish of the
current increase as one signal. The end of the current increase
involved a return to 0 pA or an increase larger than the
measurement limit. Third, when spike signals occurred that
involved short increases in current that then momentarily
returned to 0 pA, we counted a series of such events at a similar
amplitude as one signal.”

Calculation of Pore Diameter and the Number of
Monomers. To estimate the pore size and monomer assembly
state of each nanopore, we analyzed the current conductance of
the step-like signals. The Hille equation was used in the pore
diameter estimation.

RZ(HE)L

2
2 ) nr

Here, r is the pore radius, p is the resistivity of the buffered
solution, [ is the length of the pore (20 nm for PEN from the
pore model*' and 7 nm from the thickness of the lipid bilayer
for other pores), and R is the resistivity of the pore. R is
calculated as V/I, where I is the current through the pore and V'
is the applied voltage between two chambers (100 mV). We
calculated the pore diameter of FraC using the equation for a
cone-like nanopore.**

Using the pore diameter and monomer size from the Protein
Data Bank (PDB), the number of assembling monomers was
mathematically calculated as follows:

1

where d is the pore diameter, a is the width of a peptide
monomer from the PDB, and # is the number of assembling
monomers. The arc model is presented in the Supporting
Information.

Granzyme B Detection and Analysis. To achieve the
detection of proteins using the PFN nanopore, we added
granzyme B (~5 nm, GZB) at a concentration of 1 M to the
cis side. (In this experiment, the cis side was where the potential
of +100 mV was applied and the trans side was grounded.)
GZB is a serine protease that acts in the human immune system
by inducing the apoptosis of target cells.
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B RESULTS AND DISCUSSION

Classification of Current Signals and Estimation of
Pore Diameter. Five different pore-forming proteins could be
reconstituted in a planar lipid bilayer with the individual
reconstituted conditions (see Experimental Section), and the
channel currents were observed. Whereas a step-like signal is
imperative for nanopore measurement, other shapes of current
signals appeared in all nanopore measurements. Therefore, we
classified these signals based on the previously proposed
classification® as shown in Figure 3A. Three different current

(A) Step-like signal  Multi-level signal  Spike signal

Baseline - UTEE T T e Sl Okl s

Family name Hemolysin family
Protein name aHL

Actinoporin MACPF family

FraC PFN SLO

CDC family

Figure 3. (A) Schematic of three typical types of signals. (B) Signal
classification of five types of nanopore. The numbers in the circular
graphs indicate the percentages of each signal among all signals (n =
77—215). Nanopores that show a high proportion of step-like signal
are suitable for nanopore sensing.

signals, namely, step-like, multilevel, and spike, were classified
from four different protein measurements except that of aHL
because aHL showed only two types of signals (Figure S1).
Studies involving measurement of the current of synthetic
channels or antimicrobial peptides previously reported that this
variance of the current signals reflects the variance of the
mechanism by which defects in the membrane arise:*” (1) The
step-like signal reflects robust and stable pore formation,
resulting in a constant current level. This mechanism is also
known as a “barrel-stave model” in the field of antimicrobial
peptides (AMPs).** (2) The multilevel signal reflects unstable
current fluctuation after pore opening, indicating that the shape
and size of pores could vary after pore formation. This model
can be applied to random pore defects or the “toroidal model”
of AMPs, which form pores via the assembly of monomers and
lipids.** (3) The spike signal implies the short open-closed
transition of a pore caused by membrane fenetration with
monomers or the “carpet model” of AMPs."* For successful
nanopore sensing, a step-like signal should dominate. The ratio
of the appearance of each signal type is shown in Figure 3B.

The proportion of the step-like signal in aHL was 89%, which
was the highest value among them; this is the key reason for the
domination of ¢HL in the nanopore measurements. The order
of the other proportions was SLO > FraC > PFN, which were
all >60%. In contrast, the proportion for Mag was 40%; this low
step-like proportion indicated that Mag is not suitable for use in
nanopore sensing. The high proportions for aHL, SLO, FraC,
and PEN reflect that they have large outer membrane domains,
which stabilize the assembling state with monomers and result
in stable pores.”” On the other hand, Mag is a relatively small
molecule and only has a transmembrane region without the
outer membrane domains. Consequently, the monomer of Mag
is more likely to form pores with other monomers and lipids.*
This caused the proportion of step-like signals for Mag to be
the lowest. In addition, the spike signal for Mag was relatively
large, suggesting that this small peptide can penetrate through
the lipid membrane due to its low molecular weight and fewer
hydrophilic domains. From these results, we concluded that
SLO, FraC, and PEN can be applied to nanopore sensing.
The pore diameter was calculated using the conductance of
the step-like signals and a theoretical model, as listed in Table
2. In this estimation, the Hille model® was used for the

Table 2. Properties of the Reconstituted Nanopores”

ratio of
pore step
diameter” pore range stoichiometry  signal
name family [nm] [am] [mer] %]
aHL hemolysin 1.4 14 7 89
Mag AMPs 1.1 0.5-3 4-10 40
FraC actinoporin 1.7, 2.6 1-4 6—15 62
PEN, MACPF 32 1.4-18 4-21 60
SLO CDC 1.6, 6.2, 1-104 3-116 71
42

“The pore diameter is calculated from pore conductance. Pore range
indicates the minimum and maximum values of pore diameter.
Stoichiometry is calculated from pore diameter. The most probable
value of pore diameter.

estimation of SLO, PEN, and Mag because the pore shapes of
SLO, PEN, and Mag were assumed to be cylindrical. Since
FraC was assumed to feature a cone-shaped pore considering
its crystal structure, Hille’s equation for an asymmetrical model
was used in this case.*® Additionally, the numbers of assembling
monomers were also mathematically estimated using the pore
diameter and width of monomers from the crystal structures.*
The histograms of the conductance and stoichiometry for each
of the protein nanopores are shown in Figure S2. PFN and Mag
showed a single peak, whereas SLO and FraC presented several
peaks (note that a detailed discussion of the conductance of
PFN is presented in the next section). This implies that there
are several stable states of pore formation in SLO and FraC. As
for the results of SLO, it was previously reported that the pore
diameter ranges from 25 to 35 nm with 36- to 125-mer of
assembling monomers.”” Although these values for the SLO
pore were consistent with our conductance results, small pores,
of <20 nm, could be observed in our measurements. This small
conductance implies that the monomer of SLO may participate
in slight pore expansion in the process of pore assembly, and
finally, it becomes a mature pore, which means a complete ring-
structured pore. From the results of FraC, it is already known
from the crystal structure that the pore diameter (for the small
side) is 1.6 nm with an 8-mer form,” and these values were
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compatible with the most probable peaks of the histograms
(Table 2 and Figure S2).

Summarizing these results, SLO and PFN were shown to be
appropriate for protein detection in terms of pore size. This is
reasonable because these transmembrane proteins function in
cell lysis or protein transportation. In addition, pores that are
formed in these cases are relatively robust and stable, and the
PEN pore has a current rectification ranging from —200 to
+200 mV, suggesting the asymmetric geometry of the pore
structure (Figure S3). Considering that the diameter of the
most water-soluble proteins is 3—5 nm, we concluded that PFN
would be the most appropriate nanopore for single-protein
detection.

Current Noise Analysis of Channel Recording for
Characterizing the Pore-Forming Process. In the current
measurements of PEN, two types of step-like signal were
observed: one was small (~15 pA) and showed stair-like
current steps, named as PFN; (Figure 4A); the other one was
large (~8S pA) and involved random steps up, named as PFN|
(Figure 4B). We expected that these two distinct current steps
might reflect two different pore-forming mechanisms. The
small step implies that PFN monomers are added into the
prospectively assembled pore one-by-one after initial pore
formation, which is named the “expanding model” in this paper
(Figure 4C, left). On the other hand, for the larger case, these
current steps may reflect multiple pore formations of the
completed pores such as aHL pore formation, which is named
the “additional model” here (Figure 4C, right). In addition,
SLO also showed large or small step signals, as mentioned
above. To analyze these two mechanisms, we focused on the
current noise of the channel open state because the increase in
the area of the interior of the pores upon their opening should
differ between these mechanisms, and then, the current noise
should be influenced by the area of the pore wall made of
amino acid residues.

On the basis of this hypothesis, we analyzed the RMS ratios
of the open channel current of PFN, SLO, and FraC and
compared these with ¢HL and alamethicin (Ala), as typical
“additional” and “expanding” models, respectively. For aHL, it
is well-known that assembled prepores bind to a lipid bilayer
and form pores that are membrane-spanning. In contrast, Ala is
an AMP that forms pores by assembling monomers in a lipid
bilayer. The ratio of RMS can be calculated as follows:

Zf\il (xi - 97)2

M-1

RMS =

_ RMS, — RMS,
=8 T RMS, — RMS,

where M is the number of current values included in one step,
x; is each current value included in the step, ¥ is the mean
current value of the step, RMSy is the RMS value of the Nth
step, and RMS; is the RMS value at baseline. The relationship
between the RMS noise and length of the pore circumference
of aHL and Ala is shown in Figure 4D. The slopes of aHL and
Ala were clearly different at 1.0 and 0.24, respectively. As we
expected, the slope between the RMS_;, and length of the pore
circumference is perfectly consistent with each other (Figure
4D).

Therefore, the RMS value can be used to predict whether
pore formation occurs by the “additional” or the “expanding”
mechanism. In the case of the “additional” model, the area of
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Figure 4. (A, B) Typical time—current trace of PFN small pore (A)
and large pore (B) formation with 100 mV application. (C) Two
models of current increase. Ala causes a current increase by pore
expansion, and aHL causes a current increase by additional pore
formation. (D) Relationship between the RMA ratio and length of
pore circumference of aHL and Ala, corresponding to additional and
expanding pore formation. (E) Results of RMS analysis of nanopores.
Five nanopores were divided into two models. PEN}, FraC, and aHL
were classified into the additional model, while PENg, Ala, and SLO
were classified into the expanding model.

the pore interior will linearly increase with the reconstituted
pore number. In the “expanding” model, in contrast, the area of
the pore interior will increase with increasing area of the
interior of the additional monomers. Figure 4E shows the
results of the RMS value of the five different nanopores as a
function of the number of current steps. The large error bars
were caused by the distribution of pore size even if the same
number of monomers was assembled, as observed using atomic
force (AFM) or transmission electron microscopy (TEM).
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From the results of the RMS analysis, the slopes of all
nanopores were close together, with values around 1.4—0.2, as
listed in Table 3. The slope of FraC, the large step of PFN

Table 3. Results of Noise Analysis and Model for Each
Nanopore®

name slope mechanism
SLO, 14 additional
PEN, 1.4 additional
FraC 1.2 additional
aHL 1.0 additional
PENy 0.31 expanding
Ala 0.24 expanding
SLOs 0.21 expanding

“The slope of the RMS ratio differs for each nanopore. Five types of
nanopores were divided into two groups depending on the slope value.

(PFN,), and SLO (SLO;) were classified into the same group
as aHL as the “additional” model. FraC forms a prepore and
makes a transmembrane pore similar to aHL, as previously
proposed. On the other hand, the slope of the small step of
PFN (PFNg) and SLO (SLOg) corresponded to that of Ala as
the “expanding” model. From these results, PFN has two pore-
forming mechanisms at variance with aHL, FraC, and Ala. To
discuss the difference between PFN| and PFNg, we analyzed
the duration of the pore-opening state. The median values of
the duration of PEN; and PFNg were 9.7 s (n = 154) and 15 s
(n = 27), suggesting that the process of pore formation in
which monomers participate was much slower than the
complete pore-forming process of the “additional” model at
this concentration.

Pore Formation Model and Pore Size of PFN from the
Current Conductance. As mentioned above, the step
currents of PFN; and PFNg were approximately ~85 and
~1S5 pA, respectively. According to AFM or TEM observations
of the PEN pore, arc-shaped incomplete pores and complete
(circular) pores were observed. An AFM observation showed
that the diameter of the complete pore was approximately 6.1
nm (Figure 5A).* In the case of the diameter of PEN| from the
current conductance, the calculated diameter using Hille’s
equation was approximately 3.4 nm (Figure SB). This size was
slightly different from the value from the AFM observation due
to the cylindrical assumption of pore geometry in Hille’s model.
The ranges of the histograms from the AFM observation and
current conductance were similar, with pore diameter being
approximately 10 nm (e.g, 2—12 nm in Figure SB). On the
other hand, the pore size of PFNg (~1.5 nm in diameter from
the Hille equation) was too small to form the complete pore
because the width of the PEN monomer was determined to be
approximately 2.9 nm from the crystal structure.*!

Recent studies reported that PEN cannot form a complete
pore with a diameter of <5 nm and instead forms incomplete
(arc-shaped) pores."™” Therefore, we modified the Hille
equation for correct estimation of the size of incomplete pores.
Specifically, we established a more precise model for the arc-
shaped pores, which is reported in detail in the Supporting
Information. PFNg represented the constant current steps
probably due to the monomer addition, as summarized as the
histograms of conductance (Figure SC) and its variation to the
current steps (Figure SD). Using our model based on the
conductance, pore areas for PFNg were from 0.3—3 nm?
(smallest section) to 9—70 nm* (largest section; see the
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Figure S. (A) A histogram of PFN pore diameter calculated from
AFM imaging from a recent report.** (B) A histogram of PFN|, pore
diameter and pore area calculated using the Hille equation from the
results of channel current measurement. (C) A histogram of PFNj
pore conductance from channel current measurement. (D) Pore
conductance of expanding PFN; pore. (E, F) A histogram of PFN|
pore conductance from channel current measurement (E) and
stoichiometry calculated from the pore diameter (F).

Supporting Information). In our current recordings, two types
of pore-forming behavior could be observed, suggesting that
small pores may initially form and then become mature and
complete pores.

Single-Protein Detection Using a PFN Nanopore. We
attempted single-protein detection of GZB using a PFN
nanopore. GZB is a serine protease with a diameter of
approximately 5 nm, and it has already been proposed that
GZB would be transported through the PFN pores in a living
system.”’ Figure 6A—C shows the typical current blocking
events through PFN without or with GZB and the associated
scatter plots. Interestingly, current blocking was only observed
in PENg pores, whereas the pore size of PFN| was sufficient to
allow the passage of GZB. A similar phenomenon was
previously reported for a mitochondrial pore-forming pro-
tein.”*> We will discuss this phenomenon following the
blocking event analysis on PFNj.

The smallest value of the cross-sectional area of PEN; pores
was lower than 3 nm* for every step (see the Supporting
Information). Therefore, we considered that the translocating
events would reflect the translocation of unfolded GZB. A
histogram of the blocking currents is presented in Figure 7A.
Several groups of blocking events were observed and named
peak 1 to peak 4. These four different levels of current blocking
imply four different translocation or pore-blocking states. The
histograms of the duration (time of current blocking) of each
peak are shown in Figures 7B, and the blocking current and
duration are summarized in Table 4. On the basis of these
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Figure 6. (A, B) The typical current—time traces of PFNs nanopore without (A) and with (B) GZB. (C) Scatter plots of current blocking and
duration caused by GZB translocation. We defined the blocking current to be between the open and blocking levels.
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Figure 7. (A, B) Histograms of the blocking currents of GZB with PFN (100 mV application) (A) and duration of peaks 1—4 (B). (C) The possible
current blocking model of each of the four peaks. Peaks 1—4 correspond to collision of folded protein, translocation of unfolded protein,
translocation of unfolded protein, and folding and translocation of unfolded protein, respectively. These data were taken from three different PEN

pores (N = 3).

Table 4. Blocking Currents (Mean) and Duration (Mean +
SE) of Peaks 1—4“

peak no.
1 5 3 4
blocking [pA] 4.8 6.7 82 12
duration time [ms] 14 + 0.3 1.3 +02 1.6 +09 37+28

“The values of blocking and duration were the peak top value of each
histogram, as shown in Figure 7A,B.

results, we propose a possible model for explaining peak 1 to
peak 4 behavior as GZB binding or translocating to the PFN
nanopore, as shown in Figure 7C. (1) Peak 1 showed the
smallest current blocking and almost always had the shortest
duration; this result may indicate the collision with the pore
rumen of the folded GZB. (2) Peak 2 showed the second small
blocking and almost always had the shortest duration; this
behavior may reflect the collision with the pore rumen of the
unfolded GZB. (3) Peak 3 represented the third current
blocking state and had a slightly longer duration than peaks 1
and 2; it may represent translocation of the unfolded GZB
through the pore. (4) Peak 4 showed the deepest current
blocking and the longest duration, which was double that of
peak 3; this can represent translocation with the unfolding
process.

These are all possible models given that several reports have
reported the translocation of unfolded proteins through
biological nanopores.” In addition, we examined the voltage
dependence with changing from 100 to 120 mV.>* Probably
due to the faster events, the number of peaks declined in
number to become three peaks (Figure S4). Because it was
difficult to assign these three peaks against the previous four
peaks, the mean duration was compared to the previous data.
As the results, the mean duration became slightly shorter under
120 mV (~1.1 ms).

We were not able to observe the translocation of GZB
through the PFN; nanopore, as mentioned above. We
considered that there were two possible explanations for this.
One is that translocation of the folded GZB occurred too
rapidly to be observed in our experimental conditions. A similar
explanation was proposed in a previous paper.”’’ Another
explanation is that the translocation of folded GZB requires
cofactors, such as the translocon or supporting proteins. These
cofactors may interact with GZB or PEN to support the transfer
from one side to the other. This type of translocation has
already been observed in parasite infections.” In contrast to the
PEN{ nanopore, GZB in an unfolded state can pass through the
PEN; nanopore upon the application of voltage. The blocking
current signals can reflect the translocation behavior at the
single-protein level.
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Bl CONCLUSION

In summary, we explored large biological nanopores that were
suitable for detecting a single protein from five different families
of pore-forming proteins. Classification of the current signals of
the protein nanopores was shown to be useful for estimating
the adequacy of protein-targeted nanopore measurements. In
this estimation, two types of pore formation were observed:
additional or expanding pore formation. They could be
discriminated using noise analysis. After this assessment, we
selected the PFN nanopore because its size was the most
suitable among the five nanopores. This nanopore showed two
different types of pore formation: the additional and expanding
models for large or small pore formation. Using PFN
nanopores, we examined the availability of these nanopores
for single-protein detection using GZB, which is 5 nm in
diameter. The results showed that the blocking current signals
were only observed in the PFNg pores, whereas the small pores
were much smaller than the GZB protein. We concluded that
unfolded GZB translocated through the PENj pores, but some
cofactors may be needed for transport through the PFN| pores.
It should be noted that molecules that are smaller than
nanopores will not always translocate through biological
nanopores. For the extensive use of protein nanopores for
nanopore sensing, further investigation of their selectivity will
be required. Our analytical method of classification or noise
analysis should be useful for such investigation.
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