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% Check for updates In drug discovery, efficient screening of protein-drug interactions (PDIs) is

hampered by the limitations of current biophysical approaches. Here, we
develop a biological nanopore sensor for single-molecule detection of pro-
teins and PDIs using the pore-forming toxin YaxAB. Using this YaxAB nano-
pore, we demonstrate label-free, single-molecule detection of interactions
between the anticancer Bcl-xL protein and small-molecule drugs as well as the
Bak-BH3 peptide. The long funnel-shaped structure and nanofluidic char-
acteristics of the YaxAB nanopore enable the electro-osmotic trapping of
diverse folded proteins and high-resolution monitoring of PDlIs. Distinctive
nanopore event distributions observed in the two-dimensional (Al/l,-versus-
In) plot illustrate the ability of the YaxAB nanopore to discriminate individual
small-molecule drugs bound to Bcl-xL from non-binders. Taken together, our
results present the YaxAB nanopore as a robust platform for label-free, ultra-
sensitive, single-molecule detection of PDIs, opening up a possibility for low-

cost, highly efficient drug discovery against diverse drug targets.

Current drug development suffers from high cost and low efficiency of
the drug discovery process. The therapeutic efficacy of drugs is
mediated by physical interaction with their cognate targets (mainly
proteins). To monitor protein-drug interactions (PDIs) in vitro is
essential for the drug discovery processes including drug screening,
structure-activity-relationship (SAR), and mode-of-action (MOA)
studies™”. Although various existing biophysical approaches such as
nuclear magnetic resonance (NMR), surface plasma resonance (SPR),
isothermal titration calorimetry (ITC), and fluorescence have been
used to directly monitor PDIs, efficient drug screening has been still
impeded by severe limitations such as high-cost instrumentation,

labeling or immobilization-derived inaccuracy, low-sensitivity of
detection for small-molecule drugs, and limited solubility of target
proteins and/or drugs®°. Therefore, technological innovation is
required to overcome current limitations and accelerate drug dis-
covery in the pharmaceutical industry.

Nanopore sensing is an emerging technology for single-molecule
analysis of biomolecules. Based on ionic current blockade derived
from electrically drawn analytes under voltage applied across a
nanoscale pore, nanopore sensors offer single-molecule resolution
and ultrasensitive, label-free, real-time detection, and high-throughput
analysis’”®. Biological nanopore sensors made with channel proteins
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exhibit uniform pore size, low noise, and high resolution, and are easily
modifiable through protein engineering®'°. Although nanopore ana-
lysis of proteins is complicated by their folded structure and non-
uniform charge, recent studies have attempted the application of
biological nanopores to single-molecule analysis of folded proteins™ ™,
Several biological nanopores such as ClyA, PlyAB, and MspA, and solid-
state nanopores including NEOtrap™* have been utilized to analyze
protein conformations and protein-ligand interactions'*'¢. However,
these nanopore sensors are mainly based on specific ligand-induced
large conformational changes.

Although protein-protein interactions (PPIs) are promising tar-
gets, drugging them is one of the key challenges in drug discovery®.
While more than 645,000 disease-relevant PPIs have been reported in
the human interactome, only approximately 2 % of them have been
targeted for drug development®. Thus, there is a high demand for low-
cost, efficient drug screening technologies against them. The PPI
between B-cell lymphoma-extra large (Bcl-xL) and Bcl-2 homology 3
(BH3) domain of Bak (Bak-BH3) is an attractive anticancer therapeutic
target®. The Bak-BH3 is crucial for inducing cell death and its binding
to Bcl-xL antagonizes the anti-apoptotic function of Bcl-xL?>*, Diverse
BH3-mimetic compounds have been identified for anticancer drug
discovery. Among them, ABT-737 is well-known as a potent small-
molecule inhibitor of the Bak-BH3/Bcl-xL interaction**. YaxAB is a pore-
forming toxin (PFT), a virulence factor produced by Yersinia enter-
ocolitica, an intestinal pathogen that causes diarrhea and systemic
bacteremia®™. YaxAB was shown to be cytotoxic and involved in
pathogenesis through the osmotic lysis mechanism by forming pores
in mammalian cell membranes®.

Here, we show the single-molecule measurements of Bcl-xL and its
ligand interactions using a funneled YaxAB nanopore. The current
blockade and noise analyses of nanopore events reveal the ability of
the YaxAB nanopore for label-free, single-molecule detection of PDIs,
which could contribute to highly efficient drug discovery.

Results

Pore formation and nanofluidic characterization of YaxAB
nanopores

Inspired by its cryo-electron microscopy (cryo-EM) structure®, we
tested whether YaxAB toxin could be utilized as a nanopore sensor.
The cryo-EM structure of YaxAB showed an a-helical pore complex
assembled with the octamer to dodecamer of the YaxA-YaxB
heterodimer®. Using native gel electrophoresis and gel extraction,
we purified three types of YaxAB pore with different sizes: YaxAB-Cg
(16-mer), YaxAB-Co (18-mer), and YaxAB-C,o (20-mer) (Fig. 1a; Supple-
mentary Fig. 1). The negative-stain EM images showed that each
extracted oligomer of YaxAB-Cg, YaxAB-Co, or YaxAB-Cio has 8, 9, or
10 symmetric spikes, respectively (Supplementary Fig. 2a-c). The 3D
reconstruction of the YaxAB complex confirmed the Cg symmetric
composition of the peripheral and interior rings of YaxA and YaxB,
respectively (11 stoichiometry) (Supplementary Fig. 2d). Under an
applied potential of 100 mV, each type of YaxAB pore showed unitary
conductance: YaxAB-Cg, 5.0 + 0.1 nS; YaxAB-Co, 7.8 + 0.2 nS; YaxAB-Cyo,
10.9 £ 0.2 nS (Fig. 1b and Supplementary Fig. 3). The diameters of the
three pores were estimated from experimental conductance data, and
were in accordance with theoretical prediction” (Fig. 1b, ¢, Supple-
mentary Fig. 4; Supplementary Table 1). The pore gating was inter-
mittently observed in YaxAB-C;o and YaxAB-Co pores, and a negligible
pore gating signal was detected in YaxAB-Cg pores without any addi-
tion of analytes. Using data from the collected EM particles, we gen-
erated the structure of YaxAB-Cg with apparent Cg symmetry through
three-dimensional reconstruction (Supplementary Fig. 2d). YaxAB-Cg
pore exhibits an ~18 nm long, funneled internal structure with a cis
entry of 10 nm, a trans entry of 2.7 nm, and a constriction with a dia-
meter of 1.9 nm (Fig. 1d). The ‘coffee dripper-shaped lumen of the

YaxAB-Cs pore is corrugated with ‘rib-like convex 8 a-helices
(Fig. 1e-f).

To examine ion transport across the YaxAB pores, we measured
ionic currents at varying applied voltages (Fig. 1c). All three pore types
revealed asymmetric I-V curves. The reversal potentials (V,) of YaxAB
pores were measured using asymmetric KCI concentration on both
sides of the nanopore (trans/cis: 2M KCI/0.5M KCI) buffered with
10 mM Tris-HCI pH 7.5 (Fig. 1g, Supplementary Table 2). The ion
selectivity of YaxAB pores was then calculated using the
Goldman-Hodgkin-Katz equation (Methods, Supplementary Table 3).
The strong cation selectivity (Py+/Pc-=2.34+0.03) of YaxAB-Cg
nanopore (referred to as YaxAB hereafter) most likely reflects the
noticeably negative charges of constriction (Fig. 1f). The high ion
selectivity could induce potent electro-osmotic flow (EOF) inside the
pore against the electrophoretic force (EPF)***. The molecular
dynamics (MD) simulation showed local distribution profiles for ions
and water inside the YaxAB nanopore, indicating an increase in K*
(0.16 nm™2-ns™) and water (5.63nm™-ns™) flux velocity closer to the
constriction at the positive applied voltage (Fig. 1h-j). The K" flux
(016 nm™-ns™) was stronger than CI' flux (0.04nm™2-ns™) in the
constriction, indicating potent EOF with cis to trans direction at the
positive voltage.

Single-molecule analysis of unlabeled proteins using YaxAB
nanopores

To assess the sensing capability of the YaxAB nanopore, we attempted
to capture four proteins of different charges and sizes: holo-transferrin
(9.2 x 6.4 x 49 nm), Bcl-xL (4.6 x 4.6 x 3.5nm), FKBP12 (4.5 x 3.5 x
3.0 nm), and MDM2 (3.0 x 3.7 x 3.8 nm). To test whether the proteins
are still folded in the nanopore condition, we further performed cir-
cular dichroism (CD) experiments of the proteins in the nanopore
measurement buffer including 1M KCI. As shown in Supplementary
Fig. 5, no structural change of the proteins was observed in the
nanopore buffer condition. All the proteins were trapped inside the
nanopore by EOF when introduced to the cis side under positive vol-
tages (Fig. 2a-d). Using EOF, the YaxAB nanopore was capable of
capturing diverse folded proteins with a broad range of mass
(12-77 kDa), irrespective of their net charges. The dwell time and cur-
rent blockade of the trapped Bcl-xL were significantly increased with
the increment of voltage (Supplementary Figs. 6 and 7) because the
direction of the electric field was the same as that of EOF-trapping by
YaxAB nanopores (from cis entry to trans side). Despite their small
volumes, FKBP12 and MDM2 caused larger current blockages than the
other proteins. Due to their neutral or positive charges at pH 7.5, they
could undergo weaker repulsive EPF (from trans to cis entry) than the
other proteins, which allows their movements to a deeper site with
higher ion density within the YaxAB nanopore.

To investigate the effect of net charge on the capture rate and
trapping event frequency of a protein by the YaxAB nanopore, we
measured the capture rate (1/1,,) and the reciprocal of dwell time (1/
Tof) Of wild-type (net charge: -11.5e) and mutant Bcl-xL (Bcl-
xL_R100E,R103E) with additional negative charges (net charge: —14.8¢)
(Supplementary Fig. 8). The capture rate (1/1,,,) of Bcl-xL_R100E,R103E
as a function of voltage bias was almost 3-fold lower than that of wild-
type Bcl-xL. Additionally, the 1/t value of Bcl-xL_R100E,R1I03E was
higher than that of wild-type Bcl-xL, while they showed a voltage-
dependent reduction in 1/t This substantial reduction in both cap-
ture rate and dwell time (1) could be attributed to stronger repulsive
EPF (from trans to cis entry) imposed on Bcl-xL_R1I00E,R103E with
more negative charges than wild-type Bcl-xL, which is consistent with
the previously reported result®. These results indicated that the net
charge of Bcl-xL protein could influence the balance between EOF and
EPF within the YaxAB nanopore, thereby changing its capture rate and
trapping event frequency.
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Fig. 1| Characterization of YaxAB nanopores. Blue native gel (4-16%) electro-
phoresis (a) and single pore insertions (b) of YaxAB-Cg, -Co, and -C;o nanopores. The
representative PAGE result is presented, n =3 independent replicates. Source data
are provided in the Source Data file. ¢ Current-voltage (I-V) plots of YaxAB-Cg
(green), -Cy (orange), and -Cyo (red) nanopores. Data are presented as mean + SD,
n =3 independent replicates for YaxAB-Cg; n = 6 independent replicates for YaxAB-
Co; n=9 independent replicates for YaxAB-Cyo. Source data are provided as a
Source Data file. d Cross section of YaxAB-Cg nanopore with an overlaying illu-
strated representation of a YaxAB heterodimer. The electrostatic potential of the
surface is computed by the adaptive Poisson-Boltzmann solver at pH 7.5 in 1M KCI.
The funnel-shaped geometry of the inner surface is shown as white dotted lines.
Pore lumen, corrugated with convex 8 a-helices (e) and negatively charged inner
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surface close to the constriction (f). g Reversal potential, showing cation selectivity
for all YaxAB nanopores. The reversal potential values are 11.7 + 0.1 mV (YaxAB-Cs),
7.7+ 0.7 mV (YaxAB-C), and 5.5+ 0.1 mV (YaxAB-Cy). All reversal potentials were
measured under asymmetric salt conditions (2M KCl on the trans side and 0.5M
KCl on the cis side) in a pH 7.5 buffer. Data are presented as mean +SD, n=3
independent replicates for each YaxAB-Cg, -Co, and -C;o nanopore. Source data are
provided as a Source Data file. h-j MD simulation of YaxAB-Cg nanopore at +100 mV
voltage bias and in 1M KCl. YaxAB nanopore exhibits a comparably strong direc-
tional K* (1.03 ns™, Iy =165 pA) and water flow (15.71ns™) from cis to trans side
against CI flow (0.52 ns™, Ic; =84 pA). Arrows represent K (h), CI' (i), and water (j)
fluxes inside YaxAB nanopores. K* (0.16 nm™- ns™) and water fluxes (5.63 nm™- ns™)
at the constriction region were calculated at 100 mV in 1M KCI.

From the nanopore measurements, we found that an unlabeled
Bcl-xL molecule trapped inside the YaxAB nanopore generated
characteristic nanopore events with frequent current spikes of
multi-level amplitudes (Fig. 2b, e, f). Based on these current

patterns, we propose a molecular model of three stages for the
single nanopore event of Bcl-xL (Fig. 2e). At stage I, a single Bcl-xL
molecule is captured inside the pore by the cis-to-trans EOF. At
stage I, the trapped Bcl-xL molecule generates multiple current
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blockade levels (L1-L3) with short spikes. The multi-level current
blockades may be attributed to oscillating translational motions of
a Bcl-xL molecule inside the pore, which is governed by a balance
between the capture-inducing EOF and -opposing EPF*. At stage lII,
the blockade current is recovered to an open pore current (I,) level
when Bcl-xL escapes from the pore. Similarly, characteristic nano-
pore events with multiple current levels were observed in FKBP12,
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MDM2, and holo-transferrin trapped by the YaxAB nanopores
(Fig. 2a, ¢, d).

From the MD simulation, the calculated free energy landscape of
the trapped Bcl-xL molecule showed double minima of free energy at
the distances (z) of 4 and 10 nm from the membrane (Fig. 2g, h). This
suggests that, under the energy minima, a Bcl-xL molecule undergoes
oscillating movements among multiple residence sites (R1-R3) where
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Fig. 2 | Single-molecule analysis of an unlabeled protein using YaxAB nano-
pores. YaxAB nanopore-based electrical recordings of proteins: holo-transferrin
(holo-Tf, gray) (a), B-cell ymphoma-extra large (Bcl-xL, orange) (b), FK506 binding
protein-12 (FKBP12, blue) (c), and Mouse double minute 2 homolog (MDM2, green)
(d). Open pore current (l,) is indicated as a dotted line. Proteins were added to the
cis side by applying a positive bias (40 to 100 mV). Current traces were filtered with
a Bessel (8-pole) filter at 1kHz. Schematic illustration of the capture-trap-escape
process (e) and a single nanopore event of the Bcl-xL protein (f) using the YaxAB
nanopore. g Simulated snapshot illustrations for Bcl-xL trapped at 4 and 10 nm
positions from the membrane. “z” indicates the distance from the membrane.

h Free energy landscapes calculated from MD simulation of free Bcl-xL within a
YaxAB nanopore at the applied voltage of 100 mV. The free energy of Bcl-xL at 4

and 10 nm was -22.81 and -10.05 kcal/mol, respectively. Molecular dynamics (MD)
simulation data of K* (i), CI' (j), and water (k) fluxes through a YaxAB nanopore

in the presence of Bcl-xL protein at a 4 nm position from the membrane (0.10 nm™-
ns™, 0.04nm™?-ns, and 2.59 nm™- ns™, respectively), at 100 mV in 1M KCI. K*
(0.70 ns™, Ix =113 pA), CI" (0.35ns™, Ic;= 56 pA) and water (10.66 ns™) fluxes at the
constriction region were calculated at 100 mV in 1 M KCI. MD simulation data of K*
(1), CI' (m), and water (n) fluxes through YaxAB nanopore in the presence of Bcl-xL
protein at a 10 nm position from the membrane (0.14 nm™-ns?, 0.03nm™?-ns™,
and 5.42 nm™- ns’, respectively), at 100 mV in 1M KCL. K* (0.96 ns™, Iy =154 pA), CI”
(0.42ns, Iy =67 pA) and water fluxes (15.71 ns™) at the constriction region were
calculated at 100 mV in 1M KCI.

the transient protein residence induces varying current blockade
levels (L1-L3) (Fig. 2f). The lowest free energy value of Bcl-xL, observed
at z=4nm suggests that the protein is located preferentially at this
position once trapped within the YaxAB nanopore. The MD simulation
predicted that the K* ion and water fluxes in the constriction would be
considerably reduced upon Bcl-xL trapping at z=4nm (Fig. 2i-k)
compared to those of the empty YaxAB nanopore. Accordingly, due to
the weakened EOF, Bcl-xL would move toward the cis entry (z=10 nm).
The MD simulation data showed that Bcl-xL trapped at z=10nm
experiences higher fluxes of K" and water than at z=4 nm (Fig. 2l-n),
suggesting that Bcl-xL migrates back to the trans side (z =4 nm) due to
the recovered EOF. To understand the origin of the observed multiple
current levels and to quantify the dynamic exchange between the two
energy minima, we performed 1D Brownian dynamics simulations
without z-axis restriction at 30 mV voltage bias (Supplementary Fig. 9).
The thermal fluctuation allowed Bcl-xL to move between z =4 nm and
z=10nm sites. Similar to the experimental results, the Brownian
dynamics simulation generated a current trace as well as a positional
trace (Supplementary Fig. 9). These are consistent with the observed
free energy landscape (Fig. 2h) as previously reported™.

To understand the effect of net charge on Bcl-xL movement
within a YaxAB nanopore, we performed nanopore experiments with
two Bcl-xL variants with different net charges (Bcl-xL_E31K,E36K: -7.4€;
Bcl-xL_RIOOE,R103E: -14.8¢) (Supplementary Fig. 10). Bcl-
XL_R100E,R103E showed a substantial increase in event frequency of L1
with the smallest current blockade (Supplementary Fig. 10b). Due to its
additional negative charges, Bcl-xL_R100E,R103E could undergo
stronger repulsive EPF (from trans to cis entry) than wild-type Bcl-xL,
which resulted in dominant residence at the shallower site. In contrast,
Bcl-xL_E31K,E36K exhibited increased event frequency of L3 with the
largest current blockade (Supplementary Fig. 10b). Bcl-xL_E31K,E36K
could be subject to weaker repulsive EPF than wild-type Bcl-xL, indu-
cing its movement to the deeper site. In addition, we performed
voltage-dependent nanopore experiments with them (under 60, 80,
and 100 mV). With higher voltages engaged, wild-type Bcl-xL and the
variants showed noticeable decreases of I, in all the current levels (L1-
L3) (Supplementary Fig. 10c), indicating that they moved to deeper
sites within the nanopore. This net charge- or voltage-dependent
movement of protein within the YaxAB nanopore is consistent with the
previously reported results?2, Taken together, these results suggest
that EPF and EOF control the movement of a protein between two
energy minima in the YaxAB nanopore and the movement leads to
different current levels.

Current blockade-based analysis of protein-ligand interactions
using YaxAB nanopores

Next, we analyzed the interactions of Bcl-xL with the Bak-BH3 peptide
and a small-molecule drug, ABT-737, using YaxAB nanopores. As
shown in Fig. 2f and 3a, trapping a free Bcl-xL molecule inside the
YaxAB nanopore generated three current levels (L1-L3). With an
increase in applied voltage, residual current (I,es) values of all the
current levels and duration of the L1 event decreased, and durations of

L2 and L3 events increased, implying that free Bcl-xL moves closer to
the constriction under higher voltage (Supplementary Fig. 7). On the
other hand, the Bcl-xL/Bak-BH3 complex predominantly induced two
current levels (L1 and L2) with similar durations and a negligible L3
level, indicating occupancy of the R1 and R2 sites with similar prob-
ability (Fig. 3a, b). YaxAB nanopore sensing also showed the voltage-
dependent reduction in I for the Bcl-xL/Bak-BH3 peptide complex
(Supplementary Fig. 11). Upon complexation of Bcl-xL with ABT-737,
two current levels (L1 and L2) were detected, with a slight increase of L1
event frequency compared to that observed for free Bcl-xL (Fig. 3a, b).
These results showed that YaxAB nanopores can sensitively detect the
interactions of Bcl-xL with the Bak-BH3 peptide and ABT-737.

Our finding of clear differences in current distribution among the
protein complexes is applicable to monitoring of PPI inhibition by
small-molecule drugs using YaxAB nanopores. When we titrated the 1:2
Bcl-xL/Bak-BH3 complex with ABT-737, the probability of the L1 level
decreased, while that of the L2 level significantly increased compared
to that of the Bcl-xL/Bak-BH3 complex (Supplementary Fig. 12). Upon
titration to a molar ratio of 1:2:5 (Bcl-xL:Bak-BH3:ABT-737), the prob-
ability of the L2 level was same as that of the 1:2 Bcl-xL/ABT-737
complex, indicating that ABT-737 fully displaced the Bak-BH3 peptide
bound to Bcl-xL. Therefore, current blockade-based analysis using
YaxAB nanopores can be effectively used to probe PPIs and their small-
molecule drug inhibition at the single-molecule level.

Current noise (Iy)-based analysis of protein-ligand interactions
using YaxAB nanopores

In addition to current blockade analysis, current noise (ly)-based
analysis was employed to discriminate Bcl-xL/ligand complexes from
free Bcl-xL using YaxAB nanopores (Fig. 3c-f). The Iy values were
computed by analyzing power spectral density (PSD) data derived
from nanopore events using Clampfit 11.2 software (Methods). The Iy
values of free Bcl-xL and the Bcl-xL/ligand complexes were dependent
on filtering condition variances (100 to 10,000 Hz) (Fig. 3d). By filter-
ing at a particular low-frequency (100 Hz), Iy values provoked sub-
stantial differences among three protein analytes: free Bcl-xL,
IN=16.3 £1.9 pA; Bcl-xL/Bak-BH3 complex, Iy=78.9 +3.5pA; Bcl-xL/
ABT-737 complex, Iy =28.2 £ 2.3 pA (Fig. 3c-f). The varying noise levels
of the analytes may be attributed to the detectable difference among
them in orientation and strength of dipole moment (Supplementary
Fig. 13 and Supplementary Table 4).

Furthermore, we performed Iy-based, dose-dependent quantita-
tive analysis on the interactions of Bcl-xL with the Bak-BH3 peptide and
small-molecule drugs, ABT-737 and A-1331852, yielding binding affi-
nities in the order of A-1331852 > ABT-737 > Bak-BH3 peptide
(Kp=66£10, 38 £ 8nM, and 19 + 4 nM, respectively) (Supplementary
Figs. 14-17). In the bulk experiments, the Kp values of Bcl-xL interac-
tions with Bak-BH3 peptide, ABT-737, and A-1331852 were determined
to be 340+30nM from NMR%, 106 +17 and 13+2nM from SPR
(Supplementary Fig. 18), respectively. This difference in the Kp values
may arise from the intrinsic distinction between single-molecule
nanopore sensing and ensemble experiments. Kinetic rate constants

Nature Communications | (2023)14:1461



Article

https://doi.org/10.1038/s41467-023-37098-4

MU oL m L w Bolxl
R 100 m=mm — — 104+ == +Bak-BH3
R2 == +ABT-737
R3 < 103
& 801 =
z 58% ¥ 1024
£ &
3 2 6041 < 1014
Rl 3 91% 87% S
< o 104
R2 S —T— ke]
S 404 == S
= 10"+
8 o
; © 20 £ 1024
R1 ==
o — 1073+
0
NP o
&L 10 10° 10" 102
@ XQ,’g‘" ng) Frequency (Hz)
Py, 8.1 & o B3
X ] £
d kv ‘Z" ) % & ?’ . e - BekxL f -= BokxL
. ‘ % g o~ +Bak-BH3 o +Bak-BH3
Bel-xL + Bak-BH3 - +ABT-737 - +ABT-737
T i Bty i iy - 100 — 5-
10'he TR A wl N .
Iy=47.1£4.1 pA Iy= 95.5£3.2 pA Iy= 62.2+4.2 pA . §
Io-—A ——————————————— A=~ — M mm—m - ——————— = A - - = mm—mm—————————— .- :<9_/ 60 :55 3
10%Hz ) =z E.
MM TULTRBLAMATY 40 i o2
Iy= 36.7+3.8 pA Iy=92.2+2.9 pA Iy=52.8+3.8 pA 204 - 14 —
S i e -
102Hz mll e | 0 0
b A AT bbbt T 1 T
< - 100 10 102 100 100 102
S| Ww=16.3:1.9pA Iy= 78.9+3.5 pA Iy= 28.2+2.3 pA
S 0s Frequency (Hz) Frequency (Hz)
0 S

Fig. 3 | Current blockade and noise analyses of protein-ligand interactions
using YaxAB nanopores. a Multi-level current blockades, scatter plots (Iyes Vs.
duration), and models for residence sites of free Bcl-xL, Bcl-xL/Bak-BH3 (1:2), and
Bcl-xL/ABT-737 (1:2) complexes. Based on the free energy calculation of Bcl-xL and
experimental data of multi-level current blockades, residence sites of analytes were
modeled within the YaxAB nanopore. b Stacked columns for the open probability
of L1-L3 levels measured from current blockades of free Bcl-xL, Bcl-xL/Bak-BH3, and
Bcl-xL/ABT-737 complexes. Data are presented as mean + SD, n =3 independent
replicates. L1 (4.98 +1.65%), L2 (91.25 +1.89%), and L3 (3.77 + 1.47%) for free Bcl-xL;
L1 (42.13 £2.16%), L2 (57.71+2.15%), and L3 (0.16 + 0.03%) for Bcl-xL/Bak-BH3

complex; L1 (13.29 +2.07%), L2 (86.66 +2.07%), and L3 (0.05 + 0.03%) for Bcl-xL/
ABT-737 complex. Source data are provided as a Source Data file. ¢ Power spectral
density analysis of free Bcl-xL (black), Bcl-xL/Bak-BH3 (blue), and Bcl-xL/ABT-737
(green) complexes. d Current noise (Iy)-analysis of free Bcl-xL, Bcl-xL/Bak-BH3 (1:2),
and Bcl-xL/ABT-737 (1:2) complexes with varying filter cut-off frequency (10%, 10,
and 10*Hz). Iy values (e) and Iy ratios of complexed vs. free Bcl-xL (f) curves as a
function of filter frequency for free Bcl-xL, Bcl-xL/Bak-BH3, and Bcl-xL/ABT-737
complexes. Data are presented as mean + SD, n =3 independent replicates. Source
data are provided as a Source Data file.

can be most directly measured using the single-molecule nanopore
method, and its superior sensitivity enables the measurement of
protein-ligand binding at even low concentrations that could be hardly
detected using SPR. As shown in a previous study, the kinetics of ligand
binding may be affected by the applied potential and the pore con-
finement imposed on trapped proteins'®. In the case of SPR, immobi-
lization of proteins to the sensor chip may sterically hinder analyte
binding or lead to a change in local analyte concentration at the sensor
surface®. Overall, detailed Iy analysis using YaxAB nanopores allowed
clear discrimination of protein-ligand complexes from free proteins,
most remarkably a small-molecule drug complex without any sig-
nificant conformational change of protein.

Single-molecule fingerprinting of PDIs using YaxAB nanopores
Based on the observed normalized current blockade (Al/l,) and Iy
differences among the analytes, we further tested whether YaxAB
nanopores can distinguish small-molecule Bcl-xL binders from non-
binders. Prior to PDI analysis, we measured the open conductance
of the YaxAB nanopore with a mixture of non-specific small-mole-
cule ligands (Supplementary Fig. 19a). The current traces showed no
difference in the absence or presence of the small-molecule ligand

mixture, indicating that YaxAB nanopore does not interact with the
non-specific ligands tested. After trapping of Bcl-xL within the
YaxAB nanopore, the addition of small-molecule non-binders (LCL-
161, GDC-0152, Birinapant, and Phentolamine) induced no detect-
able difference in the current traces (Supplementary Fig. 19b-e),
indicating that there was no interference with the target protein
signal. For example, LCL-161 and GDC-0152 showed essentially the
same Al/l, and Iy values (Al/I,=65.3+0.6 and 65.0+0.9%,
INn=17.1+£1.4 and 17.0 + 1.4 pA, respectively) as that of free Bcl-xL
(Fig. 4a). In contrast, the addition of strong Bcl-xL binders (ABT-737
or A-1331852)* provoked more than 1.7-fold higher current noise
levels (IN=29.0+2.3 and 36.3 £ 2.5 pA, respectively) than those of
free Bcl-xL (Al/l,=65.2+0.5% and Iy=16.8+1.1 pA) along with
changes in Al/l, (Al/l,=63.0+0.8 and 51.1+2.0%, respectively).
Combining the data from individual measurements, a two-
dimensional (2D) Al/l,-versus-ly density plot showed that the
event distributions of non-binder/Bcl-xL mixtures are largely over-
lapped with those of free Bcl-xL (Fig. 4b). In contrast, strong binder/
Bcl-xL complexes were clearly distinguished from free Bcl-xL as two
separate peaks, or “drug fingerprints”. Indeed, YaxAB nanopores
could sensitively distinguish different small-molecule drugs bound
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Fig. 4 | Single-molecule detection of interactions between Bcl-xL and small-
molecule drugs using YaxAB nanopores. a Representative ionic current traces for
Bcl-xL in the absence or presence of non-binders (LCL-161 and GDC-0152) and
strong binders (ABT-737 and A-1331852). Each small-molecule was premixed with
Bcl-xL at a 1:10 molar ratio and then added to the cis chamber. Nanopore events
were recorded in 1M KCI at pH 7.5 with +100 mV applied voltage on the cis side.
Values of current blockade (Al/l,) and current noise (Iy) were obtained after addi-
tional filtration using a 100 Hz Bessel (8-pole) filter. b 2D density contour plot of Al/

l,-versus-ly was generated by combining the data from individual YaxAB nanopore
measurements for Bcl-xL in the absence or presence of each small-molecule drug
(LCL-161, GDC-0152, ABT-737, or A-1331852). Color-coded marginal histograms
represent free Bcl-xL, red; LCL-161, yellow; GDC-0152, green; ABT-737, blue; A-
1331852, pink. ¢ 2D density contour plots for real-time monitoring using the current
recording of YaxAB nanopores after simultaneous treatment of Bcl-xL with a mix-
ture of compounds (LCL-161, GDC-0152, ABT-737, and A-1331852). The measured Al
and Iy values are normalized by Alg ., and Iy geix Of free Bel-xL, respectively.

to the same protein, which provided a proof-of-concept for single-
molecule fingerprinting of PDIs using a biological nanopore sensor.
To examine whether this nanopore sensing could be applied to
drug screening with a mixture of multiple compounds, we monitored
PDIs in real-time using a current recording of YaxAB nanopores. After
simultaneous treatment of Bcl-xL with a mixture of compounds,
including non-binders and the strong-binders, the event populations
of free Bcl-xL considerably decayed to 2.5% in 35min and 0.7% in
70 min (Fig. 4c). In contrast, the event populations of Bcl-xL/strong-
binder complexes appeared gradually, eventually leading to the exis-
tence of two distinctive event populations of A-1331852 and ABT-737
complexes after 70 min (Fig. 4c). The relative percentage of Bcl-xL/
ABT-737 events increased to 10.7% in 35 min, then decreased to 6.3% in
70 min, whereas that of Bcl-xL/A-1331852 events continually increased
to 86.8% and 93.1% at these respective time point. Taken together,
these data demonstrated that YaxAB nanopores can be used for a
single-molecule-level drug screening for Bcl-xL with high selectivity.

Further, we conducted drug competition experiments, in which
pre-formed Bcl-xL/Bak-BH3 and Bcl-xL/ABT-737 complexes were trea-
ted with ABT-737 and A-1331852, respectively (Fig. 5a). Upon titration
with ABT-737, event populations of the Bcl-xL/Bak-BH3 complex were
replaced with those of the Bcl-xL/ABT-737 complex (Fig. 5b). In the 2D
Al/l,-versus-Iy plots, event populations of the Bcl-xL/Bak-BH3 complex
gradually shifted the position over time to those of the newly formed
Bcl-xL/ABT-737 complex (Fig. 5¢, d). Forty minutes after the addition of
ABT-737, only Bcl-xL/ABT-737 event populations remained, implying
that ABT-737 fully displaced the Bak-BH3 peptide bound to Bcl-xL.
Upon addition of A-1331852, event populations of the Bcl-xL/ABT-737
complex were largely substituted with those of the Bcl-xL/A-1331852
complex, indicating that the small-molecule drugs compete with each
other for binding to the same site on Bcl-xL (Fig. Se-g). Collectively,
these data suggested the potential of “SAR-by-nanopore” analysis for
screening the drug-binding activity and mapping the binding site at the
single-molecule level.
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peptide and ABT-737 for Bcl-xL binding. Data are presented as violin plots with jitter
points in a combination of kernel smoothed density plots, where the box plots
include the first and third quartiles 25-75%, the median (black square), dashed lines
represent mean (center line), maxima and minima (whiskers). The number of
events is N =466 at 0 min; N =180 at 10 min after the addition of ABT-737; N=421 at

+ A-1331852
—

Bcl-xL/A-1331852

Bcl-xL + ABT-737 (0 min)

Wt

+A-1331852 (~ 60 min)

 FU A SR AT S I )

O OO

+ A-1331852 (~ 120 min)

g | M
2s
f 0 min 60 min 120 min
22
+ ABT-737 + ABT-737 4 +ABT-737
1.0 . ‘ 1
209 "
g ‘ 10
< -
0.8 6
+ A-1331852 +A-1331852 || | 2
0 1 2 3 0 1 2 3 0 1 2 3 4
INllN Bel-xL lNllN Bel-xL IN/|N Bel-xL
g 1.2
11 : % }+ ABT-737
2 § N }+ A-1331852
S 08 J
<
0.64
04
Bcel-xL . i
+ABT-737 60 min 120 min

40 min after the addition of ABT-737. e Representative ionic current traces for the
Bcl-xL/ABT-737 complex obtained from time-course recording upon the titration
with A-1331852 at the molar ratio of 1:2:2 (Bcl-xL:ABT-737:A-1331852). Green and red
current traces indicate nanopore events of Bcl-xL/ABT-737 and Bcl-xL/A-1331852
complexes, respectively. f 2D density contour plots for real-time monitoring of
competition between ABT-737 and A-1331852 for Bcl-xL binding. g Time-course
monitoring of the competition between ABT-737 and A-1331852 for Bcl-xL binding.
Data are presented as violin plots with jitter points in a combination of kernel
smoothed density plots, where the box plots include the first and third quartiles
25-75%, the median (black square), dashed lines represent mean (center line),
maxima and minima (whiskers). The number of events is N =319 at 0 min; N=1330,
60 min after the addition of A-1331852; N =2141 at 120 min after the addition of
A-1331852.

Nature Communications | (2023)14:1461



Article

https://doi.org/10.1038/s41467-023-37098-4

To test whether YaxAB nanopore analysis can be also applicable to
other targets, we further performed nanopore experiments with
FKBP12 and holo-transferrin. We found that the interaction between
FKBP12 and its small-molecule drug, FK506* induced noticeable
changes in current blockade levels (Supplementary Fig. 20). Although
free FKBP12 showed three distinct current blockade levels (L1-L3),
FKBP12/FK506 complex revealed two major current blockade levels
(L2 and L3) with a significant decrease in the event frequency of L1. This
difference between free FKBP12 and FKBP12/FK506 complex indicated
that YaxAB nanopores can be used to detect the PDIs of FKBP12. Fur-
thermore, we monitored the interaction between holo-transferrin
(molecular weight: 77.1 kDa) and its small-molecule ligand, oxaliplatin
(molecular weight: 397.3 Da)*® using YaxAB nanopores. From the cur-
rent blockade-based analysis, free holo-transferrin showed the current
pattern with two major current blockade levels of L1 and L2 with similar
event frequencies. In contrast, the holo-transferrin/oxaliplatin com-
plex provoked a distinctive increase in the intensity of L2 current
blockade (Supplementary Fig. 21). This marked change in current
blockade level induced by drug binding indicated that YaxAB nano-
pores can obviously detect PDIs even at a high molecular weight ratio
of protein to drug (-194).

Generally, high ligand concentration is required for efficient drug
screening. To test PDI detection at high ligand concentrations, we
performed nanopore experiments with low-affinity Bcl-xL binders,
Quercetin (Kp=11pM)¥, and Bax-BH3 peptide (Kp =13 pM)Z. In the
presence of a small-molecule inhibitor, Quercetin, and Bax-BH3 pep-
tide at high concentrations, we detected current patterns (P2 state,
Supplementary Figs. 22-23) distinct from those of free Bcl-xL (P1 state),
indicating their specific binding to Bcl-xL. These results suggest that
the YaxAB nanopore sensing method has potential application in the
detection of protein-ligand interactions with affinity in the low
micromolar range. To further test whether DMSO can be used for
YaxAB nanopore analysis, we performed nanopore measurements in
the presence of DMSO. We found that Bcl-xL can be detected by YaxAB
nanopores within a range of 0-5% DMSO (Supplementary Fig. 24).
Furthermore, YaxAB nanopores permitted the PDI analysis of Bcl-xL
and its two small-molecule drugs (ABT-737 and A-1331852) even in the
presence of 5% DMSO (Supplementary Fig. 24b, d).

Discussion

In this study, YaxAB nanopore sensors exhibit the ability to analyze
unlabeled folded proteins and PDIs with high resolution and single-
molecule sensitivity. The sensing capabilities of the YaxAB nanopore
may arise from its structure and nanofluidic characteristics. (i) The
YaxAB nanopore forms a substantially long (-18 nm) funnel-shaped
structure, the lumen of which is corrugated with convex 8 a-helices.
Owing to this long-funneled geometry of the YaxAB nanopore, ion
fluxes are higher closer to the pore constriction, as supported by MD
simulation, suggesting that the protein blockade signal is more sensi-
tively influenced by the position of the protein within the pore. Com-
pared with cylindrical nanopores, this could result in an increase in the
current blockade difference between protein residence sites in the
YaxAB nanopore, which can be seen from the current blockade (Al/,)
difference of ~38% between residence sites (Fig. 3a). (ii) Moreover,
even closing off the pore at high voltage led to a characteristic residual
current without clogging (L2 les=-35% at 100 mV; Supplementary
Fig. 7), which might be attributed to ionic current flow through con-
cave gaps in the corrugated YaxAB pore lumen. Taken altogether,
these findings provide insights into how YaxAB nanopore sensors can
monitor PDIs with high resolution. (iii) Owing to highly negative
charges clustered near the constriction, YaxAB nanopores exhibit
strong ion selectivity. The resultant potent EOF inside the pore allows
the YaxAB nanopore to trap various folded proteins irrespective of
their net charge. (iv) Notably, smaller protein molecules such as MDM2
and FKBP12 were shown to induce larger current blockages in the

YaxAB nanopore. Weaker repulsive EPF (from trans to cis entry)
imposed on the positive-charged proteins could result in their higher
accessibility to the narrow pore constriction. This illustrates a specific
sensing feature of a funnel-shaped biological nanopore, where current
blockage depends on not only the molecular size but also the charge of
a molecule.

Previously, it was shown that small-molecule ligand bindings of
trapped proteins could be detected using cylindrical ClyA
nanopores”'®*, In a ClyA nanopore, the ligand-induced conforma-
tional change of protein results in movement in its residence site
within the pore, thereby inducing differential residual currents®.
However, there are still limitations in that ClyA nanopores have been
used to indirectly probe ligand binding through an accompanied
conformational change of proteins and to trap only small-sized pro-
teins (<42 kDa)™. In contrast, based on the oscillating movement of a
protein within its long funneled geometry, a YaxAB nanopore has a
much higher sensing resolution than those of cylindrical pores;
Although a ClyA nanopore could not distinguish glucose from galac-
tose bound to GBP'®*, a YaxAB nanopore can sensitively discriminate
small-molecule drugs (ABT-737 and A-1331852) bound to Bcl-xL inde-
pendently of any significant conformational change. Moreover, the
funneled YaxAB nanopore with a wider entry has the potential to
analyze a larger size of proteins (-77 kDa, holo-transferrin in this study)
than those trapped by a ClyA nanopore.

The different drug bindings make a significant distinction in
dipole characteristics (orientation and strength of dipole moment)
among the complexes (Supplementary Fig. 13 and Supplementary
Table 4). This may lead to a differential effect on the oscillating
movement of the complexes between different sites within the YaxAB
nanopore. The resultant changes in the dynamic motion of the com-
plexes could be sensitively detected by current or noise as previously
described®***, In this study, we showed that Iy as well as current
blockades can be employed for analyzing protein-ligand interactions
using YaxAB nanopores. The subevent information of proteins
obtained from noise-based nanopore analysis has been used to analyze
ligand binding, conformational change, and post-translational
modification'®*>**, The Iy of the nanopore event reflects the intrinsic
protein dynamics including tumbling motion inside the pore'®*, and
may be related to overall shape, charge, volume, dipole moment, and
rotational diffusion coefficient of proteins*>*°. In particular, the flicker
(1/f) noise, a dominant source of Iy at low frequency (<100 Hz), is
associated with slow fluctuations in the number and mobility of the
charge carriers including the change in dipole moment*. Thus, such a
big difference among the protein analytes was observed in the low-
frequency noise (Iy) rather than total noise. Taken together, even in the
absence of any significant conformational change, the binding of
small-molecule drugs to proteins could induce a variation of dipole
moments, thereby resulting in noticeable Iy differences among
protein-drug complexes. Through current blockade and noise analyses
using YaxAB nanopores, distinctive event distributions on the 2D Al/l,-
versus-Iy density plot allow for “drug fingerprinting-by-nanopore”,
which enables us to sensitively discriminate different small-molecule
drugs bound to the same target protein.

In the present study, we demonstrated single-molecule-based PDI
analysis using YaxAB nanopore sensors. This biophysical measurement
observed at a single-molecule level could not be achieved with current
PDI detection methods. Thus, YaxAB nanopore sensors offer dis-
tinguished advantages over ensemble-averaging-based conventional
approaches: (i) single-molecule-based ultrahigh sensitivity of YaxAB
sensors enables PDI detection with ultralow amounts of sample
(-picomole-level), which permits the analysis with poorly soluble small-
molecule compounds and proteins (us. the large amount (-mg) of
highly soluble samples are required for NMR® and ITC*); (ii) label-free
and low-cost implementation (vs. time-consuming and high-cost
labeling or immobilization is required for fluorescence-based
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spectroscopy’, NMR, or SPR?); and (jii) real-time quantitative analysis
for probing transient or weak-affinity PDIs, which could be hardly
detected by ensemble experiments due to averaging-out of minor
populations.

In combination with Bcl-xL data, our results on FKBP12 and holo-
transferrin showed that the YaxAB nanopore can be used to analyze
PDIs for various drug targets rather than specific targets. Additionally,
the trapping ability of YaxAB nanopores was demonstrated using
proteins with a wide range of molecular weight (12-77 kDa) and net
charge (-11.5e~2.8e) (Fig. 2a-d). These results indicated the potential of
the YaxAB nanopores in general PDI assay for well-verified drug targets
as well as undruggable PPI targets. To estimate the upper limit of
molecular weight of a protein, we further performed the YaxAB
nanopore measurements with plasminogen (90 kDa;
5.2x7.3x10.6 nm) and PI3 kinase (126 kDa; 7.1x7.8 x10.0 nm), but
could not detect stable trapping of them by the YaxAB nanopores. Our
observation of trapping of holo-transferrin (77 kDa; 4.9 x 6.4 x 9.2 nm)
by the YaxAB-Cg nanopores suggested the upper limit of molecular
weight of a protein to be approximately 77 kDa, which is consistent
with the internal diameter (-6 nm) of the pore lumen at cis entry.

We found that the YaxAB nanopore system is compatible with the
use of 0-5% DMSO, which is often used for poorly soluble small-
molecule compounds. Although the current YaxAB nanopore system
does not appear to be sufficiently stable in the presence of detergents
(less stable at >0.001% Tween20), further implementation of stable
polymer membranes will enable nanopore sensing with detergents at
high concentrations required to avoid aggregation or non-specific
binding of compounds. Further, high-throughput sensing of nanopore
sensors would accelerate their application to drug screening. Although
there were recent advances such as nanopore sequencing with > 512
channels (by Oxford Nanopore Technologies)***° and high-throughput
automated patch clamp®®, nanopore-based drug screening awaits
further technical development of automated high-throughput sensing.

We present a YaxAB nanopore sensor for analyzing unlabeled
folded proteins and protein-ligand interactions. Our results revealed
that YaxAB nanopores can be a valuable platform for label-free,
ultrasensitive, and single-molecule-level detection of PDIs, indicating
great potential for drug discovery applications including drug
screening, SAR, and MOA analyses. Compared with conventional
ensemble-averaging-based techniques that require labeling, immobi-
lization, expensive instruments, and time-consuming or labor-
intensive procedures, YaxAB nanopore sensors could greatly reduce
cost and increase the speed of drug discovery, especially when cou-
pled with high-throughput analysis. Particularly, the “drug finger-
printing-by-nanopore” with single-molecule sensitivity will be used for
drug screening with an ultralow amount of samples, which is greatly
beneficial for undruggable or insoluble targets. Furthermore, the
YaxAB nanopores could be utilized to probe drug-induced subtle
allosteric conformational or dynamics changes in single-molecule
proteins with ultrahigh-resolution, which could advance their bene-
ficial use in drug discovery applications including HTS, fragment-
based drug design, and SAR analysis for lead optimization. Finally, our
findings may open up a route for low-cost, highly efficient drug dis-
covery against diverse drug targets, including undruggable PPI targets.

Methods

Reagents

Chemicals in the nanopore measurement buffer were purchased from
Sigma-Aldrich (St. Louis, USA). Lipids and detergents were purchased
from Avanti Polar Lipids (Alabaster, AL, USA) and Anatrace (Maumee,
OH, USA), respectively. Bak-BH3 peptides (NH,- GQVGRQLAIIGDDINR-
COOH) were purchased from Peptron Inc. (Daejeon, Republic of
Korea). Small-molecule drugs, ABT-737 (813.43 g/mol, Cayman Che-
mical, Ann Arbor, USA), LCL-161 (500.63 g/mol, Selleckchem, Houston,
USA), GDC-0152 (498.64 g/mol, Selleckchem), A-1331852 (658.81g/

mol, Selleckchem) were dissolved in dimethyl sulfoxide-dg (99.96
atom % D, Sigma-Aldrich).

Purification of YaxAB nanopores and proteins

The Yersinia enterocolitica orthologues YaxA (Gene ID 4715532) and
YaxB (Gene ID 4715533) were synthesized by Cosmogenetech (Dae-
jeon, Republic of Korea). Recombinant YaxA and YaxB proteins were
expressed in BL21(DE3) Escherichia coli cells grown at 20 °C in a 2xYT
medium overnight, following induction with 0.5 mM IPTG*. For pur-
ification of YaxA and YaxB, cell pellets were resuspended in a lysis
buffer (50 mM Tris-HCI pH 8.0, 300 mM NaCl, 1 mM PMSF, 1ug/mL
DNase I, and 0.2 mg/mL lysozyme) and sonicated. The clarified lysate
was loaded onto a 5 mL Ni-NTA affinity column (Cytiva, Marlborough,
MA, USA) equilibrated with Ni-binding buffer (50 mM Tris-HCI pH 8.0,
300 mM NaCl, and 10 mM imidazole) and eluted with a linear imida-
zole gradient from 10 mM to 1M. Pooled fractions were dialyzed
overnight at 4 °C using a dialysis buffer (20 mM HEPES pH 7.0 and
25 mM NaCl) in the presence of thrombin protease. Next, YaxB sam-
ples were further purified on a 5mL HiTrap Q column (Cytiva, Marl-
borough, MA, USA) equilibrated in dialysis buffer, and the bound
proteins were eluted with a linear salt gradient of 25 mM-1 M NaCl. Bcl-
xL (PDB code: “IBXL") and FKBP12 (PDB code: “2PPN”) were expressed
in Escherichia coli BL21 (DE3) cells grown in LB media at 37 °C for 4 h
and at 18 °C overnight, respectively. Cell pellets were resuspended and
sonicated. The clarified lysate was purified on a 5mL Ni-NTA affinity
column (Cytiva, Marlborough, MA, USA). Peak fractions were further
purified on a Superdex75 16/60 gel filtration column (Cytiva, Marl-
borough, MA, USA). MDM2 (PDB code: “2MPS”) was expressed in BL21
(DE3) Escherichia coli cells grown in LB medium at 20 °C overnight,
following induction with 0.4 mM IPTG. The protein was initially pur-
ified by ammonium sulfate-induced precipitation®~% Further pur-
ification was conducted using HiTrap Q- and SP-Separose columns
(Cytiva, Marlborough, MA, USA) and a gel filtration column (HiLoad 16/
600 Superdex 75pg, Cytiva, Marlborough, MA, USA)*. The holo-
transferrin was purchased from Sigma-Aldrich (St. Louis, MO, USA).
The dimensions of the proteins were measured by executing the
Draw_Protein_Dimensions.py script in Pymol**.

Preparation of the detergent-treated YaxAB complex

Typically, equal amounts of YaxA and YaxB were combined and incu-
bated at 25 °C for 30 min. Cymal-6 (1.5% w/v) was added and the mix-
ture was incubated at 4 °C for 30 min, then injected onto a Superose 6
column running in the gel filtration buffer (25mM HEPES pH 7.0,
150 mM NacCl, 0.05% w/v Cymal-6). To separate different oligomeric
states of protein complexes, peak fractions were separated by 4-16 %
gradient blue native polyacrylamide gel electrophoresis (BN-PAGE;
Thermo Fisher Scientific Korea, Invitrogen™, South Korea) without
any other additives. The bands corresponding to YaxAB-Cg, -Co, and
-Cio pores were cut out from the gel, soaked in the gel filtration buffer,
and then incubated at 4 °C overnight to extract the proteins. The
supernatant containing oligomeric YaxAB was used for the following
experiments.

Circular dichroism (CD) spectroscopy

CD spectra of Bcl-xL, FKBP12, and holo-transferrin were recorded in
the wavelength range of 200- 250 nm with a CD spectrophotometer
(Jasco J-815, Jasco Corp., Tokyo, Japan) at 20 °C. The optical path length
was 1 mm, and the scan speed was 100 nm/min. Five scanning acqui-
sitions were accumulated and averaged to obtain the final spectrum.
The results were expressed as mean residue ellipticity [O]
(deg-cm®dmol™).

Surface plasma resonance (SPR) experiments
Proteins were immobilized by NTA-his tag capture using a NiHC1000M
sensor chip (XanTec bioanalytics GmbH, Duesseldorf, Germany). The
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running buffer was 10 mM HEPES pH 7.4, 150 mM NaCl, 50 pM EDTA,
and 0.005% Tween 20. His-Bcl-xL (1.5 pg/mL) in the running buffer was
injected at 10 pL/min for 90 sec across one spot. A concentration series
of each compound was injected at a flow rate of 30 uL/min at 25°C.
The association time and dissociation time were 2 and 6 min, respec-
tively. The buffer blanks were also injected periodically for double
referencing. The surface was regenerated between binding cycles with
a3 min injection of 350 mM EDTA. Fresh protein was injected at 10 pL/
min for 90 sec at the beginning of each binding cycle. All sensorgram
data were processed by using double referencing. To obtain kinetic
rate constants (k, and ky), corrected response data were then fit to a
one-to-one binding site model. The equilibrium dissociation constant
(Kp) was determined by kq/k,.

Negative-stain electron microscopy (EM) and fitting model
structure

BN-PAGE-extracted YaxAB-Cs pores were applied to glow-discharged,
carbon-coated grids (carbon film 400 mesh Cu, Electron Microscopy
Sciences, Hatfield, PA, USA) and stained using 0.8% (w/v) Uranyl For-
mate solution (Electron Microscopy Sciences, Hatfield, PA, USA).
Images were acquired at 67,000-fold magnification on a TECNAI G2
Sprit TWIN transmission electron microscope (FEI Company, Hills-
boro, OR, USA) operated at 120 kV using an Eagle 4 K High Sensitivity
CCD detector (FEI company, Hillsboro, OR, USA). Automated particle
selection and 2D classification were performed using CryoSPARC. The
initial model of YaxAB-Cs for the negative stain 3D reconstruction was
generated from three representative classes of 2D averages with Cg
symmetry, and 5,000 particles were selected for 3D reconstruction.
Based on a set of YaxAB heterodimers from the YaxAB-C,o model (PDB
code: “6EL1"), we generated the full model structure of YaxAB-Cg
through the rigid body fitting using Coot software®. The model was
subjected to several rounds of geometry minimization using phe-
nix.geometry minimization, including the secondary structure and
NCS restraints.

MD simulations

To characterize the YaxAB-Cg nanopore using the molecular dynamics
(MD) simulation, we constructed a simulation setup with a YaxAB-Cg
nanopore embedded in a lipid membrane. We prepared a lipid bilayer
system that measured about 25x25nm by duplicating a pre-
equilibrated membrane taken from our previous study®. We placed
the YaxAB-Cg nanopore structure in the lipid membrane such that the
transmembrane domain of the nanopore was within the lipid mem-
brane. Then, the lipid molecules in contact with the nanopore were
removed using the VMD program®’. We immersed the complex system
of the lipid membrane and the nanopore in a solution of 1M KCI. We
performed all MD simulations using the GROMACS 2020.2 package™.
We employed the CHARMM36m force field” combined with the
CHARMM-modified TIP3P model. To improve charge-charge interac-
tion pairs, we applied the CUFIX corrections to the CHARMM36m
force field set®. We performed all simulations under a constant surface
tension-constant temperature (NPyT) ensemble; surface tension was
zero (y = 0)* and the temperature was 303 K. For the computation of
van der Waals forces, we employed a 10 to 12 A switching scheme. We
computed the long-range electrostatic forces using the particle-mesh
Ewald summation scheme® with a 1.2 A grid spacing and a 12 A real-
space cutoff. Covalent bonds to hydrogen in non-water and water
molecules were constrained using the LINCS®* and SETTLE® algo-
rithms, respectively. We visualized the density-flux map using the
method described in a previous report by Yoo and Aksimentiev®.

To measure the free energy landscape through the YaxAB-Cg
nanopore in the presence of Bcl-xL protein under the applied voltage
(0,30, and 100 mV), we added a Bcl-xL protein at the distance of 10 nm
from the membrane, z, to the equilibrated membrane-nanopore
complex system. For a given voltage bias, we performed the Umbrella

sampling MD simulations®® by applying a harmonic force to constrain z
at a fixed equilibrium distance, ranging from 2 nm to 13 nm with 1nm
spacing; note that the Bcl-xL protein freely moved in x and y directions.
Note that the applied constraints enhance the sampling in the transi-
tion states (positions not in the energy minima) without affecting the
overall shape of the free energy®. For each constraining z position, we
computed the mean force from a 70 ns simulation. By integrating the
mean forces from z=2 to 13 nm, we obtained the free energy land-
scape. In all MD simulations, we determined the protonation states of
histidine residues at pH 7. To quantify the effects of the voltage bias on
the free energy landscape, we performed three sets of Umbrella sam-
pling simulations under 0, 30, and 100 mV.

Brownian dynamics simulations

To estimate the vibrational motion of Bcl-xL inside the nanopore, we
performed the Brownian dynamics simulations along the nanopore
channel (z) using the algorithm of Ermak and McCammon®. Specifi-
cally, we numerically solved the following Brownian equation Eq. 1.

~ D
2(t+At)=2(t)+ mF(z)At +$ )

where z(t) is the position of Bcl-xL along the nanopore axis; F(z), D, and
S are the thermodynamic force at z, the diffusion coefficient of
proteins (10 nm?/us), and a random number generated from a normal
distribution having the width of 2D At, respectively. The force F(z) was
computed as a numerical derivative of the free energy landscape AG(z)
from the MD simulation: F(z)= — dAG(z)/dz. The integration time
step (At) was 0.0001 ps.

Single-channel recordings using the YaxAB-Cs nanopore

A planar lipid bilayer was formed on a Teflon film with a 100 um
aperture using a painting method®®. Briefly, lipid powder was dissolved
in chloroform and dried under a gentle stream of argon gas to remove
the solvent. The dried lipid stock was then redissolved in n-decane to a
final concentration of 3.0% (w/v). The lipid stock was prepainted on
both sides of the aperture prepared in the Teflon film, which was then
fixed in between two customized Teflon chambers and dried to
remove the solvent. After drying, each chamber was filled with 0.8 mL
solution containing 10 mM Tris-HCI pH 7.5, 1mM EDTA, and 1M KCI.
Ag/AgCl electrodes were dipped into the trans and cis chambers of the
setup to make electrical measurements. The ground electrode was
connected to the trans side and the working electrode to the cis side.
To form a single YaxAB nanopore in the lipid membrane, a thimbleful
of purified YaxAB-Cg samples was added to the cis chamber. Nanopore
current signals were acquired at the applied voltage of +100 mV (at the
cis side). After insertion of the YaxAB nanopore, various proteins of
100-2000 nM (Bcl-xL, holo-transferrin, FKBP12, MDM2, and Bak-BH3)
and small-molecule drugs (ABT-737, LCL-161, GDC-0152, and A-
1331852) were added to the cis chamber. Electrical recordings were
performed under 40-100 mV engaged bias voltages using a patch-
clamp amplifier (Axopatch 200B, Molecular Devices Inc., Sunnyvale,
CA, USA). Nanopore data were acquired using pClamp 11 software
(Molecular Devices Inc., Sunnyvale, CA, USA). The current signal,
recorded at sampling rates of 100 kHz, was filtered with a built-in 8-
pole low-pass Bessel Filter at 10 kHz. All nanopore experiments were
performed at 25 °C.

Electric recording data analysis

All nanopore events were analyzed by using Clampfit 11.2 software. The
current blockade was described as Al/l,, where Al and I, are the
analyte-specific current blockade and the open pore current, respec-
tively. The mean value of the current blockade (Al/l,) and the dwell
time (1) were calculated based on the peak values in the histograms
fitted to a Gaussian function and a single exponential decay function,
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respectively. For noise analysis, current traces were additionally fil-
tered with a cutoff frequency of 100 or 1000 Hz. Current noise (Iy) was
derived from power spectral density (PSD) analysis based on a nano-
pore event signal. The Iy value was computed by taking the square root

of the integral of the power spectrum, Iy=/5""_ rf/n, where P; is the

power at each sampling point, and f/N is the value of the frequency bin
width in Hz. The first one spectral bin of the periodogram was exclu-
ded when we performed root-mean-square (RMS) measurement
because the values in the first bin of a periodogram can be unreliable
due to discontinuities at the edges of the original time domain signal,
giving rise to spectral leakage in the frequency domain. The Iy mea-
surement was based on at least three independent nanopore mea-
surements. Dissociation constant (Kp) values of Bcl-xL/Bak-BH3, Bcl-
xL/ABT-737, and Bcl-xL/A-1331852 interactions were determined
through the Iy analysis of Bcl-xL (100 nM) with titrations of Bak-BH3,
ABT-737, and A-1331852, respectively. The event frequency derived
from each protein sample was calculated by counting the number of
events at least three independent replicates. Based on the three
independent nanopore measurements of each titration, we deter-
mined the bound fraction (F, %) of the Bcl-xL/Bak-BH3 or Bcl-xL/ABT-
737 or Bcl-xL/A-1331852 complex at each titration using the following
equation: Fc=(Ncomp/Neotal) * 100, where Neomp and Neoea are the
number of events for complexes and the total number of events for the
titrated binding partner (Bak-BH3, ABT-737 or A-1331852), respectively.
The bound fraction was plotted against the concentration of the
binding partner, and the data were fitted to one site-specific binding to
provide standard curves for proteins and their ligands (Supplementary
Fig. 17). At sufficiently high ligand concentration, the curve achieved
the saturation point and reached the B, value, and Kp was calculated
using the Eq. 2.

— BmaxX
r= Kp+X

(03

where X is the concentration of the ligand, By, is the maximum bound
fraction in the same units as Y, and Kp, is the dissociation constant. The
parameters (Bmax and Kp) determined from fitting to one-site specific
binding model showed the values within 95% confidence intervals (CI).
The obtained Bp,x values of Bcl-xL/Bak-BH3, Bcl-xL/ABT-737, and Bcl-
xL/A-1331852 complexes are 1.09 +0.06, 1.10 + 0.06, and 1.11+0.06,
respectively. The Kp and B, values determined in this study are
consistent with 1:1 complex formation between Bcl-xL and Bak-BH3
peptide as previously reported®.

Calculation of YaxAB pore open conductivity
The theoretical ionic currents were calculated based on constriction
diameters derived from YaxAB models (Eq. 3)”.

4 L
(2 din . dout

Rpore ()= (€)

Rpore, pore resistance; L, nanopore channel length; os, electrolyte
solution conductivity; d;,, diameter of entry side; d,, diameter of
exit side.

Calculation of YaxAB pore ion selectivity
The ion selectivity (Py+ /P¢;-) of the YaxAB nanopore was calculated
using the Goldman-Hodgkin—Katz equation (Eq. 4)".

Py
Per

[aCl’Lis - [ale]transeV’F/RT
[k ] g€V FRT — [ ]

@)

trans

where [a+ ¢ ] is the activity of the K" or CI ions in the cis or

cis/trans
trans chambers, R is the ideal gas constant, T is the temperature, F is

Faraday’s constant, and V, is the reversal potential, which is measured
using asymmetric salt condition (cis: trans, 0.5M:2 M of KClI). First, a
single YaxAB nanopore was inserted into a symmetric salt condition
(800 pL, 1M KCI, 10 mM Tris-HCI, 1mM EDTA, pH 7.5 buffer in both
chambers). After adjustment of offset and balancing electrodes,
400 pL of the 1 M KCl solution was discarded in both chambers. Then,
400 pL of 3M KCI was added to the trans chamber, and the same
volume of salt-free buffer was added into the cis chamber to induce a
salt gradient. lon activity was derived from the mean ion activity
coefficients (0.573 for 2M KClI, and 0.649 for 0.5M KCI*?), multiplied
by the molar concentration of the given ion. The solution in both
chambers was carefully mixed, and I-V curves were measured to find
reversal potentials. The ground electrode was connected to the trans
side and the working electrode to the cis side.

Statistics and reproducibility

Electrical recordings were performed using a patch-clamp amplifier
(Axopatch 200B, Molecular Devices Inc., Sunnyvale, CA, USA), and
nanopore data were acquired using the pClamp 11 software (Molecular
Devices Inc.). All analysis and visualizations were performed with
GraphPAD Prism 9 and Origin 2020b, Pymol 2.5.0, VMD 1.9.4, Coot
0.8.9.2, HOLE 2.2.005, cryoSPARC v3.2, and Phenix 1.18.2. For electrical
signal analysis, we used Clampfit 11.2. Each specific data point was
derived from at least three independent experimental replicates at the
same conditions. The sample size was determined by the reproduci-
bility of the experimental observation, such as the electrical signal
pattern or the convergence of the cumulative mean of independent
samples. All signal traces exhibiting the known behavior of the YaxAB
pore were used indiscriminately. Randomization was not applicable
for this work, as the object in this study was a specific protein under a
specific experimental condition. Blinding was not applicable, as the
object in this study was a specific protein.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The source data underlying Figs. 1a, 1c, 1g, 2h, 3b, 3¢, 3e, 3f, 4b, 4c, 5c,
5d, 5f, 5g and Supplementary Figs. 1, 2, 3-9, 11-12, 17-24 and Supple-
mentary Table 1, 2, and 3 are provided in the Source data file. PDB
entries “6EL1”, “IBXL”, “2PPN”, and “2MPS” were downloaded from the
Protein Data Bank and used in this article for molecular visualizations.
Raw micrographs of negative-staining electron microscopy (EM) for
pores generated in this study have been deposited in the Zenodo
(https://doi.org/10.5281/zenodo.7619077). Source data are provided
with this paper.
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