DNA scaffolds support stable and uniform peptide nanopores
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The assembly of peptides into membrane-spanning nanopores might be promoted by
scaffolds to pre-organize the structures. Such scaffolds could enable the construction of
uniform pores of various sizes and pores with controlled permutations around a central
axis. Here we show that DNA nanostructures can serve as scaffolds to arrange peptides
derived from the natural polysaccharide transporter Wza to form uniform nanopores in
planar lipid bilayers. Our ring-shaped DNA scaffold is assembled from short synthetic
oligonucleotides that are connected to Wza peptides through flexible linkers. When
scaffolded, the Wza peptides form conducting nanopores of which only octamers are stable
and of uniform conductance. Removal of the DNA scaffold by cleavage of the linkers leads
to rapid loss of the nanopores from the lipid bilayer, showing that the scaffold is essential
for their stability. The DNA scaffold also adds functionality to the nanopores by enabling
reversible and permanent binding of complementary tagged oligonucleotides near the

nanopore entrance.

Membrane-spanning protein channels and pores play important roles in regulating transport
across the cell membrane and in signalling and defence mechanisms!~. Because they are versatile
and amenable to engineering, nanopores have found application in single-molecule biosensors
and sequencing technologies*>. Larger nanopores are mostly B-barrels, many of which fold and
insert into the outer membrane of gram-negative bacteria spontaneously or assisted by dedicated
protein machinery®?®. Recently, a number of pores consisting of a-helical peptides, including the
polysaccharide transporter Wza and cytolysin A (ClyA), have been discovered, but their
assembly is still poorly understood®!!. The ability to selectively bring together these and other
peptides and stabilize their assemblies would both help address fundamental questions about
membrane protein structure and function, and expand the utility of biological pores in

biotechnology and synthetic biology. The building of robust and versatile scaffolds to realize



these opportunities is therefore an important goal in nanotechnology. It is complicated by
complex requirements for the structure and assembly of both the scaffold and the nanopore. The
scaffold should dictate the size of the desired nanopore but must be sufficiently flexible to avoid
trapping the peptides in an unwanted conformation. Moreover, the scaffold must not interfere
with the lipid bilayer or obstruct the nanopore. Recently, we have shown that cyclodextrins can
be used to template peptide nanopores'2. These templates, however, cannot be used for large or
heteromeric nanopores. In earlier work, four different peptide helices were tethered onto a
flexible peptide backbone to form sodium channel analogues, but such peptide backbones may
not be rigid enough to act as effective scaffolds for larger nanopores'>3.

To address this challenge, we have built a ring-shaped DNA scaffold composed only of
short oligonucleotides. DNA has proven potential as a scaffold in nanotechnology and
bioengineering'®. Enzyme cascades have been spatially organized on DNA scaffolds!”!8,
although a proximity effect is still disputed!®. Interacting membrane proteins have been co-
reconstituted in nanodiscs by using DNA scaffolding?’. In bioengineering, DNA tetrahedra have
been used for targeted siRNA delivery?!, and logic-gated DNA nanorobots have been used to
selectively interface with specific cell types in culture to induce cell-signaling®.

Here, we show that a ring-shaped DNA scaffold that is not anchored to the lipid

bilayer?***

, can bring together a defined number of 38-amino-acid amphiphilic peptides. The
peptide is a variant of the D4 domain of the E. coli polysaccharide transporter Wza”!?. The
scaffolded Wza peptides formed conducting nanopores of which only octamers are stable and of
uniform conductance. DNA scaffolds with fewer than 8 peptides did not form stable conducting
nanopores, whereas scaffolds with more than 8 peptides yielded nanopores with the same
conductance as octamers. When the scaffold was removed after bilayer insertion, the pores were
lost within minutes, demonstrating that the scaffold is essential for the stability of these

nanopores. Finally, the scaffold can add functionality to the peptide nanopores by acting as a

docking site for tagged oligos near the nanopore entrance.

Design of a ring-shaped DNA scaffold from short oligos

We designed a DNA ring with 12 arms as a scaffold for pore-forming peptides. The ring is
composed of 12 unique 43-mer oligonucleotides (oligos) and has a diameter of 13.6 nm (Fig. 1a).
Each oligo consists of four segments: the two central segments cover two helical turns and
hybridize to form the ring, whereas the two outer segments contribute to each of two arms. Single
unhybridized bases form hinges that separate the central segments in the ring from the outer

segments and give flexibility to the arms.
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Figure 1 | Design, assembly and characterization of the DNA scaffolds for peptide nanopores.

a, Schematic of the DNA scaffold with oligos numbered at their 5" ends (left) and snapshots of the scaffold from
coarse-grained molecular dynamics simulations (right) without constraints (top) and with arms forced down or
outward (bottom). b, Scaffold annealing was analysed in a 2.5% agarose gel, stained with SYBR Gold. The gel
shows an NEB low MW dsDNA ladder (L), for which the band sizes are indicated to the left of the gel, a single oligo
(1), a mixture of 12 oligos without annealing (2), 11 oligos after annealing (3), 12 oligos after annealing in 100 mM
potassium phosphate, pH 7.2 (4), and after annealing in 100 mM potassium phosphate, pH 7.2, with 0.5 M NaCl (5).
¢, Negatively-stained TEM images of DNA scaffolds annealed in 100 mM Tris.HCI, pH 7.2 (see Supplementary
Methods for additional images). d, Stepwise photobleaching trace of a DNA scaffold formed from 12 Alexa-647-
modified oligos (see Supplementary Methods for additional traces). Inset: zoomed-in view of the first 20 s. e,
Restriction digestion of the DNA scaffold, analysed in a 5% polyacrylamide gel, stained with SYBR Gold. The gel
shows an NEB 50 bp dsDNA ladder (L), for which the band sizes are indicated to the left of the gel, a mixture of 12
oligos without annealing (1), a mixture of 11 oligos after annealing (2), closed rings formed by annealing 12 oligos
(3), annealed control construct identical to the Rsal restriction product (4), and closed rings incubated with Rsal in
100 mM potassium phosphate, pH 7.2 (5).

The balance between rigidity and flexibility is of critical importance for a supramolecular
scaffold®>8, Therefore, we performed coarse-grained molecular dynamics simulations of the
scaffold in a solution of 0.5 M ionic strength at 25°C, in both the presence and absence of an
external force. The scaffold is very stable with an average of 243 out of 246 base pairs formed.
The ring-shaped backbone remains closed, while the unconstrained arms pivot around their
attachment points, with a preference for alternating orientations of odd and even arms, above and
below the ring (Movie S1). When a constant force of more than 9 pN in a direction perpendicular
to the plane of the ring is applied to the arms, all of them become oriented in the same direction
(Fig. 1a, Movie S2). The free energy of the resulting structure is higher than the unconstrained
structure by 4 kgT per oligo, but such a small energy difference is easily compensated for by a
favourable interaction energy between residues on adjacent peptide a-helices attached to the

arms, or between those peptides and a lipid bilayer, both of which can reach 3 ks T per residue®.



The DNA scaffold was assembled by mixing equal amounts of all 12 oligos in potassium
phosphate buffered-saline, heating the mixture and cooling it to room temperature over 4 h.
Above 0.5 M of monovalent salt, the scaffold formed with a yield of 90%, as estimated by gel
electrophoresis (Fig. 1b). If one oligo was missing from the mixture, or if annealing was omitted,
the yield of assembly decreased to less than 30%. In TEM images on negatively stained samples,
the scaffolds were recognizable as ring-shaped objects with a diameter of 13.8 £ 2.0 nm, in the
expected range, but the individual arms could not be distinguished (Fig. 1¢ and Fig. S1a). Class
averaging of individual objects did not improve the resolution, probably because the scaffold is
too flexible. Instead, we verified the scaffold stoichiometry by native mass spectrometry and
stepwise photobleaching experiments. The mass of the intact scaffold is in agreement with the
predicted combined mass of the 12 oligonucleotides (Fig. S2). Accordingly, photobleaching of
scaffolds formed by 12 Alexa-647-modified oligos proceeded in a maximum of 12 steps (Fig. 1d
and Figs. S3-S4). Finally, digestion with the restriction enzyme Rsal was used to establish that
the scaffold is circular. Our design contains a single Rsal recognition site in the ring between
arms 11 and 12. Incubation of the scaffold with Rsal resulted in opening of the ring yielding a
linear fragment with 12 side chains that migrated faster in a polyacrylamide gel than the
undigested scaffold and at the same rate as a control DNA construct designed to be identical to

the restriction product (Fig. 1e and Fig. S1b).

Scaffolding yields stable Wza peptide nanopores

We tested the scaffolding capabilities of the DNA ring by attaching peptides with a propensity to
form pores to the arms. The selected peptide CGG-cWza[T376R] (Fig. 2a; Wza peptide in short),
is a variant of the consensus sequence of the Wza D4 domain (cWza) that does not form stable
open pores by itself, because it contains two cationic residues near the C terminus (K375/R376)
and lacks a stabilizing mutation, such as Y373C, near the C-terminal entrance of the porelz.
Without scaffolding, this peptide produces only short-lived, noisy channels in planar lipid
bilayers with an average open lifetime of 3.0 s at +150 mV and a unitary conductance of 0.32 nS
(Figs. S7-S13).

The peptide was attached to each of the 5'-amino-modified oligos at the N-terminal Cys-
Gly-Gly handle through a flexible linker (SMPEG2). The 12 peptide-oligo conjugates were
individually purified by HPLC, lyophilized, and analysed by ESI-MS (Fig. 2b and Table S1). We
assembled DNA rings with various numbers of attached peptides at predefined positions (see
Table S2 for a detailed list) around the ring by combining the desired peptide-conjugated oligos
with unmodified oligos while keeping the stoichiometry fixed. Attached peptides decrease the

electrophoretic mobility of both the oligos before annealing and the DNA rings after annealing
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Figure 2 | Attachment of the Wza peptides to oligos and annealing of peptide-bearing DNA scaffolds.

a, Sequence and structural model of CGG-cWza[T376R] (top) and a full-atom representation of a simulation
snapshot (bottom) of 8 Wza peptides attached to the DNA scaffold from Fig. 1a (see Supplementary Data 1-3 for
details). b, HPLC trace, ESI mass spectrum and maximum entropy deconvolution of the mass spectrum for the
purified conjugate of Wza and oligo #1 (see Supplementary Data 1). The deconvoluted spectrum shows a single peak
with the expected mass of 18,147 Da. ¢, Polyacrylamide gel analysis of the purified peptide-oligo conjugates before
and after annealing into rings. The top gel shows the individual peptide-oligo conjugates (1-12), run in an AnykD
SDS-PAGE gel together with a Bio-Rad Precision Plus Dual Xtra protein marker (L), for which the band sizes are
indicated to the left of the gel, and free Wza peptide (P). The gel was stained with stained with InstantBlue. The
bottom gel shows annealed DNA rings, with an increasing number of attached peptides (0 to 12), run in a 5%
polyacrylamide gel without SDS, together with a NEB 2-log dsDNA ladder (L), for which the band sizes are
indicated to the left of the gel. The gel was stained with SYBR Gold and the DNA detected by fluorescence.

and the number of attached peptides is readily estimated from the position of the band of the
hybrid DNA-peptide ring in a polyacrylamide gel (Fig. 2c).

The pore-forming properties of the scaffolded Wza peptide were examined by electrical
recording in planar lipid bilayers (Fig. 3a-d). When 8 peptides were attached to the scaffold we
observed spontaneous insertion into 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC)
bilayers and formation of stable open pores at a scaffold concentration of 4 nM and an applied
potential between -100 mV and -150 mV. In 72% of cases, pore formation occurred in two steps:
first a noisy low-conductance state (L, 0.54 = 0.03 nS at -50 mV) was observed, which opened
after several tens of seconds to a higher conductance state (H, 1.46 = 0.06 nS at -50 mV),
characterized by a much lower noise (Fig. 3a). These insertions were sometimes preceded by a
precursor state that we identified from bursts of transient spikes, similar to previous observations
with the cWza consensus sequence!?, and we occasionally observed switching between L and H
for a brief period immediately after insertion. In the remaining 28% of cases, pore formation
occurred either directly to the H-state (Fig. 3b) or after a noisy transition without reaching a stable
intermediate conductance level (Fig. 3c). In all cases, the high conductance level that was
eventually reached, was the same, as judged from the low current noise, the identical

subconductance states and transient closures (Fig. S14), and the narrowly distributed mean
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Figure 3 | Electrical properties of DNA-scaffolded octameric Wza nanopores.

a-d, Electrical recordings of the insertion of Wza nanopores formed from DNA scaffolds bearing 8§ Wza peptides into
planar DPhPC lipid bilayers. Insertions may occur via a precursor (P) and an intermediate L-state (a, recorded at -150
mV), without an intermediate state (b, recorded at -120 mV), or without reaching a uniform intermediate conductance
level (c, recorded at -150 mV). Switching between the intermediate L-state and the open pore H-state may occur
briefly after insertion (d, recorded at -120 mV). e, Event histogram of the electrical conductance values of 124 DNA-
scaffolded octameric Wza nanopores (see Table S2 for structural details), recorded at -50 mV. f, Electrical recording
of ssDNA-streptavidin (poly(dC)so-biotin:streptavidin = 1:3, 200 nM) blocking (B) and being released from a single
DNA-scaffolded octameric Wza nanopore (21 blockades were observed with 3 nanopores). g, Averaged current-
voltage characteristics of nanopores formed by five different DNA-scaffolded octameric Wza nanopores in their L-
and H-states. The error bars indicate one standard deviation.

conductance of 1.46 + 0.06 nS (Fig. 3e), which is comparable to the variation found in natural
protein nanopores, such as a-haemolysin®’. Once a high conductance state was reached, the
scaffolded pores were stable and could be kept in an open state for at least an hour at applied
potentials between -100 mV and +100 mV (Fig. S15).

The two observed levels (L and H) are different conductance states of the same pore. This
is supported by the observed switching between the two levels (Fig. 3d), the fact that the ratio of
the two conductance levels (2.7, Fig. 3e) is not an integer, and the observed single-step blockades
(residual current 11 +4%) of the H-state by a streptavidin-bound biotinylated oligo (Fig. 3f).
Although the two levels are states of the same pore, the current noise differs significantly
between them. In the L-state, the coefficient of variation (CV) of the current is 11% (at -150 mV,
filtered at 2 kHz), whereas it is only 3.1% in the H-state, suggesting that the H-state is a more

static configuration. The H-state has a remarkably low noise compared to most nanopores formed



from peptides®'*2, but it is more noisy than some well-known natural protein nanopores, such as
a-haemolysin (CV<1% when filtered at 2 kHz). The scaffolded pores show significant
rectification of the ionic current in both states (Fig. 3g), with -Liso/L.so = 1.51 for the L-state and
1.42 for the H-state, which is most likely caused by the two cationic residues (K375/R376) near
the C-terminal pore entrance (see Fig. S12 for data on mutant peptides). A more extensive study
of different mutants would be required to confirm this.

To examine the possibility of scaffolding larger peptide nanopores, we annealed DNA
rings with between 0 and 12 peptides and investigated their pore-forming properties in planar
lipid bilayers (see Table S2 for details). We found that all scaffolds carrying at least 8 peptides
led to the insertion of pores as shown in Fig. 3a-e with the same unitary conductance and
rectification as the octamer. We observed some rare double and triple insertions (in 3% of
experiments) of two or three pores attached to separate DNA scaffolds, which can be recognized
by conductance values that are 2 or 3 times higher than the unitary conductance. Experiments
with scaffolds bearing fewer than 8 peptides showed a range of lower conductance levels, none of
which were stable for more than 1 minute (Table S2 and Fig. S16).

In isolated cases, we observed the insertion of unstable pores with a greater conductance
than the H-state, but not corresponding to H+L or H+H (Table S2 and Fig. S17). These unstable
higher conductance states most likely originate from the formation of a pore with 9 or 10 a-
helices that returns to a more stable octameric L- or H-configuration by expelling the
supernumerary peptide chain(s). This suggests that rearrangements of the peptides after nanopore
insertion are possible and that Wza octamers are not in a kinetically trapped state. In short, this
Wza peptide variant has a clear propensity for assembly in planar lipid bilayers, but only the

octameric assembly can form open pores that remain stable for extended periods.

Loss of Wza nanopores from bilayer upon scaffold removal
To highlight the importance of the DNA scaffold for nanopore stability, we prepared cleavable
conjugates of the Wza peptide with all 12 oligos (Fig. 4a and Table S1). After assembly, the
scaffolded Wza peptides could be inserted into planar lipid bilayers in the same way as the
uncleavable constructs (Fig. 4b). As long as the peptides were attached to the scaffold the pore
was stable and its conductance remained constant, and electrically indistinguishable from Wza
pores on the uncleavable scaffold.

We then investigated the stability of open octameric Wza nanopores after separation of
the scaffold by treatment with 10 mM TCEP in the cis compartment. Within 2 minutes, we
observed a complete loss of the pores, either through an intermediate L-state or through an

unknown intermediate state that is almost fully closed (Fig. 4c). After the pore was lost, we
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Figure 4 | The DNA scaffold stabilizes Wza nanopores.

a, Schematic illustration of the scaffold removal experiment. b, Electrical recording of the insertion of a Wza
nanopore formed from a DNA scaffold bearing 8 Wza peptides attached through cleavable disulfide linkers. The
nanopore inserts through various precursor (P) and L states before reaching the stable open-pore H-state (top). The
H-state is stable for minutes at -100 mV when the scaffold is attached (bottom). ¢, Two exemplary electrical
recordings of the loss of Wza nanopores at -100 mV after the DNA scaffold is cleaved off by the addition of 10 mM
TCEP (5 nanopores were tested). d, Current-voltage curves obtained from single Wza nanopores with a fixed
scaffold (average of 3 nanopores) and with a cleavable scaffold before cleavage (average of 3 nanopores) and one
experiment in which the scaffold was removed from a Wza pore by TCEP while the pore was kept at an applied
potential of +20 mV to prevent loss. The current-voltage curve was recorded 13 minutes after TCEP addition.

observed no reinsertion, confirming our previous observation that free Wza peptides do not form
stable nanopores in planar lipid bilayers. In one experiment, we managed to keep a Wza nanopore
open by applying a low potential of +20 mV after the scaffold was cleaved. When the
conductance of this unscaffolded pore was carefully examined, we found that it exhibited almost
the same the conductance as scaffolded pores, with only a slightly less pronounced rectification
(Fig. 4d). When the applied potential was stepped to -90 mV, this unscaffolded pore was quickly

lost via the L-state as well.

The scaffold as a docking site
Our DNA nanostructures are suited as docking stations for incoming target molecules that are
linked to complementary oligos. This was investigated by using three example probes and a
scaffold in which one of the arms was extended by up to 22 nucleotides to generate a docking site
of adjustable affinity (Fig. 5a).

The scaffold with 8 covalently attached Wza peptides and a single docking site of
unhybridized bases was assembled and added to a planar lipid bilayer. After the insertion of a
single peptide nanopore and perfusion of the chamber, tagged probes were added to the cis side

of the bilayer. When a PEG-5k polymer was bound to the 8-nucleotide tag, we observed
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Figure 5 | The DNA scaffold is a versatile docking site for tagged oligonucleotides.

a, Schematic illustration of the docking and displacement of tagged oligonucleotides. b, Electrical recording at +100
mV of the binding (B) and dissociation of PEG-5k attached to an 8-mer o’ oligo at (53 blockades were observed with
4 nanopores). ¢, Electrical recording of the binding and permanent blockade by PEG-5k attached to a 19-mer o' oligo
(2 nanopores). d, Three exemplary electrical recordings of the blockade by (B) and release from the nanopore of a
poly(dC)3o bound to the scaffold’s a-handle via an o'p sequence (28 blockades with 3 nanopores). e, Electrical
recording of the sustained H-state of a scaffolded Wza nanopore after removal of the bound poly(dC);o by a toehold-
mediated strand displacement with a 32-mer aff’ oligo at +120 mV.

reversible binding, as evidenced by transient current blockades with a mean duration of 466 + 14
ms and an average residual current of 15 = 1.2% (Fig. 5b, Figs. S18-S19 and Table S3). The short
8-mer duplexes have a limited lifetime, previously found to range from 0.1-1.0 s, depending on
the sequence of the oligo™®.

PEG binding can be made essentially irreversible with a longer hybridization sequence of
19 nucleotides. In this case, instead of transient blocking events, we observed permanent
blockades with a residual current of 18% that could not be reversed by varying the applied
potential between -100 and +100 mV (Fig. 5¢). Eventually, these measurements concluded by
loss of the pore, for example by rupture of the bilayer.

When a Cj3p oligo tag was attached to the same 19-mer handle, the blocking characteristics
changed. As the C3o end entered the pore, the current was reduced to 12 + 5% (cf. Fig. 3g). The
tagged oligo could not translocate through the pore because it was hybridized to the scaffold,
hence the blockade persisted in most cases (Fig. 5d). Reversal of the applied potential resulted in
release of oligo from the constriction and unblocking of the pore. The C3o-tagged oligo could be

fully removed from the scaffold through toehold-mediated strand displacement, in which a



second oligo was hybridized to a toehold region (B, Fig. 5a) between the C3o and the hybridized
handle. We observed no more blocking events after the addition of a 1.5-fold excess of the
displacement strand (af}’), establishing that the docking site on the scaffold had been freed (Fig.
Se).

Pre-organization of pore-forming peptides on DNA scaffolds

Synthetic supramolecular scaffolds have not been used previously to guide the assembly of
transmembrane peptide assemblies. In our ring-shaped DNA scaffold all oligos were modified
with peptides and purified before assembly, providing confidence in the final stoichiometry of the
scaffolded nanostructure. The inevitable non-quantitative nature of conjugation reactions on
preformed scaffolds and the presence of excess free oligos or peptide is of no concern here, as all
of the peptide-oligo conjugates were purified and analysed separately. By choosing a scaffold that
closes only when all the constituent short oligonucleotides are present, instead of hybridizing
multiple short oligos to a long scaffold strand, as is common for DNA origami®*, we avoided the
possibility that a fraction of short oligos could inadvertently be excluded from the scaffold. The
implementation of our strategy indeed showed that the number of scaffolded peptides in the
construct can be precisely tuned without compromising the scaffold integrity (Fig. 2c), although
this does not imply that all scaffolded constructs are able to form functional nanopores with the
same number of peptides as templated. Based on the measured purities of the individual
conjugates (Table S1), we infer that 96% of the scaffolds that were designed to bear 8 peptides
actually hold the anticipated number of 8 peptides.

The DNA scaffold lowered the concentration of peptides required for pore formation
significantly by preconcentrating the peptides on the scaffold: 150-400 nM Wza peptide was
added for control experiments (Figs. S7-S13), while only 5-40 nM of scaffolded peptides was
used (Figs. 3-5). However, despite preconcentration of up to 12 peptides on a single scaffold, we
observed the insertion of nanopores of the same conductance for all scaffolds with at least 8
peptides (Table S2), suggesting that the a-helices that compose the Wza D4 domain preferentially
form octameric barrels, possibly because the D4 domain has evolved so that the octameric
configuration is of the lowest free energy. We therefore suppose that it is not possible to force
another stoichiometry upon Wza peptides simply by bringing them together on the DNA scaffold
used here. However, it might be possible to change the stoichiometry of nanopores made of more
promiscuous peptides, or proteins that are known to form multiple species naturally, such as
ClyA*®, with our DNA scaffold. To change the preferential stoichiometry of a homomeric

nanopore, such as Wza, a more rigid scaffold that fits only one state could be used!?, but this will



come at the expense of scaffold versatility: a specific scaffold will be required for every peptide
and every stoichiometry.

Our demonstration that DNA scaffolds can be used to preconcentrate peptides and
stabilize their assemblies to form membrane-spanning pores is of importance in several areas. For
many synthetic peptides designed to form transmembrane channels and pores, it is difficult to
obtain a crystal structure in order to determine the stoichiometry, pin down the transmembrane
region and discern the orientation within the membrane!>*%*°. The present approach is a direct
means to control the stoichiometry, or at least the upper limit, and the direction of insertion of
candidate peptides into bilayers, provided the DNA scaffold does not restrict their assembly. For
example, we attached the Wza peptides through their C termini to the DNA scaffold, leaving the
N termini free. We did not observe insertions even at a tenfold higher concentration than that
used for the N-terminus-attached Wza peptides (Fig. S20), confirming that Wza requires a free C

terminus for insertion into planar lipid bilayers®!%!2,

Conclusions

DNA rings can serve as scaffolds to template the formation of amphiphilic a-helical Wza
peptides into stable octameric nanopores of uniform conductance. The scaffold is essential for the
stability of these pores and can be used to bind a variety of tagged oligos (with or without
cargoes) after bilayer insertion. To enable the formation of uniform nanopores with various
numbers of subunits, our scaffolds might also be used to direct the assembly of more
promiscuous peptides, either designed de novo*! or derived from antimicrobial peptides®®. The
ability to form uniform large nanopores would open an immense range of possibilities, ranging
from the detection and fingerprinting of proteins in complex mixtures**** to single-molecule
studies of enzymes** and the mapping of epigenetic markers on long strands of dsSDNA*. DNA
scaffolds could further be used to form well-defined assemblies of multiple membrane proteins
and pores?’, each held on a different arm or on separate linked scaffolds. To prevent degradation
of these scaffolds in living cells, one could use synthetic analogues of DNA, such as XNA*®.
Finally, the control over the relative position of each oligo in our scaffold will allow the assembly
of well-known nanopores, such as a-haemolysin, with specified permutations of the subunits

around a central axis, as a first step towards creating artificial enzymes*’*%.
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Methods

Materials

Oligonucleotides were purchased from Biomers (Ulm, Germany) or Sigma Aldrich (Haverhill, UK) as HPLC-
purified, dried samples. All Wza peptides were purchased from Peptide Protein Research Ltd (Fareham, UK) at
>95% purity (HPLC) as lyophilized powders. Precast gels were purchased from Bio-Rad (Watford, UK), lipids from

Avanti Polar Lipids (Alabaster, AL) and all other chemicals from Sigma Aldrich, unless otherwise stated.

Peptide-oligonucleotide conjugation

The preparation of peptide-oligonucleotide conjugates was based in part on the procedure reported by Williams and
Chaput®. Briefly, 10 nmol (20 pL, 500 pM) 5'-amino-C6-functionalized oligonucleotide was mixed with 60 puL 100
mM potassium phosphate, pH 7.2, and 500 nmol of a bifunctional linker, and incubated for 2 h at room temperature.
For uncleavable peptide-oligo conjugates, 10 mg/mL succinimidyl-([N-maleimidopropionamido]-diethylene glycol)
ester (SMPEG, from Thermo Fisher) in DMSO was used. For cleavable conjugates, 50 mg/mL 2-pyridyldithio-
tetraoxatetradecane-N-hydroxysuccinimide (PEG4-SPDP, from Thermo Fisher) in DMSO was used. After
incubation, 100 mM potassium phosphate was added to the reaction mixture to reach a total volume of 140 uL.
Removal of excess reagent and transfer into 100 mM potassium phosphate, pH 7.2, was done by three desalting steps
with PD SpinTrap G25 columns (GE Healthcare). Electrospray ionization mass spectrometry (ESI-MS) revealed a
linker attachment yield of >90% after this step, with about 10% hydrolysis of the maleimide group in case of
SMPEG:.

Meanwhile, the Wza peptide was dissolved in 100 mM potassium phosphate, pH 7.2, with 0.01% (w/w) n-
dodecyl-B-D-maltoside (DDM, from Thermo Fisher) to a typical concentration of 0.15 mg/mL. The dissolved
peptide was reduced by incubation with immobilized-TCEP disulfide-reducing agarose gel beads (Pierce/Thermo
Fisher). After removal of the beads, the concentration of the reduced peptide was measured with a NanoDrop
spectrometer. Reduced peptide (20 nmol) was added to the triply desalted oligo-linker solution, and the reaction
mixture was incubated at room temperature for 12 h.

The conjugates were purified by HPLC (Agilent Infinity 1260 series) by using a Cig column (4.6 x 150
mm), with 10 mM tetraethylammonium bromide (TEAB) in MilliQ water, pH 8.5, as the binding buffer (A), and
acetonitrile for elution (buffer B). Oligos were bound to the column in 96% A, and eluted by using a gradient from
4% to 65% B over 10 minutes, at 1 mL/min. Unmodified oligos were eluted at 30% B, and Wza-modified oligos at
45% B. The peptide-modified oligos were lyophilized, dissolved in 50 uL 100 mM potassium phosphate, pH 7.2,
diluted to 5 pM, and stored at -80°C until use.

Annealing of the DNA scaffold with attached Wza peptides

Equal amounts of the 12 oligonucleotides (see Supplementary Data 1 for sequence details) were mixed at an overall
strand concentration of 200 nM in a total volume of 50 pL, containing 100 mM potassium phosphate, pH 7.2, 0.5 M
NaCl, and 0.02% w/w DDM for the peptide-modified oligos. The oligos were then annealed in a Veriti Thermal
Cycler (Applied Biosystems) by heating the sample for 3 min at 95°C, cooling to 65°C in 3 min and finally cooling to

4°C in 4 h. The samples were stored at 4°C for up to one week until use.



Electrical recordings

A planar lipid bilayer of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was formed across an aperture of
100 pm diameter in a teflon film sandwiched between two polycarbonate half cells with a compartment volume of
0.5 mL. The teflon film was prepainted with a solution of hexadecane in n-pentane (1% w/w). The assembled
chamber was placed in a Faraday cage on an antivibration table. An electrical circuit was then formed by a pair of
Ag/AgCl electrodes set in 1.5% agarose in 3 M KClI, connected to an Axopatch 200B amplifier and a Digidata 1440A
A/D converter. The electrode in the cis compartment was grounded, while the electrode in the frans compartment was
used as the working electrode. The compartments were filled with electrolyte solution (10 mM HEPES, pH 7.4, 1 M
KCI) and DPhPC in n-pentane (3 uL, 5 mg/mL) was added to each side. After evaporation of the n-pentane, bilayers
were formed by using the Montal-Mueller technique®®. Peptide-bearing DNA scaffolds (1-4 nM) or scaffold-free
peptides (150-400 nM) were added to the cis compartment and the insertion of pores into the bilayer was observed
under an applied potential of -100 or -150 mV. Data were recorded using pClamp 10.3 (Molecular Devices) with a
low-pass filter frequency of 2 kHz and a sampling frequency of 10 kHz, unless stated otherwise. The data were

analysed and prepared for presentation with Clampfit.
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