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ABSTRACT: The amino acid sequence of a protein encodes information on its three-dimensional structure and specific functionality.
De novo protein design has emerged as a method to manipulate the primary structure for the development of artificial proteins and
peptides with desired functionality. This paper describes the de novo design of a pore-forming peptide that has a B-hairpin structure
and assembles to form a stable nanopore in a bilayer lipid membrane. This large synthetic nanopore is an entirely artificial device
with practical applications. This peptide, named SV28, forms nanopore structures ranging from 1.6 to 6.2 nm in diameter assembled
from 7 to 18 monomers. The nanopore formed with a diameter of 5 nm is able to detect long double-stranded DNA (dsDNA) with 1
kbp length, and measurement of current signals allowed us to investigate the translocation behavior of dsDNA at the single molecule
level. Such de novo design of peptide sequences has the potential to create assembled structure in lipid membrane such as novel
nanopores, which would also be applicable in molecular transporter between inside and outside of lipid membrane.

Introduction

The folded structure of proteins is determined by their linear
polypeptide sequence, as postulated in Anfinsen’s dogma,' and
gives rise to specific protein functionality. All proteins have a
unique structure and size; the folded structure relies on the pri-
mary sequence of the amino acids, with this unique primary struc-
ture a result of structural evolution such as the mutation and se-
lection of amino acid residues over time. To reveal the relation-
ship between this primary information and protein structure is one
of the ultimate goals of science. The de novo design of the pri-
mary sequence of artificial proteins has been studied in the last
four decades,” recently also described as design “from scratch”. *
4.5.6,7.8.9.10. 11 Iy early studies, the secondary structures of proteins
- o-helix and B-sheet structures - were created synthetically by
peptide chemistry,'> 3 with these secondary structures subse-
quently connected through a loop sequence to construct the more
complicated three-dimensional structure.'* The design strategy at
this time was manual and based on the physical model of proteins
and peptides. Computational design guided by physicochemical
principles has since been developed.” This method has recently
been considered a powerful tool for the de novo design not only
for constructing protein structure but also for expressing specific
protein functions. D. Baker and co-workers proposed extensive
artificial proteins designed using Rosetta algorithms such as a flu-
orescence-activating protein with a B-barrel,!> and transmem-
brane proteins with a-helical'® structures. De novo design has the
potential not only to mimic the natural proteins but also to create
artificial devices such as molecular machines. In the creation of
manufactured devices for practical applications, pore-forming
transmembrane structures are key targets because single molecu-
lar detection and DNA sequencing has been achieved using such
pore-forming proteins.!” 1% 1% 20

Nanopore sensing is a powerful tool for label-free single-
molecule detection.!”?1:222 Once a nanopore-forming membrane
protein has been reconstituted in a lipid bilayer to form a nano-
sized pore, the target molecule is able to electrophoretically pass

through the nanopore under an applied voltage. The channel
blocking current is observed when the single molecule passes
through the nanopore and can be identified by analyzing the
blocking amplitude and duration. The most promising application
of nanopore technology is in DNA sequencing.?* In principle, sin-
gle-stranded DNA (ssDNA) shows four different blocking cur-
rents for the four different bases at the single DNA level. As a
result of great research efforts, the nanopore sequencer has been
commercialized as an inexpensive and portable DNA sequencer
device. Besides DNA sequencing, a wide variety of nanopore
studies have been proposed, such as small molecule detection us-
ing an adapter® or DNA aptamer,?® nanopore mass spectros-
copy,?’ decoding of DNA computations,? 2% 30:31.32 and protein
or peptide detection.>* 3435 The choice of applicable target mole-
cule is sometimes limited because the selectivity of nanopore
sensing depends on the pore size, and the size variation of natural
pore-forming proteins is insufficient for the detection of a range
of molecules.® Bottom-up nanopore design has great potential to
expand target variation, owing to the possibility to tailor size
compatibility between the nanopore and target molecules. More-
over, this can offer improved accuracy of nanopore detection,
with a potentially significant influence on peptide sequencing.

To design an artificial protein nanopore, besides the nanopore
structure, the process of pore insertion into the lipid membrane
must also be considered. In the case of a natural system, mem-
brane proteins are inserted into the cell membrane via chaperones
or ER export. One way to facilitate membrane insertion is to use
short peptides. For example, an o-helical barreled peptide (35
a.a.) based on the Wza protein, an outer-membrane auxiliary pro-
tein associated with exopolysaccharide assembly systems, was
redesigned from the wild type and assembled to form monodis-
perse nanopores in lipid membranes.’” 3 However although the
Wza-based nanopore was successfully assembled to form the na-
nopore, tailoring its size and function remains challenging in
terms of the design strategy. Consequently, de novo design would
offer advantages in the design of pore-forming structures by uti-
lizing the vast sequence space of amino acids.



We here focus on the f-barrel structure because the trans-
membrane region of the majority of biological nanopores, includ-
ing oHL, has a B-barrel structure. However, the synthesis of -
sheet peptides is challenging due to their hydrophobicity that of-
ten leads to peptide aggregation during the synthesis process. In
this study, a transmembrane peptide with a de novo design incor-
porating a B-hairpin structure was chemically synthesized using
an isoacyl dipeptide method.* This method allowed facile syn-
thesis of the hydrophobic B-sheet peptides. Our designed p-hair-
pin peptide assembled and formed a B-barreled structure with sev-
eral different sizes of nanopore ranging from 1.6 to 6.2 nm in di-
ameter. Using the peptide nanopore with 5 nm in diameter, we
were successful in detecting long double-stranded DNA (dsDNA)
with 1 kbp length and subsequent analysis of its translocation be-
havior at the single molecular level. The de novo designed B-bar-
rel nanopore has the potential to adjust its size and shape to a tar-
get molecule, and to apply for detecting DNA or other extensive
molecules.

Results and discussion
Design of B-hairpin peptide named SV28

We designed the B-hairpin structure with three different re-
gions of amino acid sequence: a B-strand backbone, a B-turn, and
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two terminal structures (Fig. 1a). We first decided the length of
the peptide. The B-strands are necessary to have appropriate
length in the transmembrane region. We decided to use ten amino
acids to provide a length compatible with the thickness of lipid
bilayer, because this is similar to the B-strand length of natural
transmembrane B-barrel proteins.*® The B-turn can form a bent
structure with 4 amino acids.*' The terminal structures require
two amino acids with a random coil structure in the extra-mem-
brane regions. Overall, a length of 28 amino acids was selected
for use in this study (Fig. 1a). The following three strategies were
then used to determine the type of amino acid residues in each
region.

1) Construction of amphiphilic p-sheet structure as the p-
strand backbone.

Alternation of hydrophilic and hydrophobic amino acids was
used to promote formation of the B-sheet structure (Fig. 1b).*
Separation of the hydrophilic and hydrophobic surfaces to be the
inside and outside of the nanopore facilitates construction of the
B-barrel structure in the lipid bilayer. Ser was selected as the hy-
drophilic residue, because Ser is the smallest hydrophilic amino
acid, and may prevent steric hindrance in nanopore formation.
Although Ala is the smallest hydrophobic amino acid, it tends to
form an a-helical structure, and so Val was selected instead as the
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Fig. 1 Design strategies and structural confirmation of the B-hairpin peptide. (a) The design of B-hairpin peptide with 28 a.a.
divided into three sections: B-turn, -sheet transmembrane, and the terminals. (b) Hydrophilic and hydrophobic amino acids are
arranged in an alternating fashion. (c) Interaction of aromatic rings stabilizes the B-barrel pore. (d) Designing specific charges at
the terminus allows control of peptide orientation upon an applied voltage. (¢) Amino acid sequence of designed structure, named
SV28. The black lines indicate the hydrogen bonding. (f, g) MD simulations of the monomer structures. The 0 ns (left) and 500
ns (right) snapshots of the (f) half-length and (g) full length SV28 in a lipid bilayer membrane.

2



hydrophobic residue. Furthermore, it has previously been re-
ported that Val is the most common hydrophobic residue, except
for aromatic residues, in natural B-barrel proteins.*

2) Stabilization of the membrane-spanning state using the
snorkeling effect.

In natural a-helix and p-barrel membrane proteins, Trp and
Tyr are sometimes localized at the interface between the aqueous
and lipid phases, enhancing stability of the transmembrane struc-
ture.* This is known as the snorkeling effect (Fig. 1¢), wherein
the amphiphilic side chain of Tyr, common in B-barrels, works
as an anchor at the interface between the hydrophilic and hydro-
phobic phase.* Based on this information, we selected Tyr, with
the location of Tyr carefully decided at positions 4, 12, 18, and
26 from the N-terminus; such positions are located around the in-
terface of the aqueous and lipid phases and direct towards the hy-
drophobic outside region (Fig. 1¢).

3) Introduce of charged residues for controlling the orienta-
tion of SV28 using an applied voltage.

Anti-parallel B-sheets have more strong interactions than par-
allel B-sheets. To control the peptide orientation for forming the
anti-parallel B-sheets structure, two negatively and positively
charged residues were introduced at the B-turn and the terminal
regions, respectively (Fig. 1d). The B-turn consists of four amino
acids and the systematic study of the -turn sequence has been
previously reported.*! Based on this report, we decided on the se-
quence of -DSDG- that has two negatively charged Asp residues.
The N- and C-terminal regions were designed as RG— and —GR,
respectively. Gly is the linker between charged Arg connecting
to the B-sheet backbone. Combining all design strategies, the final
sequence of SV28 was decided, as shown in Fig. 1e. The B-hair-
pin formation of the SV28 sequence was computationally con-
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Fig. 2 (a) 5-mer structures of SV28 in a DOPC membrane in the MD simulation. Ribbons show the peptide structures, with the
secondary structure indicated by the color of the ribbon (red: B-sheet, cyan: turn, white: random coil structure). Ribbon arrows
indicate the direction of the backbone from N-terminal to C-terminal. The pore structures were analyzed by HOLE software and
displayed as blue surfaces inside of the barrels. Vall0 and Val22 amino acids showing central rim of the pores were displayed as
the licorice models. Cyan lines indicate water molecules, and the lipid molecules were omitted for clarity (excluding phosphorus
atoms as orange spheres). Green and white spheres indicate the potassium and chloride ions respectively. Structures were dis-
played by VMD software. (b) Molecular dynamics simulation of the SV28 nanopore formation in DOPC lipid membrane. The
11-mer-nanopore was simulated for 900 ns. Each color indicates: light blue: water, brown: lipid head, green: potassium ions,
grey: chloride ion. (c) Central diameters of 5-mer (black) and 11mer (red) pores as a function of time were calculated using HOLE
software at 1 ns interval. (d) Profile of the secondary structure of 5-mer and 11-mer pores as a function of time. (¢) Circular
dichroism spectra of non-transformed SV28 (green line) and transformed SV28 (blue line). (f) 1*C and "N CP-MAS NMR spectra
of the triply isotope-labeled SV28 ([1-1*C]Vall0, [2-13C]Gly16, ['SN]Val22-labeled SV28) in DOPC liposomes. The black lines
indicate the spectra from DOPC liposomes, and the red lines indicate the spectra of isotope-labeled SV28 with DOPC liposomes.
(g) 13C and N CP-MAS NMR spectra of the triply isotope-labeled SV28 ([1-'3C]Tyr12, [2-13C]Gly16, ["'N]Val20-labeled
SV28). (h) The B-barrel structure of SV28 nanopore. The interatomic distance between the backbone amide of Val22 and the
carbonyl carbon of Val10 in the SV28 is estimated to be around 4.4 A as measured by solid-state NMR.



firmed using MINNOU simulator, software that predicts trans-
membrane domains of membrane proteins and peptides.*®

We verified the formation of the nanopore structure from as-
sembled SV28 peptides by all-atom MD simulations. Initially, we
carried out 500 ns simulations of the monomer full- and half-
length of SV28 to confirm the stability of the 3-hairpin structure
in the membrane (Fig. 1f and 1g). The full-length SV28 mono-
mer kept the B-hairpin structure, whilst the half-length mostly
showed random coil secondary structures during these simula-
tions (Fig. S1). These results suggest that the hydrogen bond for-
mations in the B-hairpin structure play an important role in main-
taining a stable structure in the membrane.

To confirm the -barrel formation of SV28 peptides, we per-
formed 900 ns MD simulations of 5-mer and 11-mer pores in a
DOPC membrane. Fig. 2a and S2 display the last snapshots of
these simulations, with the 11-mer structure also shown in Fig.
2b. These simulations were started after 100 ns long equilibra-

tions (see Method for the explanation of the equilibrated system).

Both simulations demonstrated stable nanopore structures. The 5-
mer pore was slightly tilted in the membrane in Fig. 2a, which
may indicate the adaptation of the structure to the movement of
surrounding lipids. Concerning the pore size, the central diameter
of the pores was calculated at 1 ns intervals, as shown in Fig. 2¢
and S2. The average values are equal to 10.1£0.4 A and 28.5+2.0
A for 5-mer and 11-mer pores respectively.

Furthermore, the secondary structure profiles of two mono-
mers of the pores as a function of time are shown in Fig. 2d. The
10™ (Vall0) and 22™ (Val22) positions form a B-sheet structure,
and the 16" position (Gly16) forms a turn structure. To compare
to the experimental results, we calculated the distance between
the nitrogen of Vall0 and carbon of Val22 during the simulations

(Fig. S3). The average distances of the 5-mer and 11-mer peptides
are 4.2£0.1 A and 4.1+ 0.1 A respectively. These distances are
consistent with the usual value of the distance in the B-barrels of
outer membrane proteins. The range of the distance variation in
the 5-mer was slightly larger than that in the 11-mer. This is likely
due to the structural distortion of B-sheets in 5-mer pores.

Synthesis of hydrophobic SV28 using isoacyl dipeptide

Conventional solid-phase synthesis and subsequent purifica-
tion of SV28 is challenging because the B-sheet structure is prone
to aggregation. A method using isoacyl dipeptides® gives the
aqueous-soluble SV28 preform; the final chemical structure can
be derived from this preform after transition of the isoacyl group
from the side to the main chain. The insertion of the isoacyl di-
peptides into the B-sheet regions prevents the formation of B-sheet
structures and hence prevents aggregation. The isoacyl peptides
used in this study form an ester bond between the C-terminal of
Val and the hydroxyl group of Ser. This ester bond was trans-
ferred to a peptide bond by incubation in a basic solution (pH=13)
for 5 min before using the peptides in the experiments. Using this
method, it was possible to synthesize and purify SV28 using con-
ventional peptide synthesis.

The secondary structure of the transferred SV28 with DOPC
liposomes was confirmed by circular dichroism (CD) spectros-
copy; generally, a formation of a B-sheet structure can be seen
from the positive and negative absorbances at 195 nm and 216
nm. The SV28 preform did not show a large negative absorbance
at 216 nm (Fig. 2e). After the transference of isoacyl dipeptide, a
large negative absorbance at 216 nm was observed (Fig. 2e), in-
dicating that the transformation of isoacyl dipeptide facilitated
formation of a B-sheet structure in SV28. Moreover, after 24 h
incubation in a buffer solution, the SV28 was seen to maintain the
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Fig. 3 (a) The typical current and time traces of SV28 at +100 mV with initial condition. (b) The step signal was occasionally
observed under the initial conditions. The traces were atypical before optimization of the conditions. (c) Step and square-top
signals were defined as stable pore formation. (d) Multi-level and erratic signals were defined as unstable pore formation. (e) The
ratio of stable and unstable pore formation from the channel current analysis. (f) The histogram of the current conductance of the
initial step from the 0 A increase of SV28 in the DOPC lipid bilayer. (g, h) The relationships in B-barrel membrane proteins
OmpA, OmpG, OmpF, VDAC, and FhuA between (g) the channel conductance and the number of B-strands and (h) the pore

diameter and number of pB-strands.



B-sheet structure (Fig. S4).

The solid-state NMR measurements also supported the pro-
posed conformation of SV28 in DOPC liposomes. *C and >N
NMR signals of ['*C]Vall0, [*C]Gly16 (Fig. 2f and S5), and
[N]Val22 were observed at 174.2, 45.3, and 124.1 ppm (Fig.
2g), corresponding to the B-sheet and the random coil structure at
the transmembrane (Val10 and Val22) and the p-turn (Gly16) re-
gion.?® Next, we confirmed the formation of hydrogen bonding
between two B-strands using Vall0 and Val22 (Fig. 2h), with the
distance between them also checked by MD simulation as men-
tioned above. Rotational echo-double resonance (REDOR) was
used to estimate the interatomic distance between the carbonyl
carbon of Vall0 and amide nitrogen of Val22 in SV28 to be
around 4.4 A (Fig. S6), implying formation of hydrogen bonds
between the B-strands.

The NMR-deduced structure approximately corresponds to
the structure predicted by the MD simulation. Overall, the infor-
mation suggests the formation of the B-turn-f structure of SV28.

Confirmation of pore formation using channel current
measurements

The pore-forming properties of SV28 were examined by the
channel current recording in our lipid bilayer system (Fig. S7).*"

48.49 Several pore-opening states in which the current was raised,
but did not plateau, were observed in the DOPC lipid bilayer un-
der +100 mV (Fig. 3a). Sometimes step-like signals were ob-
served (Fig. 3b). Other different shapes of current signals were
also observed. We have previously proposed current signal clas-
sification for several different signal shapes, and assigned these
to various pore-forming models of a-helical peptides.®® > 52 In
this study, we also classified these signals into four types of cur-
rent signals: step, square-top (Fig. 3c), multi-level, and erratic
(Fig. 3d). The definition of signal classification is described in
Fig. S8. To estimate the pore-forming behavior of SV28, we here
define that step and square-top signals reflect stable pore for-
mations, and multi-level and erratic signals reflect unstable pore
formations. In the initial measurement of SV28, the stable signals
were observed only 3% of the time (Fig. 3e, left bar), which led
us to investigate how to improve stable pore formation.

To optimize formation of stable pores, we investigated three
different conditions as follows:

1) Optimization of applied voltage to align the SV28 mono-
mers. It is proposed that the orientation of SV28 can be controlled
by applying a voltage, since we designed the positive and nega-
tive charged amino acids to be positioned at the turn and terminal
regions. As predicted, the ratio of stable signals increased with
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Fig. 4 The dsDNA (1 kbp) translocation through the SV28 nanopore with diameter of around 5 nm. (a) The current and time trace
of the SV28 nanopore with 1 kbp dsDNA (100 nM) under application of +40 mV. The dashed lines indicate the threshold for the
dsDNA translocation events as we defined. (b) The scatter plot of the translocation data of (a): the blocking rate and the duration.
(c, d) The current and time traces of SV28 with dsDNA at (¢) 100 nM and (d) 200 nM under +100 mV. The dashed lines indicate
the threshold for the dSDNA translocation events as we defined. (e) The event frequency of the translocation as a function of the
concentration of dsDNA. (f, g) The current and time traces of SV28 with dsDNA (100 nM) under (f) 60 mV and (g) 100 mV. The
dashed lines indicate the threshold for the dsDNA translocation events as we defined. (h) The event frequency of the dsDNA
translocation as a function of the applied voltage. Blue and orange lines indicate the dSDNA concentration at 100 nM and 200

nM respectively.



increasing the applied voltage from +100 to +200 mV (Fig. 3e).

2) Incubation of SV28 monomers to form oligomer structures
with the lipid monolayer surface. To give an energetically stable
structure of the assembled SV28, we attempted to incubate the
SV28 monomers in a mixed aqueous-lipid/n-decane solution. We
expected the SV28 monomers to assemble at the interface be-
tween aqueous and lipid/n-decane solution and form a stable pore
during incubation. After incubating for 24 h at 37°C, the ratio of
the stable signals dramatically increased from 27% to 61% (Fig.
3e). A similar phenomenon was previously reported wherein am-
yloid B(1-42), channel-forming B-sheet peptide, forms stable
pores after incubation with lipid micelles.>

3) Adding cholesterol to the lipid bilayer. Cholesterol addi-
tion enhanced formation of stable pores (Fig. 3e). This result may
be explained in that cholesterol addition results in reduced fluid-
ity of the DOPC bilayer, and subsequently there is reduced dis-
turbance and pore dissociation. Combining the three optimized
conditions led to a further increase in the ratio of stable signals to
67% (Fig. 3e, right). This ratio is close to the ratio we previously
reported for pore-forming proteins.*® The other typical current
signals and the step signals are shown in Fig. S9 and S10.

Next, we considered how SV28 forms the nanopore with a f3-
barreled structure. There have been many reports on the
pore/channel formation of a-helical peptides. These peptides ini-
tially bind to the surface of the lipid membrane and form a-helical
structures, which subsequently assemble from the monomers to
construct the transmembrane nanopore structure. Several pore-
forming models have already been proposed for these structures,
such as barrel-stave or toroidal models.** We have also proposed
the assignment of current signals to these models in planar lipid
bilayer experiments.** Although there are few studies on the pore-
formation of B-sheet peptides, it has been reported that the f-sheet
peptides also construct barrel-stave and toroidal pores.> Our elec-
trophysiological measurements herein also presented the step and
multi-level signals, analogous to those previously assigned to the
barrel-stave and the toroidal models.

The pore diameter of the SV28 nanopore was calculated from
the conductance of the open channel state and the Hille equation,
which is a theoretical model that uses the resistance of a cylindri-
cal pore to ion flow.*® The open channel conductance was used as
the initial step signals from the baseline (=0 amps). The histogram
of the pore conductance of SV28 is shown in Fig. 3f. There are
five identified peaks at conductances of 1, 4, 7, 9, and 14 nS,
which give pore diameters of 0.8, 1.7, 2.3, 2.7, and 3.5 nm using
the Hille model. The numbers of monomers used in nanopore as-
sembly was mathematically calculated to be 4, 5, 7, 8, and 10
monomers using the diameters and the size of the B-hairpin mol-
ecule. Additionally, we estimated the pore size using a more pre-
cise method that is based on the experimental results instead of
the theoretical Hille model. We assessed the relationship between
the current conductance and the pore diameter of B-barrel proteins,
measurements that were taken by electrophysiology, and by crys-
tallography using microscopes. OmpA, OmpF, OmpG, VDAC,
and FhuA were used in this estimation as the B-barrel transmem-
brane proteins (the detail is described in the Supplementary In-
formation). Based on the relationship between the current con-
ductance and the pore diameter of the natural proteins (Fig. 3g
and 3h), the five different pore sizes and the number of mono-
mers in the case of SV28 are 1.6, 3.3,4.4, 5.0, and 6.2 nm with 7,
11, 13, 15, and 18 monomers of SV28. The experimentally esti-
mated pore sizes are larger than those from the theoretical Hille
model.

6

Detection of double-stranded DNA using the SV28 na-
nopore

The SV28 forms nanopore structures with diameters ranging
from 1.6 to 6.2 nm. In the conventional nanopore proteins for
DNA detection such as aHL or MSPA,>’ ssDNA can translocate
through the nanopore, whereas dsDNA cannot pass due to the size
mismatch. The detection of dsDNA fragments using solid-state
nanopores has recently been emerging in methylation analysis>®
without the need for complex procedures. Therefore, we used
SV28 with pore diameter of around 5.0 nm and attempted to de-
tect dsDNA with lengths of 50 bp and 1 kbp. Although the trans-
location signal was not observed in the case of 50 bp dsDNA
measurements at 1 and 10 pM concentrations (Fig. S11), proba-
bly due to the rapid translocation,*® the blocking currents were
consistently observed using 1 kbp dsDNA ranging from 50 to 200
nM in concentration (Fig. 4a and S12). The scatter plot of the
blocking rate and duration time of translocation at 200 nM under
application of 40 mV is shown in Fig. 4b, with peak values of
85% and 0.75 ms respectively (scatter plots of other conditions
are presented in Fig. S13). Additionally, translocation of multiple
dsDNA through the pore was occasionally observed (Fig. S14).

We next examined the dependency of the translocation fre-
quency of dsDNA on the concentration and applied voltage. The
event frequency versus concentration showed a linear depend-
ency ranging from 50 to 200 nM under application of +80 mV
(Fig. 4c-4e). Moreover, the event also depended exponentially on
the voltage application from +40 to +100 mV at both 100 nM and
200 nM concentration (Fig. 4f-4h). These linear and exponential
dependencies on the concentration and applied voltage are con-
sistent with previously reported results of DNA translocation us-
ing the aHL nanopore.*

Conclusions

We designed a pore-forming peptide with a B-sheet structure
that forms 5 differently sized nanopores ranging in diameter from
1.6 to 6.2 nm in the lipid membrane. Using the SV28 assembled
nanopore with a 5 nm diameter allowed us to detect a dsSDNA
with 1 kbp length. A particularly pleasing result was that we
achieved success with our initially designed sequence of SV28;
we did not need to adjust this initial sequence via trial-and-error
experiments, unlike many proposed protein structures that are
first designed and expressed using computational methods.
Through conducting this study, we found that the reduction of in-
formation hierarchy is the key to our design: in other words, the
key is reduction of the sequence space. Our nanopore structure
was designed with several limitations and requirements: a -sheet
structure, amphiphilic properties, and strong interaction between
monomers. Moreover, the length of our peptide was decided as
less than 30 amino acids so as to be suitable for chemical synthe-
sis. These requirements limited the sequence and variety of amino
acids incorporated into the transmembrane nanopore design. To
that end, our designed peptide is an artificial device that can sense
long dsDNA. Our design strategy will also be a useful tool for
creating molecular machines with utility as part of a molecular
robot.*

Methods
MD simulation

The MD simulations of B-barrel structures of SV28 consist-
ing of five and eleven peptides were performed in a DOPC mem-
brane using GROMACS-5.1.4% and Charmm36 protein force



field®. The structural modeling and simulation details are in-
cluded in the Supporting Information. Briefly, the initial 3D
structures of the SV28 peptide were modeled via a homology
modeling technique, which allows prediction of the structure of
proteins based on the sequence similarity.®! HASR protein (PDB
ID: 3CSL; chain A; sequence positions, 484-511)%? was selected
as a template structure for SV28 from the Protein Data Bank us-
ing BLAST search.®® The sequence covering and charged amino
acid positions were applied as the main criteria for the template
selection (Fig. S15a). After modeling the 3D structure of the -
barrel SV28 containing 5-mer and 11-mer (Fig. S15b), the simu-
lation systems were prepared by CHARMM-GUI membrane
builder.® Then, the standard minimization and equilibration pro-
cedures of the builder®* % were completed, and an additional 100
ns equilibration carried out for each system (Fig. S15¢). Finally,
900 ns MD simulations of 5-mer and 11-mer SV28 in DOPC
membrane were performed under NPT conditions. Each system
was simulated for a total of 1 ps. The final simulations of the sys-
tems were analyzed and discussed. The structures were repre-
sented by VMD software.% Analyses were performed using
GROMACS packages, excluding the pore diameter, which was
analyzed using HOLE software.®’

Preparation of bilayer lipid membrane and SV28 pretreat-
ments

Bilayer lipid membranes (BLMs) were prepared by the drop-
let contact method using a microdevice.*’ First, the DOPC (li-
pids/n-decane, 10 mg/mL) solution (2.3 puL) was poured into each
chamber. Next, the buffer solution (4.7 pL) without any peptide
was poured into the recording chamber. The buffer solution (4.7
pL) with peptide (final concentration 1 pM) was poured into the
ground chamber. In this study, a buffer solution (1 M KCIl, 10
mM MOPS, pH 7.0) was used. Before the measurement, the pep-
tides were added to 100 mM KOH and incubated for 5 minutes in
order to allow transfer of isoacyl dipeptide to the native dipeptide
of Val and Ser. Then, HC] was added to make the buffer pH 7. A
few minutes after adding the buffer solution, the two lipid mono-
layers connected to form BLMs. When the BLMs ruptured, they
were reconstituted as BLMs by tracing with a hydrophobic stick
between two droplets. The solutions were prepared comprising of
2 uM transformed SV28, 1 M KCl, 10 mM MOPS, and 10 mg/mL
DOPC or DOPC : cholesterol = 4 : 1 (w/w) in decane at pH 7.
The solution was agitated in a vortex for 30 s and incubated for
24 h at 37°C. The lipid and buffer solutions were added to the
ground chamber.

Channel current measurements and data analysis

Channel current was monitored using a JET patch-clamp am-
plifier connected to the chambers. Ag/AgCl electrodes were al-
ready present in droplets when the solution was added to the
chambers. A constant voltage of +100, +150, or +200 mV was
applied to the recording chamber, and the other chamber was
grounded. Pore formation in BLMs allowed ions to pass through
the nanopore under the voltage gradient, giving the channel cur-
rent signals. The signals were detected using a 4 kHz low-pass
filter at a sampling frequency of 20 kHz. Analysis of channel cur-
rent signals and duration time was performed using pPCLAMP ver.
11.0.3 (Molecular Devices, CA, USA) and Excel (Microsoft,
Washington, USA) software. Channel current measurements
were conducted at 22 + 2 °C.
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