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Technologies capable of assessing cellular metabolites with high
precision and temporal resolution are currently limited. Recent
developments in the field of nanopore sensors allow the non-sto-
chastic quantification of metabolites, where a nanopore is acting
as an electrical transducer for selective substrate binding proteins
(SBPs). Here we show that incorporation of the pore-forming toxin
Cytolysin A (ClyA) into the plasma membrane of Chinese hamster
ovary cells (CHO-K1) results in the appearance of single-channel
conductance amenable to multiplexed automated patch-clamp
(APC) electrophysiology. In CHO-K1 cells, SBPs modify the ionic
current flowing though ClyA nanopores, thus demonstrating its
potential for metabolite sensing of living cells. Moreover, we
developed a graphical user interface for the analysis of the
complex signals resulting from multiplexed APC recordings. This
system lays the foundation to bridge the gap between recent
advances in the nanopore field (e.g., proteomic and transcrip-
tomic) and potential cellular applications.

Introduction

The metabolome of a single cell is one of the major driving
forces of its phenotype, representing its physiological, and
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potential malignant, status. Mass spectrometry™” and NMR-
based®* technologies are extraordinarily sensitive and can
quantify and qualify hundreds of metabolites from single
cells. The measurement of metabolites in living cells, however,
is a challenging endeavour for those technologies. Among
other reasons, they lack the temporal resolution required to
quantify the dynamic change of metabolite concentrations,
which can fluctuate on the timescale of seconds. A potential
solution is fluorescent-based probes,® which are often used to
assess subcellular metabolite concentrations in living cells.
There are, however, relatively few fluorescent probes available
and alternatives have proven labour-intensive to engineer.®
Equally, Raman spectroscopy is a non-invasive proxy for fluo-
rescence, but it is currently limited by low signal intensities.
Alternatively, it is possible to perform single-cell magnetic
resonance imaging (MRI); however, molecules can only be
detected based on their spin polarization, limiting the range
of compounds that can be imaged.

A complementary technique, derived from voltage-clamp
recordings of single channels, utilizes pore-forming toxins to
create nanometre-sized pores in membranes (nanopores).
Commercially used for DNA sequencing, this technique can be
applied to the quantification of metabolites’** and detection
and study of proteins and peptides™>~® at the single-molecule
level. In brief, in this technique an electrical current is applied
across a non-conductive membrane and the conductance
across the nanopore is measured. The conductance is altered
whenever an analyte modifies the ionic current flowing
through a nanopore (Fig. 1). Advantageously, voltage-clamp
recordings have been used for several decades to investigate
membrane-associated channels. The combination of nanopore
spectrometry with traditional electrophysiology therefore rep-
resents the next logical step.

Recently, it has been shown that an engineered nanopore
derived from Mycobacterium smegmatis porin A (MspA) can be
inserted into the membrane of HEK293 cells, allowing the sto-
chastic detection of externally applied glutamine.”” Due to the
stochastic nature, this approach lacks the ability to measure
analytes selectively. Functional synthetic ion channels have

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Principle for the use of ClyA nanopores, coupled to substrate
binding proteins, for metabolite analysis. (I) Representation where an (1)
empty ClyA nanopore is embedded in a (2) lipid bilayer. (Il) ClyA is
depicted capturing a (3) substrate binding protein, which in turn can
bind to an analyte (lll), here (4) thiamine. Corresponding electrical read-
outs are shown below.

been investigated using the patch-clamp technique,*®* and

we have recently shown that an engineered nanopore derived
from S. typhi, Cytolysin A (ClyA), is particularly well-suited as
an electrical transducer for non-stochastic measurements.
ClyA is a comparably large nanopore, able to trap proteins in
the range of 20 kDa to 50 kDa in size. The sometimes long-
lasting (order of minutes) capture of a single protein is
achieved by balancing electroosmotic and electrophoretic
forces, which can be tuned by the applied voltage. In this
system, a substrate-specific binding protein, or domain, (SBP/
SBD) is captured inside the vestibule of the ClyA nanopore,
allowing non-stochastic quantification of metabolites.
Whenever the SBP/SBD binds to its cognate analyte, it under-
goes a conformational change that induces a change in
conductance across the nanopore. The environmental toler-
ance of the ClyA nanopore and SBPs/SBDs provide robust read-
outs in complex matrices such as urine,” blood,"" and sweat,"*
making it thus potentially suitable to measure intracellular
metabolites.
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Here we establish suitable conditions for ClyA nanopore
incorporations into mammalian (CHO-K1) cells that allow the
confinement of SBPs specific for glucose and thiamine. The
ion channel activity resulting from nanopores inserted in
mammalian cells is recorded by octoplexed automated patch-
clamp (APC) electrophysiology. Using fluorescence microscopy
for a calcium influx assay, we confirm incorporation into the
same cell line. Finally, we develop “HoleyPatch” as a customiz-
able, open-source, graphical user interface (GUI) that enables
the visualization and analysis of complex data derived from
nanopore-coupled APC systems with scalable throughput.

Results and discussion

Experimental setup for the recording of nanopore
incorporation in living mammalian cells

To study the functional properties of Cytolysin A-AS nanopores
inserted in mammalian cells, we used an octoplexed auto-
mated patch-clamp (APC) electrophysiology system (Patchliner
Octo, Nanion) as indicated in Fig. S1A.f We chose Chinese
hamster ovary K1 cells (CHO-K1, Fig. 2A) for our study,
because they have low endogenous ion channel activity and are
commonly used in electrophysiological studies of ion chan-
nels. We recorded CHO-K1 cells in suspension at 298 K using
standard APC solutions, which included the following buffers:
intracellular/trans 60 mM KF, 60 mM KCl, 7 mM NacCl, 10 mM
HEPES, 5 mM EGTA, and extracellular/cis 140 mM NaCl, 4 mM
KCl, 2 mM CaCl,, 1 mM MgCl2, and 10 mM HEPES. Fig. S1B¥
shows a typical whole-cell voltage-clamp recording of eight
different naive CHO-K1 cells subjected to a standard current-
voltage (IV) stimulation protocol. The protocol consisted of a
5-second pulse to —80 mV followed by step depolarizations
from —80 mV to 50 mV (5 s, A10 mV) delivered at 0.1 Hz and
recorded from a holding potential (V) of —80 mV. In the
absence of exogenously incorporated pore-forming proteins,
CHO-K1 cells displayed negligible endogenous ionic currents
at applied transmembrane potentials between 0 mV and
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(A, top) Schematic of a single well in the APC with (1) dispense pipette, (2) intracellular/trans compartment, (3) extracellular/cis compartment,

and (4) waste reservoir. (A, bottom) Brightfield image of naive CHO-K1 cells adhered to substrate and phase contrast micrograph of CHO-K1 in sus-
pension for APC. (B) Top: representative example of mClyA incorporation on CHO-K1 cells at progressively depolarized potentials. Bottom: color-
matched pulse protocol used to record the currents above. (C) Top: schematic red blood cell hemolysis by ClyA incorporation. Bottom: hemolytic
activity of varying concentrations of ClyA, FraC (Fragaceatoxin C nanopore) and Triton (positive control).
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—80 mV (Fig. S1BT). Our results indicate that CHO-K1 cells
and the established APC recording conditions are well-suited
for the proof-of-principle detection of ClyA activity in mamma-
lian cell lines. We refer to this system as APC-CHO.

The monomeric form of ClyA can spontaneously assemble
into artificial lipid bilayers (or bilayer lipid membranes,
BLMs), creating membrane-spanning conducting channels
with different stoichiometries. First, whole-cell patch-clamped
CHO-K1 cells were exposed to monomeric ClyA (mClyA). To
achieve this, mClyA was diluted in extracellular recording solu-
tion and full bath exchanges were performed on the cells. The
cells were then stimulated constantly for 10 minutes at 0.1 Hz,
with 5-second square pulses to —80 mV from V;, of —40 mV.
During these recordings, conducting events were observed that
were consistent with both single and multiple channel events.
This attests to the insertion and assembly of functional ClyA
nanopores in CHO-K1 cells (Fig. 2B). We found that membrane
depolarization enhanced ClyA nanopore activity, as evidenced
by the appearance of longer lasting channel events as well as
more channel incorporations at —70 mV and —60 mV (Fig. 2B).

The amount of mClyA suspension applied to the extracellu-
lar compartment correlated with the incorporation of ion con-
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ducting channels, with higher doses of mCIyA resulting in a
faster and more abundant appearance of ClyA nanopores in
patch-clamped CHO-K1 cells. However, at high doses, the on-
cell oligomerization of mClyA occurred rapidly, resulting in
the overload of nanopores on the recorded cell and subsequent
loss of seal and/or cell death. By titrating mClyA, recordings
up to approximately 10 minutes after the first appearance of
nanopore conducting events were possible. Nevertheless, all
experiments were invariably terminated by the cumulative and
catastrophic incorporation of too many nanopores into the
plasma membrane of CHO-K1 cells.

During these experiments, mClyA oligomerization on-cell
was observed, which is consistent with hemolytic activity
assays that were performed by exposing ovine (Ovis aries) red
blood cells to purified mClyA (Fig. 2C). Therefore, the avid
incorporation of mClyA into CHO-K1 cells required modifi-
cations to the pulsing regime in order to control the number
of channels present during recordings. Specifically, under
standard asymmetrical (K;/Na,) “quasi-physiological” ionic
conditions, episodic stimulation consisting of pulses 5-10
seconds long to —80 mV (V}, —40 mV) was implemented going
forward in order to capture the nanopores at different applied

WGA-CF568 GCaMP-6s

Composite

Cytolysin insertion Pre-assembly
(159.04 sec) (0.00 sec)

Cell lysis
(488.48 sec)

Fig. 3 Calcium influx assay in CHO-K1 cells. (A) Calcium influx assay measured using epifluorescence imaging in the presence of 0.2% DDM,
0.005% Saponin and 5 pM ionomycin, and Cytolysin A monomers. Cells prior to addition are shown on the first row, directly after addition in the
middle row, and after waiting approximately 60 seconds on the bottom row. (B) Calcium influx of two cells measured using epifluorescence
imaging. The first column shows the stained cells using WGA-CF568, the middle column shows GCaMP6s, and the final column shows the compo-
site of both channels. Each row represents an image taken at 0, 159, and 488 seconds after addition of Cytolysin A monomers. (C) Kymographs of
two cells (Movie S27), exposed to 10 times diluted ClyA, showing fluorescence intensity across a virtual line in the cell over time. Selected cells are

indicated using an arrow.

16916 | Nanoscale, 2023, 15, 16914-16923

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr01977b

Open Access Article. Published on 10 October 2023. Downloaded on 12/5/2025 6:21:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

potentials. In summary, mClyA forms functional nanopores in
CHO-K1 cells that can be adequately controlled to enable the
characterization of ClyA in mammalian cells.

ClyA nanopores, consisting of 12-14 monomers, are func-
tional in BLMs made of diphytanoyl-sn-glycero-3-phosphocho-
line (DPhPC). However, only the dodecameric (12 mer)
complex has been well studied and confirmed to effectively
capture target proteins within the range of 20 kDa to 50 kDa,
with dwell times ranging from seconds to minutes, making it
suitable for metabolite quantification. To trigger the oligomer-
ization process, the monomeric ClyA solution was supplemented
with 0.2% n-dodecyl B-p-maltoside (DDM), and the resulting
different oligomeric forms were separated using blue native poly-
acrylamide gel electrophoresis (BN-PAGE). We attempted to
incorporate oligomeric ClyA into CHO-K1 cells for on-cell
measurements using 12 mers extracted from the corresponding
gel band via overnight incubation in 50 pl of extracellular solu-
tion supplemented with 0.2% DDM. The resulting extraction
was then diluted in extracellular buffer (1:200), and increasing
volumes of this dilution were applied to the extracellular side of
the APC chamber of whole-cell patch-clamped CHO-K1 cells.
The electrical activity of individual cells was tracked for up to
30 minutes after sequential and cumulative addition of extracted
ClyA 12 mers to the cis chamber bathing CHO-K1 cells. However,
due to cell lysis caused by the cumulative addition of detergent-
laden eluate, the amount of oligomeric ClyA that could be
applied to these cells was curtailed. As a result, under the estab-
lished recording conditions, exposure to oligomeric ClyA failed
to reveal functional ClyA nanopores in APC recordings of

View Article Online
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CHO-K1 cells (not shown). Therefore, all experiments reported
here were conducted using monomeric ClyA.

To confirm the incorporation of the nanopores into the cel-
lular membranes, we performed calcium influx assays. In
brief, we transfected CHO-K1 cells with a plasmid carrying a
genetically encoded fluorescent calcium sensor (GCaMPé6s)>°
and observed the influx of calcium into the cell from the exter-
nal medium (1.25 mM Ca®") by an increase in fluorescence. As
a control, we added 0.2% DDM, and its effect was observed as
a faint haze on the fluorescent images due to GCaMP6s
diffusion (Fig. 3A, left column). The secondary control utilizes
a mixture of ionomycin and saponin to translocate calcium
across the cell membranes. Cells started to fluoresce without
changing the shape of the CHO-K1 cells (Fig. 3A, middle
column).>® When ClyA-AS monomers were added to the
CHO-K1 cells, we observed a steep increase in fluorescence
after several minutes of incubation (Fig. 3A, right column).

To further investigate the insertion of the nanopores, we
examined several cells on a high resolution microscope.
Herein we stained the cellular membrane with WGA-CF568,
allowing us to monitor cell shape (Movie S11). We observed
that there was influx of calcium after several minutes (Fig. 3B).
However, shortly after, we observed the outflux of calcium
bound dye indicating that the membrane started to disinte-
grate once a higher concentration ClyA had incorporated. To
test this hypothesis, we also monitored the ClyA incorporation
at a 10-fold dilution (Fig. 3C and Movie S2}). We observed
short bursts of calcium influx, followed by (near) complete
recovery to the base fluorescence.
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Fig. 4 ClyA monomers form nanopores in the membrane of CHO-K1 cells. (A) Eight representative traces acquired from one experimental run,
showing the diverse behavior as indicated in the panels (magenta). (B) Enlargement of panel A6, displaying opening and closing of ClyA nanopores.
Exemplified vertical bars (magenta: rise, green: fall) were taken to determine the amplitude of an incorporated channel with a minimal cut-off of
200 ms between events; horizontal bars (magenta) show the parts of the trace that were excluded due to excessive noise within the sub-conduc-
tance. (C) Graphical user interface: HoleyPatch. HoleyPatch was developed for this study. It handles HEKA files and can display selected or all conca-
tenated traces of an acquired series. The stimulation protocol is automatically extracted from the raw data file and a unique identity tag is assigned
to the displayed trace and depicted above it. (D) Single channel conductance as determined from stepwise changes, as exemplified in panel B. (E)
Cumulative distribution of lifetimes of ClyA nanopores. Note that recordings were performed for a maximum of 5 seconds, skewing the distribution

to short-lived pores.
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Development of a graphical user interface

In BLM experiments, the composition of the bilayer as well as
the cis/trans solutions are tightly controlled, and under these
conditions ClyA displays little gating. However, biological
membranes have a complex and variable composition, and
during APC-CHO whole-cell recordings, different components
of the cell cytoplasm may be dialyzed or retained based on
their physicochemical properties. As shown in Fig. 4A and B,
ClyA nanopores in CHO-K1 cells display complex behaviours
that pose substantial challenges for the currently available ana-
lysis tools. Therefore, we developed an open-source and flex-
ible alternative to existing public and proprietary software to
potentially extract quantitative information from octoplexed
APC nanopore signals in mammalian cells. We created an
adjustable Python library, named HoleyPatch (Fig. 4C), along
with a graphical user interface (GUI) framework that allows
rapid display and analysis of electrophysiology traces.

A B
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HoleyPy,*” our single-channel recordings library, was extended
to create HoleyPatch, which we used to assess the nanopore
activity of all eight cells, both individually and as an ensemble
in Fig. 4.

Using HoleyPatch, we investigated the ionic current
observed from single-nanopore openings in ClyA during
repeated 5-10 s pulses to —80 mV (V};, —40 mV). Our results
revealed three distinct distributions of current amplitudes in
ClyA openings, measuring 22 + 3 pA, 45 + 9 pA, and 64 + 5 pA,
respectively (n = 47, as shown in Fig. 4D). Consistent with
these, mClyA incorporation into giant plasma membrane vesi-
cles (GPMVs) recorded by manual patch-clamp displayed
similar current amplitudes (22.8 + 0.5 pA, 45.7 + 0.3 pA, and
73.3 £ 0.3 pA) as depicted in Fig. S2.T The different current
amplitudes or sub-conductance observed in CHO-K1 cells and
GPMVs may be attributed to various factors beyond the scope
of this study, such as the binding of cytoplasmic components
and a highly complex membrane lipid composition and
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Fig. 5 Coupling of substrate binding proteins to ClyA nanopores in live cells and BLM. (A) Schematic depiction of a ClyA nanopore incorporated
into a cellular membrane. (B) Schematic of Delrin chamber for BLM recordings. (C—E) ClyA mediated currents in (whole cell) patch-clamped
CHO-K1 cells displaying sub-conductance levels with putative SBP (GBP and TbpA)-induced blockades. (F) Representative traces of glucose binding
protein (GBP) acquired at —60 mV in BLMs with a sampling frequency of 10 kHz, an analogue Bessel-filter of 2 kHz, and a digital Gaussian filter of
100 Hz applied. (G and H) TbpA traces acquired at —45 mV in absence (G) and presence (H) of 25 nM ThOH (substrate for TbpA at its approximate
kD). An episodic protocol was used (+35 mV/0 mV/-35 mV followed by 5 s at —45 mV). Sampling frequency: 10 kHz and analogue Bessel-filter: 2
kHz. (I, 3 and K) Respective magnifications of F, G and H. Green line: expected substrate-bound level, magenta: expected apo level, and orange line:
expected open pore currents. The depth of the blockade (~30 pA) corresponds to values observed on planar lipid bilayers.
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ion channels.

ClyA nanopores in CHO-K1 cells displayed an apparent
mean lifetime of 759 + 18 ms (n = 47, Fig. 4E). However, it
should be noted that the latter value is skewed by the relatively
short stimulation pulses used to preserve cell viability.

that are known to affect the function of many
35-37

ClyA nanopores in APC-CHO cells couple to substrate-binding
proteins

A comparison between recordings obtained from mClyA incor-
poration into BLMs (Fig. 5) and recordings of nanopore incor-
poration into mammalian cells reveals that the signals
obtained from the latter are more complex. Specifically, the
nanopore conductance levels show high frequency, low ampli-
tude fluctuations (Fig. 5C-E). It can be inferred from these
findings that the fluctuation in nanopore currents recorded in
CHO-K1 cells is, at least in part, caused by brief incursions of
endogenous cytoplasmic molecules into the nanopores.

Glucose-binding protein (GBP) and the Y27A mutant of
thiamine-binding protein (TbpA) are well-suited SBPs due to
their well-known characteristics, and fast (un)binding.””'" To
acquire on-cell data, we used mClyA to assemble ClyA nano-
pores on CHO-K1 cells under nominally glucose/thiamine and
GBP/TbpA-free conditions. We then perfused the extracellular
buffer with ~500 nM of either GBP or TbpA and observed
nanopore blockades that indicated capture of GBP and TbpA
by ClyA (Fig. 5C-E).

To account for potential differences of SBP activity in
APC-CHO solutions, we conducted control measurements to
observe the incorporation of GBP and TbpA in BLMs under
APC conditions (Fig. 5). We found that the ionic asymmetry
did not affect the intrinsic closure of GBP (Fig. 5F and I), nor
the ability of TbpA to bind to its substrate (Fig. 5G-K), con-
firming that both GBP and TbpA remain active under APC con-
ditions. In BLMs, proteins are captured by 12 mer ClyA for
extensive periods, and unlikely to be captured with similar
dwell time in alternate oligomeric forms. Therefore, the long-
lasting capture of TbpA and GBP indirectly confirms the inser-
tion of 12 mer oligomeric ClyA. However, it appears that the
residence time of the SBPs is shorter than expected from
BLMs. This discrepancy may be explained by diverging salt
concentrations, as the concentration inside the CHO-K1 cells
may differ locally and it is well-known that the localization and
residence time of the captured protein are related to the
electrostatic conditions inside the nanopore.***°

In contrast to the stereotypical changes in current levels
observed in BLM recordings of GBP coupled to ClyA (Fig. 5F
and I), the addition of glucose to the extracellular side of
patch-clamped CHO-K1 cells did not result in measurable
changes in conductance levels between glucose-free and
glucose-supplemented conditions, nor did it cause apparent
intrinsic opening and closure of GBP. Similarly, the addition
of thiamine did not induce observable changes in the blocked
current. Under the conditions used, the baseline variations in
APC-CHO traces were in the same order of magnitude as TBP/
GBP transitions in planar lipid bilayer experiments.

This journal is © The Royal Society of Chemistry 2023
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Conclusion

In this contribution, we verified the feasibility of studying
nanopore function in real time in mammalian cells using
automated patch-clamp (APC) electrophysiology. Comparison
between recordings obtained from mClyA incorporation into
CHO-K1 cells and BLMs highlight the higher complexity of the
signals derived from the electrical recording of nanopores in
mammalian cells. This complexity is evidenced by presence of
high frequency, low amplitude fluctuations in the nanopore
current levels. We acknowledge that other factors may be of
significance, however, we identify the signal-to-noise ratio as
the main contributor that disallows the observation of SBP
dynamics in CHO-K1 cells. It can be speculated that the
complex fluctuation of nanopore currents recorded in CHO-K1
cells may, at least in part, be attributed to short-lived incur-
sions of endogenous cytoplasmic molecules into the nano-
pores. Additionally, discrepancies in ClyA nanopore beha-
viours between BLM and APC systems could be attributed to
the difference between the membranes: biological membranes
are composed of heterogeneous mixtures of lipids and mem-
brane-associated proteins that are often subjected to biochemi-
cal modifications. In contrast, the BLMs we employ consist
only of DPhPC lipids.

While this contribution represents a stepping stone,
demonstrating functional insertion of the nanopore sensor,
capture of binding proteins, and the software that is required
for its analysis, it remains challenging to detect metabolites
in live cells. The detection, and by extension quantification,
of analytes inside the cell is subject to several challenges.
Firstly, the ability of the analyte to diffuse and/or translocate
towards the area of the membrane in which the nanopore is
incorporated. Secondly, the puncture for patch-clamping
combined with the toxicity of the nanopore eventually kills
the cells allowing only a brief window of measurement, cur-
rently disallowing the continuous monitoring of metabolites.
However, the kinetics of assembly of nanopores may be con-
trolled by modification of the nanopores.*® Moreover, other
methods, such as optical single channel recording,*" may
replace the need for patch-clamping. We envision that the
approach presented in this work will eventually enable
extended monitoring of metabolites during different physio-
logical scenarios.

Materials and methods
Protein expression, purification, and oligomerization

The ClyA-AS gene with a C-terminal histidine-tag was trans-
formed into the E. cloni ®EXPRESS BL21(DE3) cells via electro-
poration. The transformed cells were inoculated into 200 mL
2xYT medium supplemented with 100 pg mL™" ampicillin. The
cell culture was grown at 37 °C and 200 rpm until an ODg, of
~0.8-1.0 was obtained. Protein expression was induced by
addition of 0.5 mM Isopropyl p-p-thiogalactopyranoside (IPTG)
and subsequent culturing overnight at 25 °C and 200 rpm.
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The bacterial cells were harvested by centrifugation at 6500
rpm for 20 minutes at 4 °C and subjected to three freeze-thaw
cycles at —80 °C to increase susceptibility to cell lysis. The cell
pellets were resuspended in 20 mL buffer A (15 mM Tris-HCI
pH: 7.5, 150 mM NaCl, 10 mM Imidazole, 1 mM MgCl,,
10 pg mL™" lysozyme, 0.1 U mL™" DNase) and incubated
for 20 minutes at 4 °C while rotating at 25 rpm. Cell lysis
was further improved via probe sonication (Brandson) for
2 minutes at 25% output power. The lysate was centrifuged at
6500 rpm for 30 minutes at 4 °C to remove cellular debris. The
supernatant was mixed with 200 pL Ni-NTA resin (Qiagen) in
buffer B (15 mM Tris-HCl pH: 7.5, 150 mM NaCl, 10 mM
Imidazole) and incubated for 15 minutes at 4 °C while rotating
at 10 rpm. The incubated Ni-NTA resin was loaded onto a
gravity flow column (Bio-Rad) pre equilibrated with buffer B
and washed with 20 mL of buffer B. The monomeric ClyA-AS
was eluted from the Ni-NTA resin with three elution steps of
200 pL buffer C (15 mM Tris-HCI pH: 7.5, 150 mM NaCl,
300 mM Imidazole). The protein concentration was measured
with the Nanodrop and diluted to 1 mg mL™' for
oligomerization.

The monomeric ClyA-AS was oligomerized by addition of
0.2% n-dodecyl p-o-maltoside (DDM) and incubated for
30 minutes at 37 °C. The different oligomeric forms of ClyA-AS
where separated by Blue Native polyacrylamide gel electrophor-
eses (BN-PAGE) on 4-20% native gels (Bio-Rad). The lowest
band on the gel, corresponding to type I ClyA-AS oligomers,
was cut out of the gel and resuspended in buffer E (15 mM
Tris-HCI pH: 7.5, 150 mM NaCl, 2 mM EDTA, 0.02% DDM).

Haemolytic activity assay

Defibrinated sheep blood (Fisher Scientific) was washed and
diluted in buffer D (15 mM Tris-HCI pH: 7.5, 150 mM NacCl) to
an ODg;s, of 0.8-0.9. 100 pL of diluted blood was added to each
well of a 96-well plate containing several solutions of 10 pL
with different concentrations of pore-forming toxin and the
controls 1% TritonX (100% lysis) and buffer D (0% lysis).
Immediately after adding the diluted blood the haemolytic
activity was measured for 30 minutes by monitoring the
decrease in ODgso using the Synergy H1 Hybrid-Multimode
reader (BioTek).

Planar lipid bilayers recordings

We prepare planar lipid bilayers following the Montal-Mueller
method (Fig. 1A) as described recently in extended method.*?
Thiamine-Y27A and glucose binding protein

We prepared Thiamine-Y27A (TbpA-Y27A) and Glucose
binding protein (GBP) as described in recently extended
methods.”"*

Automated patch-clamp recordings of ClyA nanopores in
CHO-K1 cells

CHO-K1 cells were cultured in DMEM-F12 Media (Life
Technologies, Australia) supplemented with 10% FBS
(Bovigen, Australia), 2 mM GlutaMAX (Life Technologies) and
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1% penicillin/streptomycin (Pen/Strep, Life Technologies) in a
humidified incubator at 37 °C, 5% CO,. On the day of record-
ing, CHO-K1 cells were detached from T25 flasks using TrypLE
(ThermoFisher Scientific), re-suspended in cold external
recording solution, and kept in suspension at 4 °C until
recording.

Automated patch-clamp was performed as previously
reported.***® Briefly, whole-cell recordings of naive CHO-K1
were generated by automated patch clamp (APC) electrophysi-
ology using a Patchliner Octo HT (Nanion Technologies
GmbH, Miinchen, Germany) using single-hole planar NPC-16
chips with resistance of ~5 MQ. Chip and whole-cell capaci-
tance were fully compensated with >50% series resistance com-
pensation. The intracellular solution, IS, contained (in mM):
60 KF, 80 KCI, 10 EGTA, 10 glucose, and 10 HEPES (pH 7.2,
285 mOsmol kg™"). The extracellular solution, ES, contained
(in mM): 140 NaCl, 5 KCl, 2 CaCl,, 2 MgCl2, 10 glucose, and
10 HEPES (pH 7.4, 298 mOsmol kg ™).

Currents were recorded at room temperature (21-23 °C)
using pulse protocol that consisted of 1 s at —80 mV, 1 s at
30 mV and 9 s to —80 mV (or as otherwise stated) from a
holding potential (V},) of —40 mV. Pulses delivered at 0.1 Hz
(non-recorded time ~1 s). The current voltage (IV) stimulation
protocol consisted of sequential depolarizations following 5
seconds pre-pulses to —80 mV (10 mV steps, V;, —40 mV).

Calcium influx assay

CHO-K1 cells were cultured in Ham’s F12K (Kaighn’s) medium
(ThermoFisher Scientific) supplemented with 10% FBS
(ThermoFisher Scientific) and 10 pg ml™" gentamicin
(ThermoFisher Scientific) in a humidified incubator at 37 °C,
5% CO,. The cells were split twice per week at a confluency of
80 to 100%, and washed twice using Dulbecco’s Phosphate-
Buffered Saline (DPBS, ThermoFisher Scientific). CHO-K1 cells
were detached from T25 flasks using trypsin-EDTA 0.5%
(ThermoFisher Scientific) and resuspended in phosphate-
buffered saline (PBS). After 5 minutes of incubation (37 °C, 5%
CO,), the trypsination was stopped by addition of Ham’s F12K
(Kaighn’s) medium supplemented with 10% FBS and 10 pg
ml~" gentamicin. Cells were counted using a Luna II counter
(Logos biosystems) to determine cell viability and concen-
tration (cells per mL). Subsequently, 15 K CHO-K1 cells were
put in a 8-well dish (ibidi GmbH) and left to grow for 20 hours
at 37 °C and 5% CO,. Each well was transfected with ¢cDNA
containing the GCaMPés insert by addition of a mixture con-
taining FUGENE®6 (Promega) and 250 ng plasmid DNA, pre-
pared according to manufacture recommendation. Transfected
cells were left to grow for 20 h at 37 °C and 5% CO,.

Immediately before imaging, CHO-K1 cells were washed
thrice with Hanks’ Balanced Salt Solution containing calcium,
magnesium and glucose (HBSS; ThermoFisher Scientific).
After baseline fluorescence was measured, and immediately
before imaging, the cells were treated with either 0.2% DDM,
0.005% saponin + 5 uM ionomycin, or a dilution of purified
ClyA-AS monomers. The cells were kept at 37 °C throughout
the experiment with a stagetop incubator (Okolabs).

This journal is © The Royal Society of Chemistry 2023
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Large field-of-view (FOV) images were obtained on an
Olympus IX71 microscope (10x UplanSApo) equipped with a
Spectra X light engine (Lumencor), a ZT488RDC dichroic
mirror (Chroma) and an ET525/30em emission filter
(Chroma). Images were acquired with an ORCA-Flash4.0-LT+
SCMOS camera (Hamamatsu) with a 33 ms exposure time
under cyan light illumination.

For individual cell imaging, cells were washed thrice with
HBSS, similar to earlier described method.*® The membrane
of CHO cells were then stained with a 2 pg mL™" solution of
wheat germ agglutinin CF568 conjugate (WGA-CF568;
Biotium) in HBSS for 15 minutes, whereafter the triple
washing step was repeated.

Individual cell imaging was performed on a Nikon Ti2-e
inverted widefield microscope (CFI Apo TIRF 100XC) equipped
with an L6Cc laser combiner (Oxxius), a ZET405/488/561/
640xv2 excitation filter (Chroma) and a ZT405/488/561/
640rpcv2  dichroic  mirror (Chroma). GCaMPé6s and
WGA-CF568 were excited with LBX-488 and LCX-561S laser
lines and their fluorescence emission was separated with an
ET525/50m (Chroma) and a FF01-593/46 (Semrock) filter,
respectively. Images were acquired with a PCO edge 4.2 (PCO
GmbH) camera set to a 20 ms exposure time, alternating
between the two fluorescence channels.

Data availability

HoleyPatch code description and availability — Python scripts
are  available from  DOI  https:/dx.doi.org/10.5281/
zeno0do.8395352.
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