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1. Layout and DNA sequences of the DNA origami porin 

1.1 Pathways of DNA strands 

 

 
 

Figure S1. Pathways of the M13mp18 scaffold (blue) and the 179 ssDNA staples (red) of the 

funnel-shaped DNA origami. SsDNA overhangs for hybridization with complementary 

cholesterol-tagged oligos are shown in orange (1). 
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Figure S2. Continued: Pathways of the M13mp18 scaffold (blue) and the 179 ssDNA staples 

(red) of the funnel-shaped DNA origami. SsDNA overhangs for hybridization with 

complementary cholesterol-tagged oligos are shown in orange, oligos with optional Cy3-tags 

are shown in green (2). 
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Figure S3. Continued: Pathways of the M13mp18 scaffold (blue) and the 179 ssDNA staples 

(red) of the funnel-shaped DNA origami. SsDNA overhangs for hybridization with 

complementary cholesterol-tagged oligos are shown in orange, oligos with optional Cy3-tags 

are shown in green (3). 
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4.2 Positioning of cholesterol anchors 

 

 
 

Figure S4. Positions of 19 ssDNA overhangs for hybridization with cholesterol-tagged oligos 

(green). Every circle corresponds to one DNA duplex, looking at the funnel-shaped DNA 

origami along the pore axis. 
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1.3 DNA sequences 

  

Table S1. DNA sequences of the funnel-shaped DNA origami (1). 
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Table S2. DNA sequences of the funnel-shaped DNA origami (2). 
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Table S3. DNA sequences of the funnel-shaped DNA origami (3). 
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Table S4. DNA sequences of the funnel-shaped DNA origami (4). 
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Table S5. DNA sequences of the funnel-shaped DNA origami (5). 

 

 
 

 

Table S6. DNA sequences of the funnel-shaped DNA origami with ssDNA overhangs for 

attachment of complementary modified ssDNA strands and cholesterol-tagged sequences. 
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2. Structural characterization of the DNA origami porin 

2.1 Agarose gel electrophoresis  

 

 

 

 

Figure S5. 1% agarose gel electrophoresis of the DNA origami porin in 11 mM MgCl2 

buffered to pH 8.3 with 45 mM Tris-borate, 1 mM EDTA. Bands were stained with GelRed 

(Cambridge Bioscience) and visualized using UV-transilluminaton. The arrow indicates the 

direction of migration in the gel. 

Lane 1: 1 kbp DNA ladder (New England Biolabs).  

Lane 2: 7249 base long M13mp18 single-stranded DNA scaffold (New England Biolabs). 

Lane 3: Assembled DNA origami porin before purification from access staples in 40 mM 

Tris-HCl, 45 mM boric acid, 1 mM EDTA, 14 mM MgCl2, pH 8.2. The origami migrates 

marginally slower than the M13mp18 scaffold. The weaker lower band is likely to correspond 

to dimer formation.  

Lane 4: Assembled DNA origami porin after purification by spin filtration with 100 kDa 

MWCO (Amicon) in 40 mM Tris-HCl, 45 mM boric acid, 1 mM EDTA, 14 mM MgCl2, pH 

8.2. Spin filtration proofs to be an adequate method of purification from excess staples. 

Lane 5: Sample from Lane 4 after 20 h incubation in the measurement buffer (1 M KCl, 10 

mM MES, pH 6.0) at room temperature. 
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2.2 Note S1: Analysis of AFM imaging 

After an accurate flattening procedure of the AFM images, we manually selected the profile 

sections across some clearly recognizable funnel-shaped DNA origami. An example of data 

analysis is presented in Figure S6A and S6B. For each origami we could determine 6 different 

typical lengths as indicated in Figure S6C. The section profile are shown in Figure S6B with 

the values measured for the different segments of the funnel DNA origami (see Figure S6C). 

The total number of origami analysed is 10 and the resulting data is presented in Table S7. 

The error is the standard deviation of the measurement and accounts for structural differences 

between different origami. 

 

 

Figure S6: Illustration of the data analysis process to determine the dimensions of the DNA 

origami porin via AFM imaging. A) AFM image of the DNA origami porin. Cross-sections 1-

4 indicate the evaluated dimensions. Generally, isolated and shape-preserved structures were 

preferred for the analysis. The profiles (B) were used to extract the dimensions of the different 

segments of the origami. The schematic representation of designed funnel is presented in C) 

with the letters (A, B, C and a, b, c) used to denominate the segments. Expected dimensions 

of the origami design are indicated, assuming an anhydrated helix diameter of 2 nm. The 

results of the analysis are presented in Table S7. 

 

 

As a general remark, the values presented are the dimensions of “dry” DNA origami 

collapsed on the mica surface imaged with a finite-sized AFM tip (9±2 nm of nominal radius). 

Consequently, even if directly related, they only partially reflect the actual dimensions of 

hydrated DNA origami in solution. The purpose of the AFM investigation was to ensure 

accurate folding, not to obtain precise and quantitative information on the actual dimensions 

of the structures. It should also be noted that the imaging was performed before the addition 

of cholesterol staples, since the required access does not allow for the imaging with a clean 

background. 
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Table S7: Dimensions of the different segments of the funnel-shaped DNA origami porin. 

The letters denominate the segments as indicated in Figure S6C. The error is the standard 

deviation of the measurements and reflects the structural differences of 10 selected DNA 

structures. 

 

    A B C a b c 

Value (nm) 20.8±2.5 23.6±2.1 11.0±1.7 46.7±2.0 35.8±2.0 18.9±2.0 

 

 

The analysis of the height distribution of the DNA origami deposited on the mica surface is 

presented in Figure S7. A histogram is obtained from the height distribution in the AFM 

image (Figure S7A), in which the most recurrent protruding heights of the sample appear as 

peaks of the distribution. Up to 5 Gaussian peaks are necessary to properly describe the height 

distribution. The first peak (Peak 0 in Figure S7A and Table S8) corresponds to the mica 

surface. Peak 1 (≈ 0.2 nm protruding from the mica surface) and Peak 2 (≈ 0.9 nm protruding 

from the mica surface) are attributed respectively to small contaminations on the surface and 

partially unfolded structures. Finally, Peak 3 (≈ 2.67 nm protruding from the mica surface) 

and Peak 4 (≈ 4.95 nm protruding from the mica surface) are attributed respectively to two 

DNA layers (segment A and C of Figure S6C) and four DNA layers (segment B of Figure 

S6C). This is corroborated by the roughly double value of the protruding features and of the 

“Height” parameters of the peaks. The values of the FWHM of the Peak 3 and 4 are symptom 

of a big variability of the final conformation of the “dry” origami on the mica surface. 

 

 

 

Figure S7. A) Histogram of height distributions obtained from the AFM image in (B). The 

histogram of the height can be fitted using 5 Gaussians. The resulting parameters of the fit are 

presented in Table S8. The image was acquired in air in Amplitude Modulation mode and 

flattened using standard AFM software. The structures look collapsed on the mica surface 

with the central segment, composed of 4 double strands DNA layers on top of each other, 

clearly higher than the other 2 segments (only two double strands DNA layers). Although the 

funnel-shape is clearly recognizable most of the structures are deformed because of the “dry” 

imaging condition.  
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Table S8. Results of the multi-peak fitting of the histogram (Figure S7A) obtained from the 

AFM image (Figure S7B). The “Location” parameter represents the x-position of the 

Gaussian center. The “FWHM” is the Full-Width-Half-Maximum of the Gaussian and the 

“Height” reflects the intensity of the peak. 

 

 

 
Peak 0 Peak 1 Peak 2 Peak 3 Peak 4 

Location (nm) 

 
0.463 0.695 1.38 3.13 5.41 

FWHM (nm) 

 
0.219 0.490 1.09 2.28 1.28 

Height  

 
0.0647 0.0104 0.0084 0.0071 0.0022 

 

 

 



16 

 

3. Experimental ionic current recordings  

 

Figure S8. Additional ionic current traces recorded in the presence of the DNA origami porin 

at 1 kHz sampling rate in 1 M KCl, 10 mM MES, pH 6.0. Stepwise increase in conductance is 

attributed to the insertion of one or more DNA origami porins.  
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Figure S9. Additional ionic current traces recorded in the presence of the DNA origami porin 

at 1 kHz sampling rate in 1 M KCl, 10 mM MES, pH 6.0. A) – C) Closure steps. The stepwise 

reduction in ionic conductance could be caused by pores flipping out of the membrane. 

Closures were often observed during an I-V recording after changing the voltage. D) Events 

with this characteristic shape but variable conductance were regularly observed in the 

presence of the DNA origami porin. They could be caused by unsuccessful insertion attempts. 
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Figure S10. Example I-V trace of a stable, lower-noise DNA porin with a conductance of 

approximately 30 nS, recorded at 1 kHz. The DNA porin remained inserted for the entire IV-

recording and did not “close” at higher voltages as shown in Figure S9. All IV-curves were 

recorded after a clear insertion step was observed.  
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4. Molecular dynamics simulations 

4.1 Arrangement of lipid head groups at lipid-DNA interface 

 

Figure S11. Local density of lipid head groups (phosphorus atoms, green) and DNA 

(phosphorus atoms, blue) near the lipid-DNA porin interface at several stages of the MD 

simulation. From top to bottom, the snapshots illustrate the state of the system prior to the 

equilibration simulation (0 ns), at the end of the equilibration simulation performed having all 

non-hydrogen atoms of the DNA origami porin restrained to their initial coordinates (48 ns), 

at the end of the unrestrained equilibration simulation (82 ns), and at the end of the simulation 

performed under +100 mV transmembrane bias (101 ns). In the last panel, the black arrow 

indicates the direction of the transmembrane bias. Each snapshot was computed by averaging 

the coordinates of the phosphorus atoms over a short (1 ns) fragment of the 48-ps sampled 

trajectory nearest to the point of interest. To increase accuracy, the density maps were radially 

averaged about the z-axis (which is also the symmetry axis of the DNA origami porin). 
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4.2 Local concentration of ions near DNA origami porin 

 

 

 

Figure S12. Local concentration of ions in MD simulation of the DNA origami porin. A, B) 

All-atom model of the DNA porin (blue and yellow) embedded in a lipid membrane (green) at 

the end of the equilibration simulation. Cholesterol tags are shown in red.  C) The local 

concentration of ions and DNA phosphate atoms along the symmetry axis of the DNA 

origami porin (the Z axis). The ion and DNA phosphate concentrations were averaged over 

the [-2 nm < X < 2 nm, -2 nm < Y < 2 nm] section of the system (highlighted in red in panel 

A ) and over the 19.2 ns unrestrained equilibration trajectory sampled every 240 ps. D,E) The 

local concentration of ions and DNA phosphate atoms at the two XY cross sections of the 

simulated system, which are highlighted in green and blue in panel B. Data shown in panels D 

and E were averaged over the entire range of Y value and over  [-2.5 nm < Y < 2.5 nm], 

respectively, and over the 19.2 ns unrestrained equilibration trajectory sampled every 240 ps.  
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4.3 Histograms of simulated ionic current  

 

 

 

 
 

 

 

Figure S13. Normalized histograms of ionic conductance in MD simulations of the DNA 

origami porin. The conductance histograms were obtained by splitting the ionic current traces 

at +100 mV, +30 mV, -30 mV and -100 mV into blocks of specified duration, averaging the 

currents within each block, dividing the average current in each block by the transmembrane 

bias and concatenating the resulting conductance values into one data set. In each column, the 

histograms differ by the size of the blocks the currents were averaged over; the block size is 

specified at the top of each graph. The dashed lines indicate the mean conductance values.  

Note the difference in the scale of the horizontal axes. 

 

 

 

 

 

  

Conductance / nS 



22 

 

4.4 Note S2: Caption for Movie S1 

 

Molecular dynamics simulation of DNA origami porin in a lipid bilayer membrane. The DNA 

strands are shown in blue and yellow; the cholesterol groups are shown in gray. The lipid 

bilayer membrane is drawn as a green molecular surface. The slide bar at the lower right 

corner indicates the progression of the trajectory in nanoseconds (ns). The first 32 ns illustrate 

the equilibration trajectory, which is followed by a simulation at a +100 mV bias. At the 

beginning of the movie, a static rendering of the system is rotated to show the overall 

structure. The second stage of the movie illustrates the structural fluctuations during the 

equilibration; lipid molecules facing the viewer are hidden for clarity. In the last stage of the 

movie, the half of the DNA origami porin facing the viewer is removed and the 

transmembrane region of the channel is enlarged to illustrate the ion transport. Red spheres 

show instantaneous locations of potassium ions. For clarity, only those potassium ions that 

contribute significantly to the transmembrane ionic current (about 10% of all ions) are shown.



 

 

 

 

 


