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ABSTRACT: Protein pores recently enabled a breakthrough in
bioanalytics by making it possible to sequence individual DNA
and RNA strands during their translocation through the lumen
of the pore. Despite this success and the overall promise of
nanopore-based single-molecule analytics, protein pores have
not yet reached their full potential for the analysis and
characterization of globular biomolecules such as natively
folded proteins. One reason is that the diameters of available
protein pores are too small for accommodating the trans-
location of most folded globular proteins through their lumen.
The work presented here provides a step toward overcoming
this limitation by programmed self-assembly of α-helical pore-
forming peptides with covalently attached single-stranded DNA (ssDNA). Specifically, hybridization of the peptide ceratotoxin
A (CtxA) with N-terminally attached ssDNA to a complementary DNA template strand with 4, 8, or 12 hybridization sites
made it possible to trigger the assembly of pores with various diameters ranging from approximately 0.5 to 4 nm.
Hybridization of additional DNA strands to these assemblies achieved extended functionality in a modular fashion without the
need for modifying the amino acid sequence of the peptides. For instance, functionalization of these semisynthetic biological
nanopores with DNA−cholesterol anchors increased their affinity to lipid membranes compared to pores formed by native
CtxA, while charged transmembrane segments prolonged their open-state lifetime. Assembly of these hybrid DNA−peptides
by a template increased their cytotoxic activity and made it possible to kill cancer cells at 20-fold lower total peptide
concentrations than nontemplated CtxA.
KEYWORDS: Ceratotoxin A, pore-forming peptide, size-tunable pore, nanopore, DNA nanotechnology, programmable pore diameter

Resistive pulse sensing with nanopores makes it possible
to detect, characterize, andin the case of DNA or
RNAsequence individual molecules.1−5 Most of

these applications use one of the following seven protein
nanopores: Mycobacterium smegmatis porin A (MspA),6,7

cytolysin A (ClyA),8,9 bacteriophage Phi29 DNA-packaging
motor,10 fragaceatoxin (FraC),11,12 the outer membrane
lipoprotein CsgG,13 aerolysin,14−16 or α-hemolysin.17−19

While site-directed mutagenesis enables fine-tuning the
function of these protein pores with exquisite fidelitysuch
as presenting amino acid side chains with desired functional
groups at precisely determined locations within the nanopore
lumen20,21the diameter of these pores can only be
manipulated within small limits. Attempts to expand the
diameter of these pores typically compromises their stability or

function,9,22 making it impossible to use such modified pores
for the analysis of large biomolecules such as most proteins in
their native state.
The emergence of DNA nanotechnology enables program-

mable molecular arrangement of components into complex
and well-defined structures.23−27 In the past few years, several
groups demonstrated self-assembled pores made from three-
dimensional DNA origami structures. These constructs are
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often modified with hydrophobic moieties like cholesterol to
stabilize these hydrophilic DNA channels in the hydrophobic
core of the lipid bilayer.28−33 So far, these DNA pores are,
however, limited by the difficulty of inserting multiple charged
DNA strands into lipid bilayers, especially for large diameter
pores.28 In addition, pore walls made from DNA are permeable
to ions, resulting in leak currents, and motion of the DNA
duplexes can increase noise and induce gating of the
pores.28,34,35

Concurrently with our ongoing research in this area,36 two
research groups recently addressed these limitations by
pioneering the development of hybrid pores made from
pore-forming proteins or peptides attached to DNA. DNA
hybridization to a template provided the assembly of these
pores. This design took advantage of the insulating pore walls
provided by the protein or peptide component. Specifically,
Henning-Knechtel et al. suggested DNA-templated assembly of
12, 20, or 26 monomers of α-hemolysin proteins, which
natively form heptameric pores.37 Shortly thereafter, Hagan
Bayley’s group scaffolded monomers of the polysaccharide

transporter Wza, leading to exceptionally stable octameric
pores in lipid bilayers, while attempts to assemble fewer than
eight Wza peptides led to short-lived pores (<1 min) or to
pores with the same conductivity as the octamers.22

Here, we explored the potential of a modular DNA assembly
system based on the pore-forming peptide CtxA. This 36-
amino-acid peptide self-incorporates into membranes and
dynamically assembles to barrel-stave pores that expand or
shrink in diameter as a consequence of association or
dissociation of peptide monomers similar to the pore-forming
peptide alamethicin.38,39 CtxA peptides can form pores
composed of trimers to at least decamers with diameters
spanning from less than 0.5 nm to approximately 4 nm.38,40,41

Other advantages of CtxA, demonstrated in this work, include
the formation of bilayer-spanning pores with short lengths (<6
nm), the possibility to fine-tune the diameter in well-defined,
subnanometer increments, and the possibility to obtain CtxA
peptides as well as all other components of the assemblies
presented here from commercial sources. This latter aspect
creates opportunities for broad accessibility and for reprodu-

Figure 1. Schematic representation of DNA-assembled peptide pores with programmable pore size. (a) Assembly strategy mediated by DNA
hybridization. The pore-forming peptide CtxA (purple) bears an N-terminally attached ssDNA (blue) with two domains: the template-
binding region and the spacer region. The terminal domain binds to an ssDNA template (yellow) that presents 4, 8, or 12 complementary
hybridization sites. We also conducted a limited number of experiments with a template with six hybridization sites (see Supporting
Information Section S6). Hybridization of an additional DNA strand (green)referred to as the spacer strand or the cholesterol strand
when it is modified with a cholesterol moietyadds a hydrophobic moiety (orange) that is positioned to interact with the lipid membrane
and increases the membrane affinity. Four thymine nucleotides (gray) act as flexible linkers between the DNA segments. (b) Schematic
representation of the planar lipid bilayer setup used to record the pore-forming activity and the single-channel conductance of CtxA pores.
(c−e) Schemes, projections, and top views of idealized arrangements of template-assembled tetrameric (c), octameric (d), and dodecameric
(e) CtxA−DNA pores, with fully occupied template strands containing 4, 8, or 12 binding sites for the ssDNA−CtxA monomers. CtxA
peptides are represented with a kink in the α-helical secondary structure as reported by Saint et al.38 Cylinders shaded in gray represent the
approximate diameter of double-stranded DNA (dsDNA) relative to the diameter of CtxA. Note, the perfectly circular depictions of the DNA
template with attached DNA−CtxA peptides in cartoons c−e are idealized representations. Due to several single-stranded DNA segments,
these assemblies are flexible and can presumably adopt a range of conformations within their geometrical and steric constraints in solution.
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cible productiona favorable aspect if hybrid biological
nanopores are to find widespread applications in bioanalytics,
drug delivery, or therapeutics.4 Finally, native CtxA bears six
positively charged amino acid side chains and thus binds
stronger to the negatively charged outer membranes of many
pathogen and cancer cells than to plasma membranes of typical
mammalian cells, whose outer leaflet is less negatively charged
at neutral pH.42,43

In summary, this work presents the formation of pores,
which, in comparison to pores from native CtxA, benefit from
programmable diameters, increased open-state lifetimes,
increased stability, and increased affinity to lipid membranes.
The design based on site-specific DNA hybridization is
modular, and the aforementioned desired modifications or
functionalities can be implemented individually or in
combination. We propose that this approach makes DNA−
peptide pores attractive for detection and characterization of
large biomolecules as well as for enhanced killing of cancer
cells compared to native, untemplated CtxA peptides.

RESULTS AND DISCUSSION

Design Strategy for DNA-Templated Assembly of
Pores from the Pore-Forming Peptide CtxA. As shown in
Figure 1, we designed hybrid molecules from CtxA and an
ssDNA oligonucleotide with 55 nucleobases that we attached
with its 5′ end to the N-terminus of CtxA (ssDNA−CtxA).
This ssDNA sequence consists of two parts: a 25-nucleotide-
long spacer regionspanning a length of approximately 8.5
nm when extendedto accommodate geometric constraints of
the assembly and an 18-nucleotide-long template-binding
domainwith an extended length of approximately 6.1
nmto promote assembly with a template strand that
contains a programmable number of complementary hybrid-
ization sites. To favor the assembly of tetrameric, octameric, or
dodecameric CtxA pores, we used template strands with 4, 8,
or 12 hybridization sites that were each 18 nucleotides long.
We show in addition, in Supplementary Section S6,
preliminary results of experiments conducted with hexameric

CtxA pores. Flexible linkers consisting of four thymine
nucleotides connect all domains of the construct and provide
flexibility to adjust to geometric constraints. Figure 1c−e
illustrates the open modular design of the DNA-assembled
peptide pores. Ions can flow between the strands of the DNA
scaffold with the advantage that the scaffold does not
significantly increase the access resistance to the pore (Table
1). Focusing the voltage drop to the pore region improves the
signal-to-noise ratio for potential resistive pulse applications.44

As shown in Figure 1a, we hybridized a strand (referred to as
the spacer strand) to the spacer region of ssDNA−CtxA in
order to increase the rigidity of the assembly by double-strand
formation. Further modification of the resulting dsDNA−CtxA
peptide made it possible to incorporate additional functional
groups. For example, we attached a cholesterol moiety to the
3′ end of this spacer strand (Chol−dsDNA−CtxA), resulting
in the functionalization of each peptide with a hydrophobic
moiety that increased the affinity of the assemblies to the lipid
membrane (Figure 2). We are referring to this DNA spacer
strand henceforth as the cholesterol strand. Supplementary
Table S9 provides details about the sequences we used in this
work.

Hydrophobic Functionalization Favored Pore For-
mation at Low Concentrations of CtxA−DNA Assem-
blies. To investigate the effect of cholesterol moieties, we
compared single-channel recordings of pore formation by
Chol−dsDNA−CtxA in the absence of a template strand with
various CtxA peptides that did not contain the cholesterol
group. As shown in Figure 2, we kept the total concentration of
all peptides constant at 5 nM for this comparison. Typically,
native CtxA, ssDNA−CtxA, and dsDNA−CtxA exhibited no or
infrequent pore formation at this low peptide concentration
(Figure 2a−c). In contrast, a 5 nM concentration of the
peptide with the cholesterol modification (Chol−dsDNA−
CtxA) showed frequent pore formation (Figure 2d). These
results indicate that positioning a hydrophobic group toward
the lipid membrane by hybridizing an ssDNA with a terminal
cholesterol moiety to the ssDNA−peptide hybrid favors its

Table 1. Comparison of the Open-State Conductance Levels of Pores from Native CtxA, Chol−dsDNA−CtxA, and Templated
Chol−dsDNA−CtxAa

conductance (pS)

open state native CtxA Chol−dsDNA−CtxA templated Chol−dsDNA−CtxA area-equivalent diameter (nm)b

O1 (3-mer) 50 ± 25 35 ± 20 <0.2
O2 (4-mer) 510 ± 30 445 ± 160 460 ± 130 0.5 ± 0.3
O3 (5-mer) 1645 ± 200 1515 ± 320 1.0 ± 0.4
O4 (6-mer) 3125 ± 305 3100 ± 170 3200d 1.4 ± 0.3
O5 (7-mer) 4630 5200 ± 600 1.9 ± 0.6
O6 (8-mer) 6600 6960 ± 120 7220 ± 470 2.3 ± 0.3
O7 (9-mer) 9500 ± 400 2.8 ± 0.7
O8 (10-mer) 11 640c 3.1
O9 (11-mer) 14 140c 3.6
O10 (12-mer) 16 760c 16 880 ± 970e 4.0

aConductance values were measured at an applied potential difference of +180 mV. bWe estimated the diameter from single-channel conductance
values of pores composed of Chol−dsDNA−CtxA assuming a pore length of 3.5 nm and a cylindrical lumen within the lipid bilayer. Errors were
calculated from standard deviation of the mean. See Supporting Information Section 3 for details. cWe extrapolated these values from a fit to the
experimental conductance data from O1 to O7 assuming a geometrical arrangement of cylindrical peptide monomers to a cylindrical barrel-stave
pore (see Supporting Information Section 3 for details). dDue to the small number of experiments that we conducted with the 6-mer template, we
cannot give a meaningful error for this value. See Supporting Information Section 6 for details. eThis conductance value was measured in 3 M CsCl
in 30% (v/v) glycerol in water and converted to the corresponding value in 1 M NaCl (see Supporting Information Section 3). We used 3 M CsCl
in 30% (v/v) glycerol in water with 10 mM HEPES, pH 7.4, as the buffered electrolyte for all experiments with 12-mer CtxA pores, as this solution
improved the stability of the lipid membrane.
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insertion in lipid membranes. While a minimum concentration
of 10 to 20 nM was necessary for native CtxA to display
frequent pore formation (Figure 2a, inset), concentrations as
low as 1 nM were sufficient to observe frequent pore formation
by nontemplated Chol−dsDNA−CtxA peptides. After adding
a template strand to the same Chol−dsDNA−CtxA molecules,
we observed pore formation at concentrations as low as 0.1 nM
(see Supplementary Figure S14).
Single-channel recordings of pore formation from Chol−

dsDNA−CtxA, in the absence of a template strand, revealed
the presence of multiple open states, like native CtxA.38,40,41

We report in Table 1 the single-channel conductance values of
DNA-modified CtxA pores and show that they were similar to
the conductance of native CtxA pores with the same number of
monomers (paired-sample t-test revealed no statistically
significant differences). We later used these values to assess
the size of templated CtxA pores. The inset in Figure 2d and
Figure 3a additionally show that N-terminally modified
peptides retained their ability to assemble to pores with well-
defined conductance states whose fluctuations were consistent
with a barrel-stave model of pore formation.39,45,46 This result
demonstrates that DNA-modified peptides were intrinsically
able to adopt assemblies with a range of pore diameters, which
is a critical prerequisite for assemblies to pores with
programmable diameters. A comparison of conductance values
in Table 1 reveals that the presence of dsDNA on the N-
terminus of CtxA neither significantly changed the access
resistance to the pore nor the diameter of the resulting pore
assemblies.

Conventionally, pore-forming peptides are engineered by
modifying the amino acid sequence of peptides to increase
their pore-forming activity at low concentrations.47−49 The
results shown in Figure 2 demonstrate that the addition of
DNA strands with adequately positioned hydrophobic
cholesterol moieties achieved the same effect without the
need for sequence alterations. This strategy enables straightfor-
ward comparison of various moieties attached to the spacer
strand (Figure 1a) to increase membrane affinity while
circumventing possible undesired effects from sequence
alterations such as changes in helicity, reduced membrane
partitioning, or reduced propensity to assemble to pores.
Moreover, the strategy presented here is modular, since it is
straightforward to replace the cholesterol moiety by other
desirable functional groups after attaching it to complementary
ssDNA.

Addition of a DNA Template Favored the Desired
Pore Size. In order to explore the concept of assembling
ssDNA−CtxA peptides to nanopores with programmable
diameters, we introduced a DNA template strand consisting
of 4, 8, or 12 binding sites. Figure 3b shows that the relative
frequency for observing different conductance levels changed
drastically after addition of a 4-mer template: at the time
resolution of the recording electronics, we observed predom-
inantly conductance changes in single steps to a level that
corresponded to the tetrameric pore, as expected (Figure 3b,
area shaded in pink, these results are based on N = 10
individual experiments). The current fluctuated, however,
frequently between the O1 level of a trimeric pore and the O2
level of a tetrameric pore. We hypothesize that these
fluctuations resulted from reversible transitions of individual
Chol−dsDNA−CtxA monomers in the templated tetrameric
assembly from a membrane-spanning conformation that
participated in pore formation to another conformation that
did not participate in pore formation. The observed rapid
switching between conductance levels of the trimeric and
tetrameric pore over long recording times is consistent with a
templated assembly of four CtxA monomers. Figure 3b shows
that CtxA monomers that were hybridized to a DNA template
could not escape the assembly, since we observed well-defined,
apparent two-state open-pore switching over long recording
times; escape of one CtxA molecule from the assembly would
have resulted in switching between no pore and a trimeric pore
with much smaller single-channel conductance (Table 1).
Finally, the recorded conductance rarely exceeded the
conductance level of the tetrameric pore over long recording
times, further indicating that this pore comprised four
monomers that were linked together; in contrast, assemblies
of free CtxA monomers led to dynamic fluctuations of several
different conductance levels that often exceeded the level of
the tetrameric pore as shown in Figure 3a.
Increasing the number of hybridization sites on the ssDNA

template resulted in the formation of pores with large
transitions that frequently jumped multiple conductance levels
in a period of time below the time resolution of the recordings.
In the presence of an 8-mer template, we observed
conductance values that were closest to the conductance of
the octameric pore (Figure 3c and Table 1, N > 30), while the
12-mer template resulted most frequently in values between
the 10-, 11-, and 12-mer (Figure 3d and Table 1, N > 10). As
shown in Table 1, the estimated diameters of pores from these
assemblies were approximately 0.5 nm for tetramers, 2.3 nm
for octamers, and 4.0 nm for dodecamers. Independent from

Figure 2. Effect of cholesterol on the pore-forming activity of
various CtxA peptides. (a) Planar lipid bilayer recording in the
presence of 5 nM peptide concentration with native CtxA. The
inset of panel (a) shows typical stepwise current fluctuations from
native CtxA at a peptide concentration of 20 nM. (b) Recordings
in the presence of 5 nM ssDNA−CtxA or (c) 5 nM dsDNA−CtxA
without a terminal cholesterol moiety; in both cases, pore
formation was either absent or infrequent. (d) Experiments with
5 nM Chol−dsDNA−CtxA, which carried a cholesterol strand. The
current trace in the inset shows the ability of Chol−dsDNA−CtxA
to form pores with well-defined conductance levels, similar to
native CtxA peptides. All recordings were performed at an applied
potential difference of +180 mV.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.0c10311
ACS Nano 2021, 15, 11263−11275

11266

https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10311/suppl_file/nn0c10311_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10311?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10311?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10311?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10311?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10311?rel=cite-as&ref=PDF&jav=VoR


these characterizations by electrical recordings in planar lipid
bilayers, size exclusion chromatography confirmed the
presence of tetrameric, octameric, and dodecameric assemblies
in preparations with the respective template strands (see
Supporting Information Section 5 and Supplementary Figures
S11 and S12).
While the current traces in Figure 3 display the formation of

pores with the programmed and desired size, we did not
observe these results in all experiments. Specifically, we
estimate that one-quarter to one-half of the experiments
showed direct insertion of pores with the desired number of
monomers or of pores with one monomer more or less than
the size programmed by the template strand. The remaining
experiments that did not show the expected single-step
conductance variations displayed conductance increases in
multiple steps, which were likely the results of step-by-step
insertion of the templated monomers. We also observed pores
with higher conductance values than expected, which may be
caused by free CtxA monomers joining templated assemblies
or multiple pores forming at the same time. We discuss the
success rates of experiments in detail in Supporting
Information Section 4.
Hydrophilic Modification on the C-Terminus of CtxA

Peptides Stabilized the Pores. Applications such as
resistive pulse recordings require long-lived pores with
constant pore diameters in lipid or polymer membranes.7,50,51

To increase the lifetime of hybrid pores from CtxA−DNA, we
covalently attached an additional hydrophilic segment
consisting of 12 thymine nucleotides to the C-terminal part
of the peptide (dsDNA−CtxA−T12). We hypothesized that
this T12 segment might trap CtxA in a transmembrane

conformation once this C-terminal section inserts into, and
crosses, the bilayerin part because of its hydrophilicity and
in part because of the favorable polarity of the applied potential
difference (we added the dsDNA−CtxA−T12 peptides to the
cis compartment and polarized the trans compartment
positively). Here, the idea was that a positive polarity in the
trans compartment would facilitate the transfer of the
negatively charged C-terminal T12 segment through transient
defects in the bilayer to achieve a transmembrane configuration
of the peptide that is anchored on both sides of the membrane
with DNA segments. Once the peptide adopted this
configuration, we hypothesized that the T12 segment on the
trans side of the membrane may keep the peptide embedded
stably in the membrane.
To test these hypotheses and to investigate the influence of

the C-terminal T12 segment on pore formation, we first added
CtxA peptides modified on both termini in the absence of a
template strand to the bilayer setup and recorded the current
over time. We conducted such experiments more than 10
times. In more than half of the experiments, we recorded the
presence of longer-lived pores (with the current remaining
stable at the value of a specific open state for more than tens of
seconds as opposed to hundreds of milliseconds for native
CtxA or ssDNA−CtxA peptides that are not modified with the
C-terminal T12 segment). Due to the absence of the templating
strand, the pore sizes that we recorded fluctuated significantly
over the whole range of pore sizes (from 4-mers to 9-mers)
rather than observing pentamers and hexamers as predominant
pore sizes.38,41 Figure 4a−d shows single-step insertion of a
pore formed by assembly of dsDNA−CtxA−T12 monomers in
a lipid membrane as well as its current−voltage curve.

Figure 3. Templating DNA-modified CtxA peptides led to programmable pores with predominant pore diameters in planar lipid bilayer
experiments. (a) Typical CtxA conductance levels observed for nontemplated Chol−dsDNA−CtxA (i.e., in the absence of a template strand).
The shaded areas correspond to conductance levels of the 4-mer (O2, pink) and 8-mer (O6, green) as summarized in Table 1. (b) Presence
of the 4-mer template led to a predominance of the conductance level of a 4-mer pore; larger pores were observed rarely (see corresponding
histograms). (c) Presence of the 8-mer template led to large conductance steps directly to the conductance value for an 8-mer pore (note,
the current scale is ∼10 times larger than in b). (d) Presence of the 12-mer template generated large noise levels leading to rapid fluctuations
in conductance between the levels that are consistent with those that would be recorded in the presence of pores formed by 12 ± 2
monomers (see histogram and shaded areas). All recordings were carried out with Chol−dsDNA−CtxA concentrations of 5 nM (a−c) or 20
nM (d) with applied potential differences of +180 mV (a,d), +160 mV (b), and +140 mV (c) using 1 M NaCl electrolyte solutions except for
(d), which was carried out in 3 M CsCl in 30% (v/v) glycerol in water. In this case, we converted the conductance to the corresponding value
in 1 M NaCl for comparison (see Supporting Information Section 3). In addition, we show in Supplementary Figures S5−S7 full 1 min
recordings corresponding respectively to panels (b−d). Dotted lines correspond to 0 pA current.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.0c10311
ACS Nano 2021, 15, 11263−11275

11267

https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10311/suppl_file/nn0c10311_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10311/suppl_file/nn0c10311_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10311/suppl_file/nn0c10311_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10311/suppl_file/nn0c10311_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10311/suppl_file/nn0c10311_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10311?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10311?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10311?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10311/suppl_file/nn0c10311_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10311/suppl_file/nn0c10311_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10311?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10311?rel=cite-as&ref=PDF&jav=VoR


Estimated from the conductance value, this pore comprised
eight or nine monomers, but we also observed long-lived pores
consisting of four to seven monomers in similar experiments
with dsDNA−CtxA−T12 in the absence of a template strand as
we show in Supplementary Figure S17. Figure 4a−d
demonstrates the persistence of this pore in the bilayer at
low applied voltages. This pore formation at low voltage is
unusual for a voltage-gated pore-forming peptide like CtxA or
for its N-terminally modified DNA derivatives, because dipole-
driven peptide insertion and pore formation usually only occur
above a threshold voltage with favorable polarity.38,52 This
voltage threshold, in the case of native CtxA, was typically
between +140 and +180 mV for the peptide concentrations
and experimental conditions we used. Furthermore, pores from
CtxA peptides without the T12 modification on their C-
terminus typically closed rapidly after reversal of the voltage
polarity to a trans negative potential. In contrast, pores from
CtxA peptides with the C-terminal T12 modification persisted
not only at a single, stable conductance level for minutes (more
than 25 min in the example shown in Figure 4a−d) while
applying subthreshold trans positive polarities but also at the
reverse polarity of trans negative potential differences (Figure
4b−d). CtxA peptides without the C-terminal T12 modifica-
tion, including native CtxA, in contrast, resulted in pores with

lifetimes of individual conductance states in the range of
hundreds of milliseconds and, as stated above, closed almost
instantly at trans negative potentials. Therefore, modification
of the C-terminus with a hydrophilic and charged T12 DNA
segment prolonged the lifetime of open-pore conductance
states by 3 orders of magnitude and enabled recordings at both
polarities. One disadvantage of this strategy for pore
stabilization, however, was that the wait time for pore
formation with C-terminally T12 modified CtxA peptides was
sometimes significantly longer than with CtxA peptides
without this modification. This prolonged waiting period
could only be reduced somewhat by doubling or tripling the
total peptide concentration.
To explore programmed assembly of CtxA peptides with C-

terminal T12 modification to long-lived pores of the desired
size, we repeated the experiments with templated pores. To
this end, we added purified octameric structures of dsDNA−
CtxA−T12 to the cis compartment and observed pore
formation (Figure 4e−h). While the recorded current showed
current fluctuations between the 7-mer and the 8-mer levels at
the high voltage used for insertion (+180 mV, Figure 4e,g),
reduction of the voltage to +50 mV resulted in improved
stability of this octameric pore (Figure 4f,h). We obtained such
long-lasting octamers in approximately one-third of the

Figure 4. Formation of long-lived pores by CtxA peptides modified with DNA on both termini (dsDNA−CtxA−T12). (a) Apparent single-
step insertion of a single pore from nontemplated dsDNA−CtxA−T12 peptides (applied potential: +180 mV). (b) The pore remained in the
membrane after reversal of the voltage polarity from +20 to −20 mV. (c) Continuous, 5 min current recording showing a constant,
uninterrupted open state of a pore formed by dsDNA−CtxA−T12 peptides (applied voltage: −20 mV). (d) Current−voltage relationship of a
long-lived single pore formed by dsDNA−CtxA−T12 peptides. At increasing magnitudes of applied potential differences, the recorded
current (black) deviated from linearity as indicated by the red line; CtxA pores are known to display nonlinear current−voltage behavior.38
Panels (e,f) as well as panels (g,h) represent the insertion of DNA-modified peptides (dsDNA−CtxA−T12) in the presence of the 8-mer
template at +180 mV (e,g) and illustrate the relatively stable behavior of the octameric pore at a reduced voltage of +50 mV (f,h).
Experiments were conducted in 1 M NaCl, 10 mM HEPES, pH 7.2, except for panels (g,f), for which we used 150 mM NaCl, 10 mM HEPES,
pH 7.2. Shaded areas corresponding to conductance levels of the 7-mer (lime green) and 8-mer (mint green) are shown for comparison
between the experiments. For clarity, each current trace was downsampled by a factor of 10 (except (d), which was downsampled 100 times,
see Supplementary Figure S15 for the current−voltage curve without downsampling). Dotted lines correspond to 0 pA current.
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experiments involving the 8-mer template (N > 10); in the
remaining experiments, we observed long-lasting pores
comprising fewer monomers than expected. Occasionally, we
also observed transient fluctuations in conductance, which we
attribute to one or a few peptide monomers leaving and joining
the assembly.
Finally, in an attempt to increase the stability of DNA−CtxA

pores further, we added the 8-mer templated dsDNA−CtxA−
T12 to the cis compartment and templated the resulting pores
also from the trans compartment by taking advantage of the
T12 transmembrane ssDNA segment on the C-terminus of each
CtxA peptide in the assembly (see Figure 5a,b). To do so, we
hybridized an ssDNA oligonucleotide with 62 bases that
included a complementary A12 segment on its 3′ end. Like the
oligonucleotide at the N-terminus of the peptide, this 62-base
segment comprised a spacer region to circumvent steric
hindrance during the assembly and a template-binding domain
to trigger assembly to an 8-mer template. The template strand
and the 62-base segment were preassembled and HPLC-
purified before addition to the trans side of the lipid bilayer.
We hypothesized that this approach would result in a pore
structure that was templated on both sides of the bilayer and
that such a double-templated pore would be more stable than a
pore with one template on the N-terminal side of the peptides
only.
Figure 5c shows the insertion of an octameric pore that was

preassembled using DNA strands on the N-terminal side of
CtxA. We added this assembly to the cis compartment, while
the trans compartment contained the preassembled 8-mer
DNA structure for templating the pore also on the C-terminal
end of the peptide. The resulting double-templated pore led to
a stable conductance level over more than 3 h of current
recording (small current variations did occur after extended
periods of times as represented by the current traces recorded
after 2 h and after 3 h of pore insertion). Unfortunately, similar
double-templating experiments conducted with 12-mer
templates did, however, not improve pore stability compared
to CtxA pore assemblies with one DNA template and were
thus not pursued further. The results in Figure 5 with the 8-
mer template, however, were consistent with the hypothesis
that the presence of templating structures on both sides of the
pore increases the stability of the pore assembly in the
membrane. Figure 5 also shows that this approach renders the
assembled pore less prone to fluctuations of the open-pore
current than experiments without the second templating
structure in the trans compartment (Figure 4e−h). Among
the experiments with double-templated pores, we observed
strongly improved stability in around 20% of the trials (out of
N = 12 experiments, two experiments displayed the clear
formation of stable pores with conductance values consistent
with the formation of 8-mer pores), while the other
experiments led to short-lived pores or long-lived but unstable
pores, possibly due to the second templating structure not
hybridizing in the adequate sequence to the pore assembly.
Altogether, the results in Figures 4 and 5 show that the

hydrophilic C-terminal modification with T12 stabilized CtxA
peptides in their transmembrane conformation. Adding an
ssDNA template with a desired number of hybridization sites
made it possible to define the size of the pores, while adding a
second template strand together with an adaptor strand to the
trans compartment further increased the stability and longevity
of the pores. Modifying the transmembrane part of the CtxA
peptide hence provides an attractive strategy for prolonging the

open state of pores from pore-forming peptides that otherwise
fluctuate dynamically between conductance levels.
While the results in Figures 4 and 5 provide evidence for the

programmed assembly of long-lived pores, our attempts to

Figure 5. Formation of long-lived and stable pores by CtxA
peptides that were templated on both sides of the membrane by
hybridizing to an 8-mer template on the cis side and to an 8-mer
template on the trans side of the planar lipid bilayer. (a) Cartoon
of a dsDNA−CtxA−T12 monomer (purple) hybridized to a
template strand (yellow) on both ends of the molecule. (b)
Idealized representation of an octameric dsDNA−CtxA−T12 pore
assembly templated from both sides of the lipid membrane. (b)
Current versus time recordings after dsDNA−CtxA−T12 with an 8-
mer template on the N-terminal end of the peptide was added to
the cis side, while the trans side of the lipid bilayer contained a
preassembled 8-mer template (yellow) with 12 adenine bases at
the terminal end of its adapter DNA strand (pink). This
experiment resulted in stable pores at relatively high voltages
(here +100 mV) and for more than 3 h. The lime green shaded
area corresponds to the expected conductance level of an
octameric pore. The recording buffer consisted of 150 mM
NaCl, 10 mM HEPES, pH 7.2. The gray cylinders indicate the
diameter of double-stranded DNA.
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observe translocations of small polymer molecules through
these pores with a single template (Figure 4) or with two
templates (Figure 5) were unfortunately not successful. We
performed these experiments with a mixture of polymers,
including PEG 200, PEG 1500, PEG 4000, and dextran sulfate
8000 present in a concentration range from 30 to 920 μM on
both sides of the membrane while conducting recordings at a
range of applied voltages between −200 and +200 mV. While
we could not detect resistive pulses in most experiments, a few
experiments did lead to resistive pulse-like signals (see
Supplementary Figure S18); due to the low success rate of
these experiments, we could, however, not confirm with
certainty that these signals were indeed arising from the
translocation of the polymers or from fluctuations of a pore
that was unstable during these recordings. The amplitude of
some of these resistive pulses was in a similar range as
transitions from an 8-mer pore to a 7-mer pore; other pulses,
however, had bigger amplitudes that could be consistent with
polymer translocations.
A potential explanation for the lack of clearly attributable

translocation events could be that the molecular structure of
the DNA template above the pore (Figure 1c−e) impeded the
entry of polymers into the pore, for instance by folding in such
a way that DNA strands interacted with the pore entrance. The

cartoons of the assembly in Figure 1c−e are idealized
representations; due to the flexibility of the short ssDNA T4

segments, many other conformations of the DNA template
structure are plausible, some of which might be stabilized by
interactions of the negatively charged DNA structure with
amino acids on the N-terminus of CtxA, in particular since
these include at least four positively charged lysine residues.
Such interactions may sterically block the translocation of
polymers while permitting the permeation of ions though the
pore and thus only exerting a small effect on the measured
conductance. Another explanation could be that the recorded
and stable open-pore currents did not result from the desired
DNA-programmed assembly of a single octameric pore but
rather from two hexameric pores, four to five pentameric pores,
or any other combination of smaller pores leading to a similar
total conductance as an octameric pore. This scenario is,
however, not likely as the majority of the pores we observed
incorporated in the bilayer with a single-step current
increaseat the time resolution of the recording elec-
tronicsto the conductance value of an octameric pore
assembly as shown in Figures 3b,c, 4a, and 5. Moreover, the
likelihood for one stable open channel conductance over
extended periods of time decreases with increasing numbers of
simultaneously open independent pores in the bilayer; the

Figure 6. Cytotoxic activity of CtxA pores with various programmed diameters. (a) Confluence of cells in culture as a function of time before
and after addition (large black arrow) of ssDNA−CtxA peptides that had been preassembled in the presence of ssDNA templates with 4
(red), 6 (pink), 8 (blue), or 12 (green) hybridization sites; data in black represents the control experiment with native CtxA in the absence
of a template DNA. The total peptide concentration was 10 μM in all cases. (b) Change in confluence over time as a function of the total
peptide concentration of templated and nontemplated CtxA. (c) Phase-contrast micrographs taken shortly before (left image) and
approximately 20 h after (right image) the addition of a 10 μM monomeric nontemplated peptide for native CtxA peptides illustrating that
cells continued to multiply and that the confluence of the cells increased after CtxA addition. (d) Phase-contrast micrographs taken shortly
before (left image) and approximately 20 h after (right image) addition of tetrameric CtxA assemblies with a total peptide concentration of
10 μM illustrating that cells stopped to multiply as well as assumed rounded shapes and that confluence stopped to increase after addition of
tetramer assemblies or larger assemblies (b) of CtxA. The arrows and stars point out the concentrations or time points used as examples in
the different panels. The images shown in (c,d) correspond to the area shaded in pink in (b). Scale bars: 50 μm.
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long-term stabilities of the open-pore currents in Figures 4e,f
and 5 are therefore most consistent with a single octameric
pore.
Template-Assembled CtxA Pores Prevented the

Proliferation of Cancer Cells at Lower Total Peptide
Concentration than Native CtxA. We hypothesized that
DNA templating of ssDNA−CtxA to form preassembled pores
may enhance the toxicity of the peptides for applications of
targeted cell killing compared to exposure of cells to the same
total concentration of CtxA peptides in the absence of a
template. Naturally, the antimicrobial peptide CtxA is
produced by the medfly Ceratitis capitata in order to protect
its eggs.53 As the cytotoxicity of pore-forming antimicrobial
peptides correlates with pore size and peptide concentration,38

we hypothesized that templated CtxA peptides would be more
cytotoxic than nontemplated CtxA peptides due to the
increased local peptide concentration and formation of larger
pores.38

To investigate the cytotoxic activity of DNA-templated CtxA
peptides, we monitored the growth of the epithelial lung
cancer cell line A549 upon addition of 4-, 6-, 8-, and 12-mer
templated CtxA peptides and compared it to the growth of
these cells after adding native CtxA as control. As a metric for
cell viability, we determined the change in confluence of the
cells as a function of time for a range of total peptide
concentrations. Figure 5 shows that concentrations of 50 to
100 μM of native CtxA were necessary to stop cell
proliferation. In the case of the DNA-templated assemblies
of CtxA, less than 5 μM of total CtxA concentration was
sufficient to completely stop the proliferation of the same cells
and to induce a dramatic change in the shape of these cells to a
small, rounded cell shape that is typical for dying or dead cells
(Figure 6d).54 Similar toxicity required 100−150 μM of native
CtxA and hence a more than 20-fold higher total peptide
concentration compared to templated CtxA peptides. Surpris-
ingly, all templated assemblies of CtxA, from tetramers to
dodecamers, required similar total peptide concentrations to
induce their cytotoxic effect. This observation could be in part
explained by the fact that we plotted the total CtxA peptide
concentration instead of the concentration of assemblies;
indeed, for a given total peptide concentration, more
tetrameric assemblies will be formed than dodecameric
assemblies. When we expressed the concentration of the
assembled structure rather than the total peptide concentration
and compared the effect of the dodecameric assembly to the
tetrameric assembly or to native CtxA as three potential drug
candidates, then each 12-mer assembly was approximately 3
times more toxic than each 4-mer assembly and approximately
200 times more toxic than each CtxA molecule. In other
words, 420 nM of an assembled 12-mer reduced viability to a
similar extent as 100 μM native CtxA.

CONCLUSION
The design, synthesis, and assembly of artificial functional
proteins has long been one of the most challenging goals in
protein biochemistry. The work presented here explored the
potential of DNA nanotechnology to develop a modular
strategy for the programmed self-assembly of pore-forming
peptides to functional transmembrane pores with adjustable
diameters, membrane affinity, and open-pore lifetimes. The
resulting assemblies of tetrameric, octameric, and dodecameric
supramolecular structures made it possible to favor the
formation of predefined pores with estimated inner pore

diameters of approximately 0.5, 2.3, and 4.0 nm. Functionaliza-
tion of these peptide−DNA hybrids with a cholesterol-bearing
DNA strand significantly increased their affinity to the lipid
membrane as well as their propensity to adopt well-defined
conductance states. Among the templated pores that we
assembled, the tetrameric and octameric assemblies formed the
most stable pores, while the conductance levels of the
dodecameric pores often fluctuated between those levels of
9-mer to 13-mer assemblies. Further modification aiming at
stabilizing the peptides in the membrane-spanning conforma-
tion by modifying the C-terminal end of CtxA with a
hydrophilic T12 DNA segment, prolonged the open-state
lifetime of the assembled pores from milliseconds to minutes at
one stable and constant conductance level. Hybridization of a
second DNA template strand to the C-terminus of CtxA
further stabilized the pores, leading, in some experiments, to
constant conductance levels that persisted for hours.
This work demonstrates that the programmed assembly of

hybrid DNA−peptide nanostructures to transmembrane pores
incurs at least six attractive characteristics. First is the ability to
fine-tune the pore diameter in increments of individual, α-
helical peptides with low molecular weight by self-assembly
onto readily available ssDNA templates. Second is the presence
of an open DNA-based scaffold that circumvents additional
electrical resistance from a tightly packed vestibule. Third is
the applicability of sequence-specific orthogonal hybridization
chemistry for modifying defined positions in the structure, for
instance with a cholesterol anchor, fluorophore, or targeting
moiety.4 Fourth is the accessibility, scalability, and robustness
of the approach based on straightforward design that requires
only three different molecules (ssDNA template, ssDNA−
CtxA, ssDNA−Chol) that can all be obtained from commercial
sources. Fifth is the production of CtxA peptides by solid-
phase synthesis, making modifications or functionalization of
individual amino acids at precisely defined locations
straightforward. And sixth is the possibility to kill cancer
cells in culture at 20-fold lower total peptide concentrations
compared to nontemplated CtxA peptides. Future extensions
of this work may target specific cell types,4 pathogens, or
analytes by functionalizing the constructs with ssDNA-tagged
ligands, antibodies, or aptamers.
One of the biggest challenges in the programmed assembly

of nanopores from pore-forming peptides or proteins appears
to be the capability of these pores to enable the translocation
of macromolecules through their lumen. In fact, we are not
aware of a demonstration of recorded resistive pulses through
an artificially templated pore assembly. The two pioneering
studies on DNA-programmed pore assembly22,37 also did not
demonstrate the translocation of analytes and did not include a
discussion if and why achieving translocation may be difficult.
In the work presented here, we consider two possible reasons
for this difficulty: first, fast fluctuations of peptides on time
scales that cannot be resolved (i.e., nanoseconds or micro-
seconds), might increase the entropic barrier for the entry of
macromolecules into the pore lumen. And second, electrostatic
interactions between the negatively charged DNA structure
and positively charged lysine side chains on the N-terminal end
of all CtxA peptides in the assembly may position DNA strands
across the opening of the pore without significantly reducing
the ionic current through the pore. In addition, when the
polarity of the applied transmembrane voltage is positive in the
trans compartment (as is favorable for the formation of pores
from CtxA peptides that were added to the cis compartment),
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then the short-range electric field that extends from the pore
entrance would also attract negatively charged DNA toward
the entrance of the pore. These effects might block the entry of
macromolecules while having only a small effect on the passage
of ions through the pores. Future designs of programmable,
DNA-templated nanopores may therefore benefit from a DNA
structure that is overall more rigid22 and that is connected to
the pore-forming peptides with a more rigid attachment than
the one we used. In comparison, the structure presented here
was designed to be flexible by incorporation of four single-
stranded thymidine nucleotides between each binding site on
the template and between each N-terminus of CtxA and the
covalently attached DNA strand.
While the work presented here did not yet produce hybrid

DNA−peptide nanopores that could be used for resistive pulse
experiments, it demonstrated proof-of-principle for pro-
grammed assembly of nanopores with tunable diameter that
have the capability to self-incorporate into lipid bilayer
membranesthis capability is an advantage compared to
many natural ion channel proteins that do not spontaneously
self-incorporate into lipid membranes from solution but rather
require cumbersome and often inefficient reconstitution
protocols such as the fusion of proteoliposomes into lipid
bilayers.55 To our knowledge, the approach presented here
enabled the largest templated assembly of pore-forming
peptidesas opposed to pore-forming proteins37to a
functional pore reported to date. These templated pores
showed significantly increased cytotoxicity in a cancer cell line
compared to the same total peptide concentration of native
CtxA and may become useful as gateways for targeted drug
delivery, single-cell biopsy, or targeted cell killing.

MATERIALS AND METHODS
Materials. We purchased all lipids (1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (sodium salt) (POPS), and 1,2-diphytanoyl-sn-glycero-
3-phosphocholine (DiPhyPC)) from Avanti Polar Lipids (Alabaster,
AL, USA). CtxA (purity > 98%), ssDNA−CtxA (purity > 92%),
ssDNA−CtxA−azide (purity > 98%), and azide−CtxA−SH (purity >
98%) were synthesized and purified by Bio-Synthesis Inc. (Lewisville,
TX, USA). The certificates of analysis with the corresponding mass
spectra and HPLC reports from the supplier can be found in
Supplementary Figures S23 to S31. We acquired the DNA
oligonucleotides for the template strands and the spacer strands
with and without cholesterolfrom Biomers (Ulm, Germany),
Eurofins (Eurofins MWG, Ebersberg, Germany, HPSF purification),
Jena Bioscience (Jena, Germany), and Metabion (Planegg/Steinkirch-
en, Germany). We solubilized all chemicals either in pure water or in
Tris-EDTA buffer (TE buffer, 10 mM Tris-HCl, 1 mM disodium
EDTA, pH 8.0). We purchased all other chemicals from Sigma-
Aldrich (St. Louis, MO, USA). We purchased all material for the
HPLC, e.g., size exclusion chromatography (AT-5190-2503) and
strong anion exchange (AT-5190−2467) columns, 1.5 mL glass vials
(LP-11090477) and inserts for low volumes (LPP06 09 0357) for
sample injection, and 1.5 mL glass vials (AT-5182-0716) with screw
caps (AT-5190−7024) for fraction collection, from BGB Analytik SA
(Geneva, Switzerland). We purchased crim caps with a PTFE/silicon
septum (Art. LC26.1) for 1.5 mL glass vials from Carl Roth
Switzerland.
Planar Lipid Bilayer Recordings. The lipid composition of most

bilayers consisted of POPC, DOPE, and POPS with a 7:3:1 (w/w)
ratio except for the experiments with 8-mer templated dsDNA−
CtxA−T12 for which we used pure DiPhyPC lipids to increase the
membrane stability. We dissolved all lipid mixtures in pentane at a
total lipid concentration of 10 mg/mL. We used three buffered

electrolyte solutions containing either 1 M or 150 mM NaCl with 10
mM HEPES buffer at a pH 7.2−7.3 or 3 M CsCl, 10 mM HEPES, pH
7.4, in 30% (v/v) glycerol in water. We filtered the electrolyte
solutions with 0.2 μm poly(ether sulfone) filters (VWR, Radnor, PA,
USA) before use. For the translocation experiments, we used a
mixture containing 70 μM PEG 200, 920 μM PEG 1500, 460 μM
PEG 4000, and 30 μM dextran sulfate.

We defined the cis compartment of the recording setup as the
compartment where we added the peptides; this compartment was
connected electrically to the ground. We defined the voltage and its
polarity by connecting the headstage of the amplifier to the trans
compartment. We placed the Teflon chambers inside Faraday cages,
on a BM4 vibration isolation platform (Minus K Technology, Inc.,
Inglewood, CA, USA). We carried out all experiments at room
temperature (22 ± 1 °C). We used three different amplifiers (BC-535,
Warner Instruments Hamden, CT, USA; EPC7, HEKA Instruments
Inc., Holliston, MA, USA; or eOne HS, Elements, Cesena, Italy). We
filtered the recorded currents with a built-in low-pass filter using a
cutoff frequency of 10 kHz for the BC-535 and EPC7 or 6.25 kHz for
the templated 12-mer data gathered with the eOne and sampled all
data at 50 kHz. We analyzed data using OriginLab (OriginLab
Corporation, Northampton, MA, USA) and pClamp (Molecular
Devices, Sunnyvale, CA, USA) software. See Supporting Information
Section 7 for details.

Formation of the Membranes. We used Teflon chambers with
two compartments with maximum volumes of 1.5 mL and 200 μL.
We pretreated Teflon films (Eastern Scientific LLC, Rockville, MD)
with apertures of 50 μm by pipetting 1 μL of pretreatment solution
hexadecane 5% (v/v) in hexaneonto both sides of the aperture of
the Teflon film. We then mounted the Teflon film in a Teflon
chamber using high-vacuum grease (Dow Corning Corporation),
separating the two compartments of the Teflon chamber, and formed
planar lipid bilayers using the technique described by Montal and
Mueller.56 Briefly, we added electrolyte solution to both compart-
ments (1.3 mL in the big compartment and 180 μL for the smaller
one) and spread 1−2 μL of lipid solution onto the surface of the
buffered electrolyte solution. After the solvent evaporated, a lipid
monolayer (Langmuir film) formed at the air−water interface. We
raised and lowered the electrolyte solution until we measured a
baseline current (−3 < I < 3 pA) indicating that a bilayer had formed.
We then thinned the membrane by lowering and raising the
electrolyte solution in one compartment, until we measured a
capacitance of 60 ± 10 pF. To monitor capacitance, we applied a
triangular voltage, and the capacitance was either calculated by the
amplifier or determined using the manual capacitance compensation
of the amplifier. Prior to adding the peptide, we checked the stability
of the bilayer (absence of leak currents, expected noise level) by
applying transmembrane voltages of up to 200 mV for 5 min at both
polarities.

Formation of the Assemblies. We conducted all the experi-
ments with the 4-mer or 8-mer templates (with a single templating
structure on the N-terminus of CtxA) without purification except for
8-mer templated dsDNA−CtxA−T12, which we purified using size
exclusion high performance liquid chromatography (SEC-HPLC). We
added ssDNA−CtxA and the spacer strand stoichiometrically and
added the 4- or 8-mer template at a ratio of 1 mol for 5 mol of DNA-
modified peptide for the 4-mer or 10 mol of DNA-modified peptide
for the 8-mer templates and prepared them following two different
methods. In one method, we added all components with nM
concentrations directly in the recording chamber sequentially, first
ssDNA−CtxA followed by either the template strand or spacer (with
or without cholesterol) strand, one after the other. Alternatively, we
mixed the ssDNA−CtxA with the template and spacer (with or
without cholesterol) strands in a DNA LoBind tube (Eppendorf
Tubes, Hamburg, Germany) and let them react overnight at room
temperature. We reacted all the components in micromolar
concentrations and later diluted the samples prior to adding them
to the buffered electrolyte solution.

We purified the 12-mer assemblies of Chol−dsDNA−CtxA and the
8-mer assemblies of dsDNA−CtxA−T12 using SEC-HPLC, with an
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Agilent SEC3 column (300 mm length, 300 nm pore size, 4.6 mm
internal diameter) using 1× PBS + 1 mM EDTA as the running buffer
at a flow rate of 0.3 mL/min. These assemblies were preincubated
according to the following procedure: in an Eppendorf tube, we mixed
ssDNA−CtxA or dsDNA−CtxA−T12 in excess (>4 DNA−peptide
monomers per binding site on the template strand) with the template
strands. We added Milli-Q water and NaCl from a 5 M NaCl stock
solution in order to reach a final NaCl concentration of 1 M. We
hybridized the mixture overnight at 22 °C while mixing gently with a
thermomixer. During purification, we collected the fractions
containing the full assemblies to remove the excess monomers and
stored them at +4 °C for later use.
The second templating structure for the experiments with double-

templated octameric dsDNA−CtxA−T12 pores was preassembled
according to the following procedure: in an Eppendorf tube
containing the 8-mer template strands, we added the DNA strands
that were designed to bind on one end to the template and on the
other end to the T12 segment on the C-terminus of dsDNA−CtxA−
T12 in excess (>4 DNA strands per binding site on the template
strand). We then added Milli-Q water and NaCl from a 5 M NaCl
stock solution in order to reach a final NaCl concentration of 1 M. We
left the mixture to hybridize overnight under gentle agitation, at 22 °C
in a thermomixer and purified it by SEC-HPLC to obtain a solution
with the 8-mer assembly (but without free DNA strands) for further
use as the second templating structure in the trans compartment of
the lipid bilayer setup.
While we ordered ssDNA−CtxA with the CtxA peptide and the

ssDNA oligonucleotide covalently linked, we prepared dsDNA−
CtxA−T12 ourselves. To do so, we followed two reaction routes. For
the experiments with single templates (corresponding to Figure 4a−
f), we prepared dsDNA−CtxA−T12 molecules by reacting ssDNA−
CtxA−azide (Bio-Synthesis Inc., purity > 98%) with an excess of a 12-
base oligonucleotides modified on their 5′ end by a dibenzocyclooc-
tyne (DBCO) group (12T-DBCO), at 22 °C under mild shaking,
followed by subsequent SEC-HPLC purification to remove the excess,
unreacted species. Alternatively, experiments with CtxA peptides
templated from both ends required the use of CtxA peptides modified
by an azide group on CtxA’s N-terminus and a thiol (−SH) group on
the C-terminal end (Az−CtxA−SH). Preliminary experiments using
SEC-HPLC revealed that Az−CtxA−SH was mostly present in
solution in monomeric form. The presence of dimers that would be
formed through disulfide bridges between two Az−CtxA−SH peptide
monomers was negligible (data not shown), but in the case the
number of dimers had increased, we always added Az−CtxA−SH in
excess compared to the DNA oligonucleotide that reacted with the
peptide (>5 Az−CtxA−SH compared to the DNA oligonucleotide).
First, we incubated Az−CtxA−SH with a 12-base oligonucleotide

consisting of 12 thymine bases with a maleimide activation on its 5'
end (12T-Mal) by adding Az−CtxA−SH in a >5-fold excess
compared to 12T-Mal overnight, under gentle agitation, at 22 °C
on a thermomixer. We purified the reacted Az−CtxA−T12 using an
Agilent strong anion exchange (SAX) column (250 mm length, 5 μm
particle size, 4.6 mm internal diameter) with a flow rate of 0.5 mL/
min. The CtxA peptide being positively charged, it is not retained by
the SAX column, and only the unreacted DNA oligonucleotides and
the DNA-modified peptides are retained. We applied an elution
profile with a linear gradient from 0 to 100%B in 20 min, with mobile
phase A consisting of 20% acetonitrile (v/v) in water and mobile
phase B consisting of 2 M ammonium formate dissolved in 20%
acetonitrile (v/v) in water (see Supplementary Figure S21, inset of
panel A for the gradient elution profile). After the 20 min gradient, we
left the flow to 100% B to wash the column for 2 min, followed by 13
min with 0% B for re-equilibration of the column for the next run.
Subsequent SAX-HPLC analyses confirmed the absence of free Az−
CtxA−SH peptides and free 12T-Mal oligonucleotides in the
collected samples (see Supplementary Figure S21A). We then put
all collected samples in a SpeedVac (Savant SPD111 V, Thermo
Scientific) overnight until complete evaporation of the water and the
ammonium formate and calculated the concentration of the collected
samples (see Supplementary Section S8).

As a second step, we reacted the purified Az−CtxA−T12 molecules
with DBCO-modified ssDNA oligonucleotides (DNA−DBCO) with
the same sequence that we used for the ordered ssDNA−CtxA
peptides. We added Az−CtxA−T12 in a 3- to 5-fold excess compared
to DNA−DBCO and left it overnight, under gentle agitation, at 22 °C
on a thermomixer. We purified the reacted ssDNA−CtxA−T12 (see
Supplementary Figure S21B for the collected molecules) using the
same SAX column as for the first reaction step, with the same flow
rate (0.5 mL/min), mobile phases (20% acetonitrile (v/v) in water
and 2 M ammonium formate dissolved in 20% acetonitrile (v/v) in
water), and gradient (0 to 100% B). Subsequent SAX-HPLC analyses
confirmed the absence of unreacted Az-CtxA−T12 or DNA−DBCO
molecules. We then put all collected samples in a SpeedVac overnight
until complete evaporation of the water and the ammonium formate
and calculated the concentration of the collected samples (see
Supplementary Section S9).

The last reaction step consisted of the hybridization of the purified
ssDNA−CtxA−T12 with the template of interest (mostly the 8-mer
template for these experiments) as described above.

The 4-, 6-, 8-, and 12-mer assemblies for cytotoxicity experiments
were prepared by mixing ssDNA−CtxA with each template
stoichiometricallywith a ratio of 1 mol of a 4-, 6-, 8- or 12-mer
template for 4, 6, 8, or 12 mol of DNA-modified peptideto
maximize the amount of templated assemblies while minimizing the
amount of free ssDNA−CtxA peptide hybrids. We did not purify, as
our SEC-HPLC conditions would introduce salts into the templated
peptide solution, which could affect the viability of the cells.

For planar lipid bilayer recordings of purified structures with the
cholesterol strand, we heated the ssDNA−cholesterol for 5 min at
+60 °C before reacting it in a 5- to 10-fold excess with purified
assemblies of ssDNA−CtxA to minimize aggregation of the
cholesterol moieties. See Supporting Information Section 7 for details.

Cell Culture Experiments. We grew lung epithelial A549 cells in
RPMI 1640 medium containing 25 mM HEPES, 1% L-glutamine, and
10% fetal bovine serum and added 1% penicillin−streptomycin for
prevention of bacterial contamination of cell cultures. We seeded the
cells in 96-well plates (TPP, Trasadingen, Switzerland) with 10 000
cells per well, in a total volume of 50 μL per well. We placed the plates
in the IncuCyte Zoom imaging system (Essen Bioscience, Ann Arbor,
MI, USA) inside of an incubator set to 37 °C and 5% CO2 and
monitored the growth of the cells by analyzing the change in
confluence over time as provided by the IncuCyte software.

We seeded the cells and left them to adhere and replicate for 20 h
before adding the templated CtxA−DNA 4-, 6-, 8-, and 12-mer
assemblies or native CtxA as controls. We then measured the cell
confluence every 2 h. To estimate the effect of the different peptide
assemblies on the change in confluence over time, we fitted the
observed confluence levels between 28 to 50 h linearly (correspond-
ing to 8 to 30 h after peptide addition) and reported the slopes of the
fits (See Supporting Information Section 6 for more details).
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