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Synthetic protein-conductive membrane
nanopores built with DNA
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Nanopores are key in portable sequencing and research given their ability to transport
elongated DNA or small bioactive molecules through narrow transmembrane channels.
Transport of folded proteins could lead to similar scientific and technological benefits. Yet
this has not been realised due to the shortage of wide and structurally defined natural pores.
Here we report that a synthetic nanopore designed via DNA nanotechnology can accom-
modate folded proteins. Transport of fluorescent proteins through single pores is kinetically
analysed using massively parallel optical readout with transparent silicon-on-insulator cavity
chips vs. electrical recordings to reveal an at least 20-fold higher speed for the electrically
driven movement. Pores nevertheless allow a high diffusive flux of more than 66 molecules
per second that can also be directed beyond equillibria. The pores may be exploited to sense
diagnostically relevant proteins with portable analysis technology, to create molecular gates
for drug delivery, or to build synthetic cells.
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ARTICLE

embrane nanopores are relevant for science and tech-

nology!-8. The biological function of shuttling mole-

cular cargo across cell membranes®~1! can be exploited
by engineering pores for enhanced cellular export of valuable
molecules!?2, A more transformative approach is to use pores
beyond their traditional biological role, such as for next-
generation portable DNA sequencing and biosensing. In this
analytical method, individual molecules pass through single
membrane-embedded nanopores to cause detectable changes in
the ionic pore current3->7:8, Narrow protein pores are highly
suitable for sequencing because their 1-2nm wide channels
match the dimension of individual elongated translocating DNA
strands®13-1, Engineered protein pores are also versatile tools for
studying the chemistry and biophysics of single molecules!®, or to
control flux of small bioactive compounds in and out of
cells®17:18,

Wider pores capable of transporting folded proteins or related
cargo could realise similar benefits. For example, 5-10nm
wide pores could extend the analyte range for point-of-care
diagnostics, environmental screening, or homeland security”-19-21,
Wide and resealable pores could also function as molecular
gates to release therapeutic proteins from drug-delivery vesicles.
However, biological pores are not suitable for these applications?2.
They are either wide yet heterogeneous in diameter23, structurally
defined but not sufficiently wide for protein transport?»2>, or
structurally complex?®27. De novo protein design?? of matching
pores is currently too challenging, even though it is possible to
obtain channels by arranging membrane-spanning peptides via
covalently attached oligonucleotide scaffolds that are outside the
membrane?8:29,

Synthetic nanopores solely composed of DNA are an attractive
alternative towards a wider lumen given the ease of rationally
designing defined nanoscale architectures with DNA nano-
technology?9-34. Indeed, DNA NPs carrying membrane
anchors®~40 have been constructed using a basic design of six
hexagonally arranged DNA duplexes that enclose a 2-nm-wide
hollow channel3>-3%, along with wider versions*!42 which facil-
itate flux of double-stranded DNA*2. While the synthesis of wide
DNA nanopores is one crucial step, it is equally important to
provide evidence of protein transport. The scientifically desirable
analysis of single pores may be achieved with classical electrical
recordings, yet transport can only be indirectly inferred from
current fluctuations in low-throughput fashion. A better option is
to measure diffusion flux in a massively parallel format with
optical-readout silicon-on-insulator (SOI) chips to yield statisti-
cally relevant insights. Nevertheless, a synergistic combination of
both methods would be ideal to better understand how electro-
phoretic vs. diffusion influence fundamental variables, such as
transport speed.

Here we report on a DNA nanopore capable of transporting
folded proteins as determined with electrical measurements and
high-throughput diffusion flux analysis. The rationally designed
DNA pores are assembled to yield the expected defined dimen-
sions. Transport through the membrane-spanning channel is
confirmed for two differently sized proteins, and translocation
speed is at least 20-fold faster under electrophoresis than for
diffusion-driven mode. Our study helps to better understand
movement through nanoscale confined space, overcomes several
limitations of biogenic and synthetic membrane nanopores, and
opens up applications across biosensing and synthetic biology.

Results

Pore design. The membrane-spanning DNA nanopore NP was
designed with the caDNAno software*> and is composed of
parallel aligned DNA duplexes assembled in square lattice fashion

(Fig. 1a, b, Supplementary Fig. 1). The duplexes are interlinked by
cross-overs (Fig. 1a, grey loops; Supplementary Fig. 1)3031, The
pore features a cap region (blue) and a membrane-spanning
region (orange, Fig. la, b). Its total height is 46 nm and the
external maximum width measures 22.5 nm (Fig. 1b, c).

In NP’s cap region of 35 nm height, the pore wall is composed
of up to three duplex layers to increase structural stability
(Fig. 1b, ¢). In the membrane-spanning part, the wall is two-
duplexes thick to decrease the overall pore-spanning area for
facile membrane insertion (Fig. la, c). The transmembrane
section carries a total of 24 lipid anchors composed of cholesterol
to facilitate membrane insertion (Supplementary Fig. 1). By
placing the anchors in a recessed pore environment (Fig. 1b), the
formation of hydrophobically clustered pore oligomers can be
suppressed. The lumen of the pore has a cross-sectional area of
7.5 x 7.5 nm? and features a wider opening at its top to facilitate
the entrance of biomolecules. In the membrane-inserted state, the
pore is expected to enable transport across the membrane for
protein cargo (green) smaller than the pore’s channel
width (Fig. 1a).

Pore assembly. Two types of DNA nanostructure were generated:
a pore with cholesterol lipid anchors, NP, and one without cho-
lesterol lipid anchors, termed NPAC, The NPAC pore is assembled
via the scaffold-and-staple approach, whereby staple oligonu-
cleotides direct the folding path of a long single-stranded DNA
scaffold3%31, The lipid anchor-free pore can then be converted
into lipid-modified NP by decorating the transmembrane region
with cholesterol-carrying oligonucleotides. The 2D DNA map
and DNA sequences of component strands are shown in Sup-
plementary Fig. 2 and Supplementary Dataset 1, respectively.
Assembly of NPAC was analysed via electrophoresis to yield a
single defined band (Fig. 2a, panel —SDS), implying a homo-
geneous population of folded products. The pore band migrated
at a different height than the scaffold strand (ss) (Fig. 2a), indi-
cating complete assembly. Pore NP with cholesterol anchors also
led to a defined band when analysed in detergent SDS (Fig. 2a,
panel +SDS) to suppress streaking caused by hydrophobic
interactions with the gel matrix or by pore aggregation (Fig. 2a,
panel —SDS)3”. The DNA origami pores with a molar mass of
487 MDa were purified via size-exclusion chromatography
(Supplementary Fig. 3) from excess staple oligonucleotides and
used for biophysical analysis.

Structural characterisation of the pores. Transmission electron
microscopy (TEM) was applied to determine the dimensions of
NPAC, The negatively stained samples featured isolated rectan-
gular DNA nanopores (Fig. 2b) whose parallel aligned DNA
duplexes are consistent with the design, similar to the different
pore wall thicknesses at the upper pore entrance (Supplementary
Fig. 4). Analyses of over 25 pores established a height of 31.5 +
2.1nm (+SD) and a width of 20.5+1.7nm. The latter is
in excellent agreement with the expected width of 22 nm, while
the height is slightly shorter than the 35 nm of the cap region.
The total pore height of 46 nm is not completely apparent
since the single-duplex-thin transmembrane region were not
intensely stained.

The anchoring of cholesterol-tagged NP into lipid bilayers was
established using a gel shift assay. The band for the nanopore was
upshifted and co-migrated with small unilamellar vesicles (SUVs)
that were unable to enter the gel (Fig. 2c). Increasing amounts of
SUVs led to a complete conversion to the upshifted DNA band
(Fig. 2¢), implying that all pores interacted with the lipid bilayer.
By contrast, NPAC without lipid anchors did not produce any gel
shift (Fig. 2c) as cholesterol is needed for membrane insertion.
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Fig. 1 The rationally designed large membrane-spanning DNA nanopore NP. a The pore is composed of squarely arranged DNA duplexes, which are
illustrated as blue and orange cylinders. The latter carry cholesterol lipid anchors for membrane insertion. Protein trypsin (green) can pass via the pore
from the cis to the trans side of the membrane. b Top-down and side views of the nanopore. ¢ Cross-sectional side view illustrating the geometry of the

pore lumen with annotated dimensions
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Fig. 2 Assembly, purity, dimensions, and membrane-interaction of DNA nanopores NP and NPAC, a Gel electrophoretic analysis of scaffold strand (ss),
nanopores NPAC and NP without and with detergent SDS, respectively. The position and kilo base pair length of the dsDNA markers are annotated at the
sides of the electropherograms. b Representative transmission electron microscopy (TEM) images of negatively stained NPAC, Scale bar, 50 nm. ¢ Gel
electropherogram of NP and NPAC incubated with no (leftmost lane) or increasing amounts of small unilamellar vesicles (SUVs) ranging in concentrations
from 6.9 to 12.5 nM. The upshifted bands of lipid anchor-bearing NP indicate favourable interactions with bilayer membranes. The interaction does not
occur for anchor-free NPAC, The position of the two dsDNA markers with a length of 10 and 1kbp is given at the right of the gels. d Representative TEM
images of negatively stained NP inserted into SUVs. Scale bar, 50 nm. Source data are provided as a Source Data file

Pores with half the number of cholesterol anchors resulted in
incomplete gel shifts (Supplementary Fig. 5).

Pore insertion via its membrane-spanning region was con-
firmed with TEM analysis. NP nanopores were incubated with
SUVs of an average diameter of 50 nm and negatively stained.
The striking TEM images show single and multiple pores
embedded into vesicles (Fig. 2d, Supplementary Fig. 6), thereby
validating the concept of faciliated DNA pore insertion into
curved membranes37-44, In addition, the narrower part of pore
lumen pointed towards the vesicle membrane (Fig. 2d, Supple-
mentary Fig. 6), consistent with the predicted orientation of the
membrane-inserted DNA nanopore (Fig. 1c). In analogy to small
DNA pores*-46, the mechanism and energetics for membrane
insertion of the large pore most likely involves a first step that
tethers the pore to the bilayer without puncturing, possibly in a
non-perpendicular orientation to the membrane. In a second
step, the pore reorients itself to span the lipid bilayer.

Ionic transport through individual pores. The conductance
properties of membrane-spanning NP nanopores were analysed

with single-channel current recordings. Individual pores were
inserted into a planar lipid bilayer and a potential was applied
across the membrane to induce flow of electrolyte ions!0-3%47,
Under standard electrolyte conditions, a constant current of
49.5 pA was observed (Fig. 3a) at a potential of +20 mV relative
to the cis side of the pore. The corresponding conductance
distribution of 98 pores had one maximum at 2.37 £ 0.30 nS (n =
56, +SD, n is the number of independent pore insertions)
(Fig. 3b). In agreement with the wide pore lumen, the con-
ductance is 2.6-fold higher in comparison to a reference DNA
pore of 2nm diameter?’. The conductance is lower than the
theoretical value of 6.7 nS calculated for the known pore geometry
of NP (see Methods), but this is expected as simple calculations
incorrectly assume a constant mobility of electrolyte ions in
negatively charged nanopores*®. The low conductance suggests
that ionic leakiness found in simulations of DNA structures#¥->1
is not a major influence for this nanopore. Otherwise, a higher
conductance would have been found. In the conductance histo-
gram, a second peak was evident at 1.18 £0.42nS (n=43)
(Fig. 3b), which suggests a smaller conductance population, likely
induced by voltage. High-to-low conductance switches are often
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Fig. 3 Electrical recordings confirm the membrane-spanning nature of DNA nanopore NP. a Representative ionic current trace of a single nanopore in 1M
KCI, 10 mM HEPES pH 8.0, and at +20 mV relative to the cis side of the membrane (Fig. 1a). b Histogram of channel conductances obtained from
approximately 100 independent single-channel recordings at +20 mV to +50 mV. Red and blue indicate the low and high conductance states of pores,
respectively. ¢ Current-voltage (IV) curves displaying the averages and standard deviations from 10 independent single-channel current traces. The low
and high conductance states of the pores are shown in blue and red, respectively. Electrical recordings were measured using the Orbit 16 device which is
grounded at the cis chamber. Source data are provided as a Source Data file
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Fig. 4 Transport of protein trypsin through DNA nanopore NP. a Scheme of the DNA nanopore and its interaction with protein molecules (green). b Single-
channel current trace recorded at —50 mV in the presence of trypsin (66.7 uM) at the cis side leading to blockade. ¢ Scatter plot showing dwell time 7.
and amplitude A for single-channel current recordings with trypsin (66.7 pM) in the cis chamber. Points cluster into type | (light green) and type Il (dark
green) events. Each point in the diagram represents an individual encounter event of protein with the DNA nanopore. The scatter plot comprises 7282 data
points from three independent DNA nanopore insertions. Electrical recordings were measured using the Orbit mini device which is grounded at the trans

chamber. Source data are provided as a Source Data file

seen at voltages exceeding 80 mV (Supplementary Fig. 7). The
voltage-dependent gating may be caused by partial unzipping of
DNA strands®®4? and could be reduced by forming a more
covalently closed nanostructure®2. The voltage ramps established
that the nanopore was of ohmic behaviour; apparently, the
structural asymmetry of the pore does not influence voltage-
dependent conductance (Fig. 3c).

Protein transport through individual pores. The transport of
protein along the channel lumen of NP (Fig. 4a) was examined
with single-channel current recordings. As model protein, trypsin
with a diameter of 4.1 x 3.2 x 2.0 nm? and an isoelectric point, pl,
of 10.1 was selected along with an electrophysiological buffer with
pH 8.0 to render trypsin net positively charged. Upon its addition
to the cis side at a concentration of 66.7 uM, current blockade

events occurred (Fig. 4b). Their frequency increased with the
protein concentration (Supplementary Fig. 8). The events were
characterised with their duration, 7.g and amplitude, A (Fig. 4b,
inset). When each event was plotted with its 7, and A as separate
points in a scatter diagram, two types of events became apparent
(Fig. 4c). Type I clustered at a blockade of 13.3+6.1% (+SEM)
(n = 3) and type II at blockade of 57.2 + 8.5% (n = 3). Both events
had a similar 7.4 distribution ranging from 0.5 to 20 ms with
type I featuring an average 7,4 of 1.04+0.17ms (n=3) and
type II at 1.31+0.29 ms (n=3). The T, values were obtained
from the fit to the single exponential decay distributions. Type II
events were more frequent, comprising 5276 out of 7282 points of
the distribution.

In line with related current signatures through inorganic
pores'®>3, type I events are interpreted as protein bumping at
the funnel opening or as temporary entrapment without pore
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translocation leading to partial pore blockage (Fig. 4a, bright
green). By contrast, type II events are considered to represent
trypsin translocation through the entire DNA pore lumen (Fig. 4a,
dark green). The translocation may involve intermittent interac-
tions of the positively charged trypsin to the negatively charged
pore wall. Type II blockade events are voltage-dependent, occurring
only at negative membrane potentials (Supplementary Figs. 9
and 10). Type I events, however, were apparent at both positive and
negative membrane potentials, which is consistent with their
assumed origin as intermittent collisions with the DNA nanopore.

To test whether type II blockade events were due to trypsin
translocation, another protein, green fluorescent protein (GFP),
was tested. GFP is larger than trypsin resembling a cylinder of
length 4.2 nm and average diameter of 3 nm, with an N-terminal
a-helix that extends an extra ~1 nm. GFP is thus expected to
block the DNA pore lumen to a greater extent than trypsin. In
addition, GFP has a different pI of 5.8 and is net negatively
charged at pH 8.0, but net positively charged at the acidic pH of
5.0. A negatively charged protein is not expected to interact with
the negatively charged pore walls. Indeed, when using an
electrophysiological buffer of pH 8.0, no GFP translocation
events were detected (Supplementary Fig. 11a). It is thought that
in the absence of electrostatic interaction with the pore walls, GFP
passes through the DNA nanopore lumen too quickly to be
detected by the amplifier. However, when the pH of the
electrophysiological buffer was dropped to pH 5.0, distinct
blockade events occured after the addition of 200 nM GFP to
the cis side (Supplementary Fig. 11b). In concordance with
trypsin translocation, GFP translocation also clustered into type I
and type II events when each event was plotted with its duration
Tog and amplitude A as separate points in a scatter diagram
(Supplementary Fig. 11c). Type II events were voltage-dependent,
occurring only at negative membrane potentials (Supplementary
Fig. 11¢, e). Type I events occurred, however, at both positive and
negative potentials (Supplementary Fig. 1lc, e). In agreement
with the larger size of GFP, a more extensive blockade of type II
events was seen, with an average blockade of 72.6 + 8.9% (+SEM)
(n = 3) compared to 57.2+£85% (n = 3) for trypsin. The
blockade levels of type I events remain fairly constant, with an
average value of 6.9 +2.2% (n = 3) for GFP compared to 13.3 +
6.1% (n = 3) for trypsin.

These results support our hypothesis that type I events are
caused by protein bumping at the funnel opening, whereas type II
events correspond to protein translocating through NP. The GFP
translocation data also support the idea that protein translocation
can only be resolved after a sufficient reduction in the speed of
translocation, in our experiments caused by an increased
electrostatic interaction between the translocating protein and
the pore wall. In line with this model, the proteins’ translocation
duration at around 1ms is strikingly two orders of magnitude
slower than for a 20-nm-wide solid-state pore of similar charge
polarity>®>>. The driving force for protein translocation is of
more complex nature. Electrophoresis cannot account for the
translocation as the force at negative potentials would drive the
positively charged trypsin at pH 8.0 (and GFP at pH 5.0) out of
the pore (Supplementary Fig. 12). Most likely, the details of
molecular transport must also consider the non-simplistic electric
fields in negatively charged DNA nanopores, as apparent in
molecular dynamics simulations*!.

Massively parallel optical analysis of protein transport.
Recently, silicon chips gained attention for the optical character-
isation of membrane protein kinetics, due to their high parallelism
and throughput®®-%0. Therefore, protein translocation through
individual NP DNA nanopores was analysed in the absence of

electrical fields via an optical readout SOI chip?8. The latter features
14,400 identical cavities with 50-fL volumes (trans side) connected
by single solid-state nano-orifices of 80 nm diameter to a buffer
reservoir (cis side). In the optical assay, fluorescent probes are
encapsulated inside the chips’ arrayed cavities with a lipid bilayer
spread across the cavities’ top (Fig. 5a). The stochastic insertion of
one DNA nanopore per cavity leads to the diffusive outflow of
fluorescent probes, which can be tracked by time-lapse fluorescence
images of the cavity array. As a result, hundreds up to thousands of
translocation processes can be visualised in parallel through indi-
vidual nanopores.

The transport kinetics through single DNA nanopores were
examined with enhanced green fluorescent protein (EGFP). The
barrel-shaped protein of 27 kDa has a height of 4.2nm and a
diameter of 3.0 nm®!, and is expected to translocate through the
pore lumen of 7.5x7.5nm? cross-sectional area. By contrast,
control probe Rhodamine B dextran (70kDa, 8 nm hydrody-
namic diameter®2) should not pass the pore. In the experi-
ments, EGFP (5uM) and control probe Rhodamine B dextran
(8 uM) were first sealed inside the cavities at efficiencies up to
81%, as determined by colocalisation of both probes (Supple-
mentary Fig. 13). Addition of DNA nanopores and successive
time-lapse recordings of the cavity array revealed exponentially
decaying fluorescence signals for EGFP reflecting pore-mediated
protein efflux (Fig. 5b, green fluorescence). In support of size-
selective transport, the signal for negative control Rhodamine B
dextran remained constant (Fig. 5b, red fluorescence). Statistical
analysis of more than a thousand traces indicated high
experimental quality because monoexponential EGFP decay was
found for 40.4% of all sealed cavities (Fig. 5¢). In contrast, only
1.2% of the cavities showed fast declines for both fluorescence
signals, and 42.2% had no signal changes implying high
membrane stability (Fig. 5c, Supplementary Fig. 13). The
remaining cavities featured complex kinetics such as increase in
EGFP signals, or unsuitable controls, which have no, weak, or
unexpected signals for Rhodamine B dextran. Further analyses of
pore-mediated effluxes were carried out exclusively with
traces showing monoexponential decays in the EGFP signal
recordings and constant fluorescence for Rhodamine B dextran
(Fig. 5d).

Efflux traces were analysed to determine the exponential rate
constant kg, for protein translocation through single DNA
nanopores. At a pore concentration of 3.2nM, a heterogeneous
distribution of kg, Was obtained, indicating undesirable multiple
nanopore insertions per cavity (Supplementary Fig. 14). By contrast,
a considerably lower concentration of 10 pM yielded a total of 737
traces with two Gaussian-distributed k., peaks (Fig. 5e, inset).
The first peak at 3.66 +1.33 x 104571 (+SD from the Gaussian fit)
represents single-pore translocation, whereas the second peak of
approximately twice the value at 6.44 +2.60 x 1045~ stems from
two DNA nanopores simultaneously inserted in the membrane of
an individual cavity. Further support for single-pore protein
translocation was obtained with an even lower DNA pore
concentration of 1 pM to diminish the proportion of cavities with
two insertions. Indeed, k., rate constants from more than 1600
traces (Fig. 5e) were more concentrated in the first peak of 4.42 +
1.10 x 104571, The rate constant implies that up to 66 individual
EGFP molecules translocate through the pore per second. When
the membrane was ruptured by detergent Triton X-100, fast
diffusion of EGFP and dextran was recorded with high k.g,y values
of 168+25x 103571 and 8.6+ 1.5x 1073571, respectively (Sup-
plementary Fig. 15). The rapid diffusion also indicates lack of
unspecific interaction with the cavity walls.

Pore-mediated protein translocation was confirmed with a
biomolecular recognition assay. Recogniton was achieved
by using an IgG antibody with two paratopes to Hiss-tagged
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Fig. 5 Kinetic analysis of protein transport through single DNA nanpores analysed using silicon chips. a Architecture of a transparent silicon-on-insulator
(SOI) chip featuring a microcavity closed off by a membrane with the embedded DNA nanopore NP. The microcavity contains a solution of enhanced
green fluorescent protein (EGFP) (27 kDa) and Rhodamine B dextran (70 kDa) at the trans side and is separated by the solid-supported lipid bilayer (SLB)
from the buffer reservoir (cis side). EGFP acts as flux analyte, whereas larger Rhodamine B dextran (70 kDa) is a negative control for pore transport and
indicates membrane rupture. The microcavity is not drawn to scale. b Exemplary normalised EGFP (green squares) and Rhodamine B dextran (red circles)
fluorescence signals implying translocation of folded proteins through a DNA nanopore. The arrow (grey) shows the point of spontaneous

membrane insertion of a nanopore. ¢ The statistics of thousands of single translocation traces are classified in nanopore-mediated EGFP effluxes,
membrane ruptures, complex kinetics, and inadequate controls as well as cavities without signal changes. The statistics were obtained for 1pM NP.

d Multiple similar, normalised EGFP efflux traces from different SOI cavities indicate high structural homogeneity among nanopores. e DNA pore-mediated
efflux traces were fitted monoexponentially with rate constant k., and the values are summarised in the histograms. The distribution of efflux constants
was Gaussian fitted to reveal single nanopore efflux constants (ke single) (solid line) and double nanopore efflux constants (keffiux double) (dashed line). The
proportion of single nanopore efflux constants was larger for 1pM DNA nanopore NP compared to 10 pM (inset). The total number of individual traces in
the histograms are 1649 and 737, respectively. Source data are provided as a Source Data file

EGFP. The antibody (137 kDa) was added to the chip cavities in  effectively inhibited pore translocation as only 0.7% of cavities
slight excess over HiSSEGFP to form a large biomolecular complex ~ displayed MiSSEGFP effluxes (Fig. 6¢c), in comparison to the
and impede pore-mediated efflux of the fluorescent protein EGFP-mediated effluxes of 40.4% without a-His antibodies
(Fig. 6a). Indeed, analysis of hundreds of cavities revealed that (Fig. 5c). Complex kinetics of HiSSEGFP efflux were at 2.4% and
71.8% featured unchanged green fluorescence (Fig. 6b, c) even unsuitable controls of Rhodamine B dextran at 9.9% (Fig. 6¢).
though a high pore concentration of 1.1 nM was used. Antibodies ~Membrane ruptures accounted for 15.2% of cavities, which is
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Fig. 6 The flux of proteins through single DNA nanopores is modulated by antibodies. a Schematic illustration of the antibody recognition assay.
Hexahistidine-tagged enhanced green fluorescent protein (HISSEGFP) (1.0 uM, 27 kDa), Rhodamine B dextran (8.0 uM, 70 kDa), and a-His antibody

(0.6 uM, 137 kDa) are sealed inside the chip cavities by supported lipid bilayer formation. After fluxing through the NP pore, HiSSEGFP is recognised by
a-His antibodies and impeded to move back through the DNA nanopore. b Exemplary traces of HiSSEGFP (green square) and Rhodamine B dextran
(70 kDa) (red circle) indicating that efflux of the fluorescent protein is impaired by the EGFP-antibody complex. ¢ The results of the recognition assay
with 1.1 nM NP are classified into pore-mediated EGFP effluxes, membrane ruptures, complex kinetics, and unsuitable controls without signal changes.
d Schematic illustration of the antibody-sink experiment. Rhodamine B dextran (8.0 uM, 70 kDa) and a-His antibody (0.6 uM, 137 kDa) are encapsulated
inside the chip cavities via supported lipid bilayer formation. After adding to the buffer reservoir HSSEGFP (80 nM) and DNA nanopore (1.1nM), free
HiSSEGFP can diffuse via a DNA nanopore into the cavities where it is recognised and bound by a-His antibody. This leads to an accumulating green
fluorescence signal until all antibodies are saturated with fluorescent proteins. e Normalised mean grey values of HiS6EGFP (green square) and Rhodamine
B dextran (70 kDa) (red circle) showing accumulation over time for a single cavity, mediated by the antibody sink reaction. f Statistical histogram analysis

of 208 kesriux constants for the antibody-sink experiment. Source data are provided as a Source Data file

likely caused by the antibody conservative thimerosal, known to
destabilise lipid bialyers®3. Deliberate rupturing of the membrane
with detergent drastically increased the efflux of HiSSEGFP and
Rhodamine B dextran.

To demonstrate that antibody binding can also promote pore-
mediated protein translocation, another chip assay was per-
formed. In the sink assay, a-His antibodies are sealed inside the
cavities (trans side) while FISOEGFP is at the cis reservoir (Fig. 6d).
The flux of HISSEGFP through the pore and subsequent binding
by a-His antibodies traps the fluorescent protein inside the

cavities (Fig. 6d). The reduction of free HISSEGFP thermo-
dynamically drives its influx until all antibody paratopes are
saturated. Accumulating proteins against their concentration
gradient has not yet been studied with SOI chips. The assay was
conducted with 0.6uM a-His antibody and 8.0 uM control
Rhodamine B dextran sealed inside the cavities and 80 nM
HiSOEGFP in the buffer reservoir, followed by adding 1.1 nM of
the DNA pore to induce flux. In support of a successful sink
reaction, a strong fluorescence increase for HSSEGFP was seen in
cavities after 4 h (Supplementary Fig. 16). The HISCEGFP signal
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rose up to fivefold (Fig. 6e, green symbols), whereas the signal for
control Rhodamine B dextran stayed constant (Fig. 6e, red
symbols). In total, 208 influx traces were analysed showing a rise
in HiSSEGFP fluorescence (Fig. 6f). As expected, membrane
rupturing with a detergent drastically increased the efflux of
HiSSEGFP and Rhodamine B dextran. Transport was also
established with another molecular cargo, a fluorophore-labelled
polymer, using a bulk-transport assay with giant unilamellar
vesicles (GUVs) (Supplementary Fig. 18).

Discussion

This report has pioneered the translocation of folded proteins
through a synthetic membrane-spanning DNA nanopore which is
of relevance for biophysics, biosensing, and DNA nanotechnol-
ogy. Transport through the 50 nm? wide pore lumen was ana-
lysed in high-throughput fashion with massively parallel single-
channel readout, in addition to electrical recordings. The dual
analysis revealed the influence of nanoconfinement on transport
and the 20-fold slower protein speed for diffusion- compared
to electric field-driven transport. The study thereby provides a
step-change to existing biogenic and synthetic channels to
advance understanding of the biophysics of transport as well as
to promote nanopore-based biosensing. Previously, transport of
folded proteins has not been achieved with membrane- but with
inorganic solid-state pores”’!%%4, However, the latter are not
compatible with biological bilayers or synthetic membranes that
are commonly used in biosensing platforms. Membrane-spanning
and wide DNA pores address this shortcoming by using a highly
modular design principle that can adjust pore diameter, which is
a quality difference compared to protein pores. Larger DNA pores
may be assembled from multiple smaller DNA origami units.
Molecular receptors capable of specifc analyte binding may also
be installed in the pore lumen, based on predictable DNA
hybridisation®?.

A DNA nanopore compatible with biosensing also advances
DNA nanotechnology which strives to create nanodevices with
functions relevant for applications outside the field®%. The
DNA membrane pore furthermore supports biomimetic DNA
nanotechnology which replicates the function of natural proteins
with  simpler-to-engineer DNA nanostructures such as
cytoskeletal-like membrane-shaping scaffolds®0-%8, To further
mimic nature, the nanopore could be turned into a molecular
gate to regulate the flow of proteins across membranes3%%? for
drug delivery nanodevices’? composed of stable vesicles with
biocompatible polymer walls’!72. Another exciting option is to
build a molecular machine that selectively moves cargo across
membranes’3, something which is supported by the antibody-
sink reactions. These biomimetic structures are of interest in basic
research, biotechnology and biomedicine’47°, In conclusion, our
study overcomes limitations of biogenic and synthetic membrane
nanopores and opens up several applications in science and
technology.

Methods

Materials. Native and cholesterol-labelled DNA oligonucleotides with a tri(ethy-
lene glycol)(TEG) linker were purchased from Integrated DNA Technologies
(Leuven, Belgium) or ATDbio (Southampton, United Kingdom) on a 1 pmol scale
with desalting or HPLC purification, respectively. 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) were procured from
Avanti Polar Lipids (Alabaster, AL). m13mp18 DNA was obtained from New
England Biolabs (Ipswitch, United Kingdom). PEG350-FAM was procured from
Chem Quest (United Kingdom). All other reagents and solvents were purchased
from Sigma-Aldrich unless stated otherwise.

Nanopore design. The DNA origami nanopore NP was designed using the square
lattice version of the CaDNAno software3. To assess rigidity in the structural

design, several cycles of strand routing with caDNAno and CanDo’® modelling
were conducted. The 7249 nt-long single-stranded m13mp18 DNA was selected as
scaffold strand. The rendering of the DNA nanopore and the 2D DNA map are
in Supplementary Figs. 1 and 2, respectively. In the design, lipid anchors are
attached to the pore via DNA oligonucleotides that carry cholesterol at the 5’ or
3’ terminus. These cholesterol-modified anchor strands hybridise via adaptor
oligonucleotides to the pore. The adapter-mediated binding enables limitation
of the number of expensive cholesterol-modified oligonucleotides to two. The
DNA sequences of staple strands, adaptor strands, and cholesterol-modified
anchor strands are provided in Supplementary Table 1.

Assembly. For the assembly of the DNA nanopores, NPAC was annealed in a
one-pot reaction containing 1x TAE buffer, supplemented with 14 mM MgCl,,
and a mixture of m13mp18 scaffold and staples at final concentrations of 4.2 and
100 nM, respectively. Assembly was conducted using a 8-day-long protocol
involving a first annealing phase from 80 °C to 60 °C at a cooling rate of 1 °C per
5 min, and a second phase from 60 °C to 20 °C at a rate of 1 °C per 300 min. To
form NP with cholesterol lipid anchors, NPAC, purified by size-exclusion
chromatography (SEC) (see below), was mixed with cholesterol-modified anchor
oligonucleotides (1.1 eq. strand per binding site at the pore, up to 24 sites) and
incubated at 30 °C for 12 h.

Agarose gel electrophoresis of DNA nanopores. The assembly products NP
and NPAC were analysed using 1.5% agarose gel electrophoresis in standard 1x
TAE buffer, optionally supplemented with 0.015% SDS. DNA pore samples
(10 puL) were mixed with 6x gel loading buffer (2 pL) and then loaded into the
wells. Gels were run at 70V for 1h at 8 °C. A 1000-base-pair marker (New
England Biolabs) was used as the reference standard. DNA bands were visualised
by staining with ethidium bromide solution and ultraviolet illumination. SDS
containing gels were washed with deionised water for 20 min prior to staining.
To analyse the interaction of NP with membranes, SUVs were formed.
Chloroform solutions of DOPE (0.3 mmol, 22.3 uL) and DOPC (0.7 mmol,

110 pL) were mixed, and added to an oven-dried round bottom flask (10 mL),
followed by removal of the solvent under vacuum using a rotary evaporator for
20 min. To form vesicles, a solution of 0.3 M KCI, 15mM Tris, pH 8.0 (1 mL)
was added, and the suspension was sonicated for 20 min at RT. SUV prepara-
tions were stored at 4 °C and used within one week. Before experimentation, the
SUV solution was vortexed for 2s. For agarose gel electrophoretic analysis of
NP nanopores with SUVs, the same gel conditions as described above were used,
except that SDS was omitted and gels were run at 40 V. Pores (15 uL, 1 uM, 0.3
M KCI, 15 mM Tris, pH 8.0) were incubated with SUVs (15 uL, 1 mM, 0.3 M
KCl, 15 mM Tris, pH 8.0) for 30 min at 37 °C. Blue loading dye (6x, no SDS,
10 uL) was added to the mixture and loaded onto the gel (30 uL).

Purification. Assembled NPAC nanopores were purified from excess staples using
SEC using an AKTA purifier 100/10 fitted with a Superdex 200 10/300 GL column
(GE Healthcare), using a flow rate of 0.5 mL per min at 8 °C. Elution was mon-
itored with UV-vis absorption at 260, 280, and 295 nm, and fractions containing
the folded DNA pore were pooled.

Transmission electron microscopy. Samples of membrane-inserted DNA nano-
pores were prepared by incubating NP at a final concentration of ~1 nM with the
pre-formed SUVss (total lipid concentration ~10 uM, DOPC/DOPE = 7: 3 mol%) in
1x TAE buffer supplemented with 0.3 M NaCl for 30 min at RT. The purified
NPAC pore or the mixture of NP and SUVs (6 uL of sample solution) were added
onto glow discharge-treated TEM grids and stained with 0.5% uranyl acetate
solution. TEM analysis was performed on a JEM-2100 electron microscope (JEOL)
operated at 200 kV and images were acquired with an Orius SC200 camera.

Nanopore current recordings. For planar lipid bilayer electrophysiological cur-
rent measurements, integrated chip-based, parallel bilayer recording setups (Orbit
16 and Orbit Mini; Nanion Technologies, Munich, Germany) with multielectrode-
cavity-array (MECA) chips (IONERA, Freiburg, Germany) were used!?3%47,
Bilayers were formed by painting DPhPC dissolved in octane (10 mg mL-!). The
electrolyte solution was 1 M KCI and 10 mM HEPES, pH 8.0. For pore insertion, a
2:1 mixture of cholesterol-anchored DNA nanopore NP and 0.5% OPOE (n-
octyloligooxyethylene, in 1 M KCl, 10 mM HEPES, pH 8.0) was added to the cis
side of the bilayer. Successful incorporation was observed by detecting current
steps. The Orbit Mini was in this case used for all protein translocation studies and
the Orbit 16 for all other current measurements. The Orbit 16 current traces were
Bessel-filtered at 2.873 kHz and acquired at 10 kHz with an EPC-10 patch-clamp
amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany) applying the PATCH-
MASTER software (HEKA Elektronik). The Orbit Mini current traces were not
Bessel-filtered and acquired at 10 kHz, using Element Data Recorder software
(Element s.r.l, Italy). Single-channel analysis was performed using Clampfit
(Molecular Devices, Sunnyvale, CA, USA). The theoretical conductance of NP was
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calculated using the following equation, in accordance with37:

nd?

G= ,
"L tnd

)

where « is the electrical conductivity (equal to 10.86 Sm™! for 1 M KCl at 25 °C), d
is the diameter, and L the length of the pore.

Release assays with fluorophore-filled vesicles. Giant unilamellar vesicles
(GUVs) were formed by adding a solution of DOPE (0.3 pmol, 50 uL) and DOPC
(0.7 pmol, 550 uL) to an oven-dried round bottom flask (10 mL), and the solvent
removed under vacuum using a rotary evaporator for 20 min, followed by ultra-
high vacuum for 3 h. A solution of sorbitol (1 M, 1 mL) containing PEG350-
FAM (10 uM) was added to the flask, and the solution was sonicated for 30 s to
form fluorophore-filled vesicles. After 20 min, a portion of the GUV suspension
(1 uL) was added to PBS (200 uL) within an eight-well glass chamber (LabTek).
After allowing the vesicles to settle for 5 min, a mixture of NP/OPOE (100 uL
SEC-purified NP/12.5 uL 0.5% OPOE with 37.5 uL PBS) or cholesterol strands/
OPOE (100 pL anchor-cholesterol strand/12.5 uL 0.5% OPOE, 37.5 uL PBS) was
added. The fluorescence images were collected after 30 min using a confocal
laser scanning microscope (FV-1000 Olympus), x60 oil objective, excitation at
515 nm, and the appropriate emission filters using identical settings for all
vesicles.

Chip fabrication. The SOI chips (13 x 13 mm?) comprised a 3.0 £ 0.5 um silicon
(100) device layer, 100 + 10 nm buried oxide (BOX), and a 380 + 15 um undoped
silicon (100) handling substrate. These chips were coated by stoichiometric SizN,
(thickness ~50 nm) on both sides, using low-pressure chemical vapour deposi-
tion. A square window (1.8 x 1.8 mm?) was then opened in the Si;N, layer at the
centre of the chip’s backside via optical lithography (Shipley S1818 photoresist)
and reactive ion etching (RIE) using a C4Fg/O, gas mixture, 150 W power, and a
duration of 85 s. Subsequently, anisotropic wet etching was performed in aqueous
potassium hydroxide solution (20 wt% KOH, 80 °C, 3 h) to remove the bulk Si
layer at the backside, thereby forming a large pyramidal pit truncated at the BOX
layer. The next fabrication step yielded arrays of cavities opened by a nanoscale
orifice of 80 nm diameter. The square arrays (120 x 120 um?, with a pitch of

10 um) were patterned by electron beam lithography (EBL, e_LiNE system, Raith,
Dortmund, Germany) using EBL resist AR-P 6200 (Allresist, Strausberg, Ger-
many), an acceleration voltage of 30 kV, a beam current of ~30,pA, and developer
AR 600-546 (Allresist, Strausberg, Germany). Subsequently, the nano-orifice array
resist pattern was transferred into the Si;Ny layer by another RIE step (C4Fg/O,,
150 W, 85s). The final, homogenous array of 14,400 nano-orifice cavities with
volumes ~50 fL was obtained by a second anisotropic wet etching, now of the Si
device layer, in KOH solution (15 wt%, 50 °C, 3.5 h). Each individual cavity fea-
tures the shape of an inverted pyramid, whose tip is truncated at the BOX layer
(i.e. the transparent cavity bottom).

Liposome preparation for chip translocation assay. Liposomes used to obtain
supported lipid bilayers (SLB) were prepared as follows. Briefly, a dried lipid film of
DOPC and DOPE at a molar ratio of 7:3 was resuspended in 1x TAE buffer
supplemented with 14 mM MgCl, pH 8.3, followed by sonication for 20 min.
Afterwards, the lipid suspension was extruded 21 times through polycarbonate
filters (100 nm) using a LiposoFast-Basic extruder (AVESTIN, Mannheim, Ger-
many), followed by five freeze-thaw cycles.

SOI chip preparation. The silicon chips were cleaned in oxygen plasma for 2 min
at 0.3 mbar and 80% power with the Diener Electronics plasma cleaner (Ebhausen,
Germany) followed by gluing the activated surface onto eight-well adhesive slides
(ibidi, Planegg/Martinsried, Germany). Afterwards, the chip was washed with
ethanol followed by 1x TAE buffer supplemented with 14 mM MgCl, pH 8.3.
Depending on the experiment, solutions of HSSEGFP, Rhodamine B dextran

(70 kDa), or a-His antibodies were used followed by adding the liposome sus-
pension (1 mgmL-!, incubation 1h). Afterwards, the buffer reservoir was washed
several times with 1x TAE/14 mM MgCl, before the single-transport recordings
were carried out. Sealing efficiencies were determined by dividing the EGFP/dye
filled cavities by the total cavities per field of view. HiSSEGFP was purified as
described’”” Rhodamine B dextran (70 kDa) was purchased from Thermo Fisher
Scientific (Darmstadt, Germany), and a-His antibody was obtained from Abcam
(Berlin, Germany).

Single-transport optical recordings. Optical single-pore recordings were per-
formed using the SOI chips and readout with a confocal laser scanning micro-
scope (CLSM) LSM 880 (AxioObserver from Zeiss, Jena, Germany) equipped
with a Plan-Apochromate x20/0.8 M27 air objective. Different concentrations of
the NP DNA nanopore were applied and time-lapse images were recorded with
varying time intervals dependent on the experiment. Each assay was ceased by
solubilizing the SLB with the addition of Triton X-100 4% (v/v) at a final con-
centration of 0.4%. The termination of the assay was recorded in time-lapse
images via CLSM.

Analysis of single-transport optical recordings. The optical time-lapse images
were processed with the Zen 2.1 black software by Zeiss, followed by drift
corrections, region of interest analysis, and mean grey value extraction by
Image]. The monoexponetial translocation kinetics were fitted with the Nanocal
software (Nanospot GmbH), and the resulting fist-order rate constants (keyx)
were statistically analysed with Origin 9.1 Pro (OriginLab), including Gaussian
fitting. The antibody-sink reaction was analysed in a similar manner; however,
the onset of the EGFP increase traces was fitted by a linear function due to the
constant flux gradient mediated by the antibodies and due to the similarity in the
efflux rate.

Data availability

The source data underlying Fig. 2, Fig. 3b, Fig. 3¢, Fig. 4c Fig. 5b-e, Figs. 6b, 6¢, 6e, 6f,
and Supplementary Figs. 7b, 8b, 10a-f, 11c-f, 14, 15 and 17 are provided as a Source Data
file. The data underlying the results of this study are available from the corresponding
authors upon reasonable request.

Received: 18 June 2016; Accepted: 23 September 2019;
Published online: 04 November 2019

References

1. Feng, J. et al. Identification of single nucleotides in MoS, nanopores. Nat.
Nanotechnol. 10, 1070-1076 (2015).

2. Quick, J. et al. Real-time, portable genome sequencing for Ebola surveillance.
Nature 530, 228-232 (2016).

3. Liu, X,, Mihovilovic Skanata, M. & Stein, D. Entropic cages for trapping DNA
near a nanopore. Nat. Commun. 6, 6222 (2015).

4. Lindsay, S. The promises and challenges of solid-state sequencing. Nat.
Nanotechnol. 11, 109-111 (2016).

5. Wang, Y., Zheng, D., Tan, Q., Wang, M. X. & Gu, L. Q. Nanopore-based
detection of circulating microRNAs in lung cancer patients. Nat. Nanotechnol.
6, 668-674 (2011).

6. Volgraf, M. et al. Allosteric control of an ionotropic glutamate receptor with
an optical switch. Nat. Chem. Biol. 2, 47-52 (2006).

7. Wei, R. S, Gatterdam, V., Wieneke, R., Tampé , R. & Rant, U. Stochastic
sensing of proteins with receptor-modified solid-state nanopores. Nat.
Nanotechnol. 7, 257-263 (2012).

8. Howorka, S. & Siwy, Z. Nanopore analytics: sensing of single molecules.
Chem. Soc. Rev. 38, 2360-2384 (2009).

9. Alberts, B., et al. Molecular Biology of the Cell, 6th edn (Garland Publishing,
2014).

10. Goyal, P. et al. Structural and mechanistic insights into the bacterial amyloid
secretion channel CsgG. Nature 516, 250-253 (2014).

11. Bausewein, T. et al. Cryo-EM structure of the TOM core complex from
Neurospora crassa. Cell 170, 693-700 (2017).

12. Chowdhury, R. et al. PoreDesigner for tuning solute selectivity in a robust and
highly permeable outer membrane pore. Nat. Commun. 9, 3661 (2018).

13. Cherf, G. M. et al. Automated forward and reverse ratcheting of DNA
in a nanopore at 5-angstrom precision. Nat. Biotechnol. 30, 344-348
(2012).

14. Manrao, E. A. et al. Reading DNA at single-nucleotide resolution with a
mutant MspA nanopore and phi29 DNA polymerase. Nat. Biotechnol. 30,
349-353 (2012).

15. Clarke, J. et al. Continuous base identification for single-molecule nanopore
DNA sequencing. Nat. Nanotechnol. 4, 265-270 (2009).

16. Howorka, S. Building membrane nanopores. Nat. Nanotechnol. 12, 619-630
(2017).

17. Banghart, M., Borges, K., Isacoff, E., Trauner, D. & Kramer, R. H. Light-
activated ion channels for remote control of neuronal firing. Nat. Neurosci. 7,
1381-1386 (2004).

18. Eroglu, A. et al. Intracellular trehalose improves the survival of cryopreserved
mammalian cells. Nat. Biotechnol. 18, 163-167 (2000).

19. Yusko, E. C. et al. Real-time shape approximation and fingerprinting of single
proteins using a nanopore. Nat. Nanotechnol. 12, 360-367 (2017).

20. Restrepo-Perez, L., Joo, C. & Dekker, C. Paving the way to single-molecule
protein sequencing. Nat. Nanotechnol. 13, 786-796 (2018).

21. Varongchayakul, N., Song, J., Meller, A. & Grinstaff, M. W. Single-molecule
protein sensing in a nanopore: a tutorial. Cherm. Soc. Rev. 47, 8512-8524 (2018).

22. Mahendran, K. R,, Niitsu, A., Kong, L., Thomson, A. R., Sessions, R. B.,
Woolfson, D. N. and Bayley, H. A monodisperse transmembrane a-helical
peptide barre. Nat Chem. 9, 11-419 (2017).

23. Lukoyanova, N., Hoogenboom, B. W. & Saibil, H. R. The membrane attack
complex, perforin and cholesterol-dependent cytolysin superfamily of pore-
forming proteins. J. Cell Sci. 129, 2125-2133 (2016).

| (2019)10:5018 | https://doi.org/10.1038/s41467-019-12639-y | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Maglia, G. et al. DNA strands from denatured duplexes are translocated
through engineered protein nanopores at alkaline pH. Nano Lett. 9,
3831-3836 (2009).

Soskine, M., Biesemans, A. & Maglia, G. Single-molecule analyte recognition
with ClyA nanopores equipped with internal protein adaptors. J. Am. Chem.
Soc. 137, 5793-5797 (2015).

Knockenhauer, K. E. & Schwartz, T. U. The nuclear pore complex as a flexible
and dynamic gate. Cell 164, 1162-1171 (2016).

Kosinski, J. et al. Molecular architecture of the inner ring scaffold of the
human nuclear pore complex. Science 352, 363-365 (2016).

Spruijt, E., Tusk, S. E. & Bayley, H. DNA scaffolds support stable and uniform
peptide nanopores. Nat. Nanotechnol. 13, 739-745 (2018).
Henning-Knechtel, A., Knechtel, ]J. & Magzoub, M. DNA-assisted
oligomerization of pore-forming toxin monomers into precisely-controlled
protein channels. Nucleic Acids Res. 45, 12057-12068 (2017).

Douglas, S. M. et al. Self-assembly of DNA into nanoscale three-dimensional
shapes. Nature 459, 414-418 (2009).

Rothemund, P. W. Folding DNA to create nanoscale shapes and patterns.
Nature 440, 297-302 (2006).

Fu, J. et al. Multi-enzyme complexes on DNA scaffolds capable of substrate
channelling with an artificial swinging arm. Nat. Nanotechnol. 9, 531-536
(2014).

Zheng, J. P. et al. From molecular to macroscopic via the rational design of a
self-assembled 3D DNA crystal. Nature 461, 74-77 (2009).

Seeman, N. C. & Sleiman, H. F. DNA nanotechnology. Nat. Rev. Mater. 3,
17068 (2017).

Burns, J. R. et al. Lipid bilayer-spanning DNA nanopores with a
bifunctional porphyrin anchor. Angew. Chem. Int. Ed. 52, 12069-12072
(2013).

Seifert, A. et al. Bilayer-spanning DNA nanopores with voltage-switching
between open and closed state. ACS Nano 9, 1117-1126 (2015).

Langecker, M. et al. Synthetic lipid membrane channels formed by designed
DNA nanostructures. Science 338, 932-936 (2012).

Gopfrich, K., Zettl, T., Meijering, A. E., Hernandez-Ainsa, S., Kocabey, S.,
Liedl, T. & Keyser, U. F. DNA-tile structures induce ionic currents through
lipid membranes. Nano Lett. 15, 3134-3138 (2015).

Burns, J. R, Seifert, A., Fertig, N. & Howorka, S. A biomimetic DNA-based
channel for the ligand-controlled transport of charged molecular cargo across
a biological membrane. Nat. Nanotechnol. 11, 152-156 (2016).

Burns, J., Stulz, E. & Howorka, S. Self-assembled DNA nanopores that span
lipid bilayers. Nano Lett. 13, 2351-2356 (2013).

Gopfrich, K. et al. Large-conductance transmembrane porin made from DNA
origami. ACS Nano 10, 8207-8214 (2016).

Krishnan, S. et al. Molecular transport through large-diameter DNA
nanopores. Nat. Commun. 7, 12787 (2016).

Douglas, S. M. et al. Rapid prototyping of 3D DNA-origami shapes with
caDNAno. Nucleic Acids Res. 37, 5001-5006 (2009).

Burns, J. R. & Howorka, S. Defined bilayer interactions of DNA nanopores
revealed with a nuclease-based nanoprobe strategy. ACS Nano 12, 3263-3271
(2018).

Birkholz, O. et al. Multi-functional DNA nanostructures that puncture and
remodel lipid membranes into hybrid materials. Nat. Commun. 9, 1521
(2018).

Maingi, V. et al. Stability and dynamics of membrane-spanning DNA
nanopores. Nat. Commun. 8, 14784 (2017).

Del Rio Martinez, . M., Zaitseva, E., Petersen, S., Baaken, G. & Behrends, J. C.
Automated formation of lipid membrane microarrays for ionic single-
molecule sensing with protein nanopores. Small 11, 119-125 (2015).

Ho, C., Qiao, R, Heng, J. B., Chatterjee, A. & Timp, R. J. Electrolytic transport
through a synthetic nanometer-diameter pore. Proc. Natl. Acad. Sci. USA 102,
10455-10450 (2005).

Maingi, V., Lelimousin, M., Howorka, S. & Sansom, M. S. Gating-like motions
and wall porosity in a DNA nanopore scaffold revealed by molecular
simulations. ACS Nano 9, 11209-11217 (2015).

Yoo, J. & Aksimentiev, A. In situ structure and dynamics of DNA origami
determined through molecular dynamics simulations. Proc. Natl. Acad. Sci.
USA 110, 20099-20104 (2013).

Plesa, C. et al. Ionic permeability and mechanical properties of DNA origami
nanoplates on solid-state nanopores. ACS Nano 8, 35-43 (2014).

Gerling, T. & Dietz, H. Reversible covalent stabilization of stacking contacts in
DNA assemblies. Angew. Chem. Int. Ed. 58, 2680-2684 (2019).

Miles, B. N. et al. Single molecule sensing with solid-state nanopores:
novel materials, methods, and applications. Chem. Soc. Rev. 42, 15-28
(2013).

Firnkes, M., Pedone, D., Knezevic, J., Doblinger, M. & Rant, U. Electrically
facilitated translocations of proteins through silicon nitride nanopores:
conjoint and competitive action of diffusion, electrophoresis, and
electroosmosis. Nano Lett. 10, 2162-2167 (2010).

55. Plesa, C. et al. Fast translocation of proteins through solid state nanopores.
Nano Lett. 13, 658-663 (2013).

56. Kleefen, A. et al. Multiplexed parallel single transport recordings on nanopore
arrays. Nano Lett. 10, 5080-5087 (2010).

57. Urban, M. et al. Highly parallel transport recordings on a membrane-on-
nanopore chip at single molecule resolution. Nano Lett. 14, 1674-1680
(2014).

58. Diederichs, T., Nguyen, Q. H., Urban, M., Tampé , R. & Tornow, M.
Transparent nanopore cavity arrays enable highly parallelized optical
studies of single membrane proteins on chip. Nano Lett. 18, 3901-3910
(2018).

59. Watanabe, R. et al. Arrayed lipid bilayer chambers allow single-molecule
analysis of membrane transporter activity. Nat. Commun. 5, 4519 (2014).

60. Watanabe, R., Sakuragi, T., Noji, H. & Nagata, S. Single-molecule analysis of
phospholipid scrambling by TMEMI16F. Proc. Natl. Acad. Sci. USA 115,
3066-3071 (2018).

61. Ormo, M. et al. Crystal structure of the Aequorea victoria green fluorescent
protein. Science 273, 1392-1395 (1996).

62. Armstrong, J. K., Wenby, R. B., Meiselman, H. J. & Fisher, T. C. The
hydrodynamic radii of macromolecules and their effect on red blood cell
aggregation. Biophys. J. 87, 4259-4270 (2004).

63. Suwalsky, M. et al. Effects of thimerosal on lipid bilayers and human
erythrocytes: An in vitro study. J. Membr. Biol. 249, 823-831 (2016).

64. Dekker, C. Solid-state nanopores. Nat. Nanotechnol. 2, 209-215 (2007).

65. Rinker, S., Ke, Y. G, Liu, Y., Chhabra, R. & Yan, H. Self-assembled DNA
nanostructures for distance-dependent multivalent ligand-protein binding.
Nat. Nanotechnol. 3, 418-422 (2008).

66. Zhang, Z., Yang, Y., Pincet, F., M, C. L. & Lin, C. Placing and shaping
liposomes with reconfigurable DNA nanocages. Nat. Chem. 9, 653-659
(2017).

67. Pugh, G. C,, Burns, J. R. & Howorka, S. Comparing proteins and nucleic acids
for next-generation biomolecular engineering. Nat. Rev. Chem. 2, 113-130
(2018).

68. Franquelim, H. G., Khmelinskaia, A., Sobczak, J. P., Dietz, H. & Schwille, P.
Membrane sculpting by curved DNA origami scaffolds. Nat. Commun. 9, 811
(2018).

69. Andersen, E. S. et al. Self-assembly of a nanoscale DNA box with a
controllable lid. Nature 459, 73-76 (2009).

70. Mura, S., Nicolas, J. & Couvreur, P. Stimuli-responsive nanocarriers for drug
delivery. Nat. Mater. 12, 991-1003 (2013).

71. Messager, L. et al. Biomimetic hybrid nanocontainers of designed
permeability. Angew. Chem. Int. Ed. 55, 11106-11109 (2016).

72. Howse, J. R. et al. Templated formation of giant polymer vesicles with
controlled size distributions. Nat. Mater. 8, 507-511 (2009).

73. Franceschini, L., Soskine, M., Biesemans, A. & Maglia, G. A nanopore
machine promotes the vectorial transport of DNA across membranes. Nat.
Commun. 4, 2415 (2013).

74. Howorka, S. Nanotechnology. Changing of the gaurd. Science 352, 890-891
(2016).

75. Chen, Y. ., Groves, B., Muscat, R. A. & Seelig, G. DNA nanotechnology from
the test tube to the cell. Nat. Nanotechnol. 10, 748-760 (2015).

76. Castro, C. E. et al. A primer to scaffolded DNA origami. Nat. Methods 8,
221-229 (2011).

77. Gatterdam, V., Stoess, T., Menge, C., Heckel, A. & Tampé, R. Caged
glutathione—triggering protein interaction by light. Angew. Chem. Int. Ed. 51,
3960-3963 (2012).

Acknowledgements

This work was supported by a German-Israeli Project Cooperation (DIP, TO 266/8-1 to
M.T. and R.T.) and the German Research Foundation (SFB 807-Membrane Transport
and Communication to R.T., and Cluster of Excellence Frankfurt EXC 115-
Macromolecular Complexes to R.T.). R.T. is grateful for the support by an Advanced
Grant by the European Research Council). S.H. is supported by the EPSRC (EP/
N009282/1), the BBSRC (BB/M025373/1, BB/N017331/1), and the Leverhulme Trust
(RPG-2017-015).

Author contributions

T.D. perfomed all high-throughput optical recordings of the DNA nanopore including
analysis and interpretation under the supervision of R.T. G.P. and A.D. carried out the
electrophysiological characterisation of the DNA nanopore including analysis and
interpretation. A.D. performed the protein translocation experiments via single-channel
electrophysiological recordings including analysis and interpretation. G.P. and J.R.B.
assembled and purified the DNA nanopore, Y.X. perfomed TEM imaging and analysis,
and J.R.B. generated images for the main text. Q. H.N. fabricated the SOI nano-orifice
cavity chips under the supervision of M.T. S.H. supervised the experiments of G.P.,
AD. YX, and JRB. S.H. initiated, planned, and coordinated the project. G.P., JR.B,,

| (2019)10:5018 | https://doi.org/10.1038/s41467-019-12639-y | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

AD., YX, M.T, RT, and S.H. interpretated the data, and S.H. wrote the manuscript
with contributions from all authors.

Competing interests
J.B., G.P, and S.H. hold a patent on DNA pores which has been licensed to Oxford
Nanopore Technologies. All other authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-12639-y.

Correspondence and requests for materials should be addressed to R.T. or S.H.

Peer review information Nature Communications thanks Derek Stein, William Shih and
the other, anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:5018 | https://doi.org/10.1038/s41467-019-12639-y | www.nature.com/naturecommunications 1


https://doi.org/10.1038/s41467-019-12639-y
https://doi.org/10.1038/s41467-019-12639-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Synthetic protein-conductive membrane nanopores�built with DNA
	Results
	Pore design
	Pore assembly
	Structural characterisation of the pores
	Ionic transport through individual pores
	Protein transport through individual pores
	Massively parallel optical analysis of protein transport

	Discussion
	Methods
	Materials
	Nanopore design
	Assembly
	Agarose gel electrophoresis of DNA nanopores
	Purification
	Transmission electron microscopy
	Nanopore current recordings
	Release assays with fluorophore-filled vesicles
	Chip fabrication
	Liposome preparation for chip translocation assay
	SOI chip preparation
	Single-transport optical recordings
	Analysis of single-transport optical recordings

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




