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Abstract

Here we present a modular method for manufacturing large-sized nanodiscs using DNA-origami 

barrels as scaffolding corrals. Large-sized nanodiscs can be produced by first decorating the inside 

of DNA barrels with small lipid-bilayer nanodiscs, which open up when adding extra lipid to form 

large nanodiscs of diameters ~45 or ~70 nm as prescribed by the enclosing barrel dimension. 

Densely packed membrane protein arrays are then reconstituted within these large nanodiscs for 

potential structure determination. Furthermore, we demonstrate the potential of these nanodiscs as 

model membranes to study poliovirus entry.

Graphical Abstract

Phospholipid-bilayer nanodiscs have attracted great interest as a membrane model that 

provides native-like environment for the study of embedded membrane proteins.1–6 A 
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nanodisc can be stabilized by polymers7–9, peptides10–12 or proteins13. A popular version of 

nanodiscs is stabilized with Apolipoprotein A1-derived membrane-scaffold proteins (MSPs).
13–14 Typically two copies of MSPs wrap around a lipid-bilayer patch, where the length of 

the MSP determines the diameter of the captured lipid nanodisc.

Up until recently, only up to ~16–17 nm in diameter or smaller MSP-based nanodiscs could 

be assembled.15–16 Therefore, the utility of this system for structural studies, especially for 

large membrane protein complexes/arrays or in vitro reconstitution for biological processes 

has been limited. More recently, we engineered covalently circularized nanodiscs (cNDs) 

where a phospholipid bilayer is surrounded by amphipathic helical polypeptides, derived 

from Apolipoprotein A1, that can be circularized by sortase A.3 With this approach, very 

homogeneous, covalently closed nanodiscs have been engineered with diameters of ~ 8, 11, 

15, and 50 nm. These cNDs not only serve as excellent tools for the studies of small- or 

medium-size membrane proteins17–18 but could also act as a surrogate membrane to study 

the interactions of small virus particles with their membrane-bound receptors.3, 19 This latter 

application was demonstrated by poliovirus (30 nm diameter) engagement with CD155 

decorated cND, which showed formation of a putative pore in the nanodisc and RNA 

ejection through the pore.3 Motivated by these results, we attempted to make even larger 

nanodiscs that could be used to study the early steps of cell entry for larger viruses. 

However, the attempts to make stable cNDs larger than 50 nm in diameter turned out to be 

difficult, as these large nanodiscs are susceptible to aggregation. Moreover, it is challenging 

to express and purify the large scaffold proteins required to make these nanodiscs using E. 
coli expression systems.

To overcome these issues, we applied external DNA-origami barrels as scaffolding corrals. 

Scaffolded DNA origami employs folding of a long scaffold strand with hundreds short 

staple strands to achieve self-assembly of custom shapes.20–22 Using DNA origami, each 

component strand can be uniquely addressed, providing a molecular billboard to arrange 

biomolecules with prescribed compositions and stoichiometries for biofunctional study.23–24 

The mechanical stiffness of self-assembled DNA nanostructures also can confine the precise 

morphology and dimensions of nanomaterials, including hard inorganic and soft 

biomaterials, through casting growth.25 Each DNA barrel we used in this study recruits a 

number of ~11-nm diameter nanodiscs that are circumscribed by a pair of non-circularized, 

oligonucleotide-functionalized scaffold proteins (3C-NW11), and directs their reconstitution 

into a single large nanodisc with a diameter prescribed by the dimension of the enclosing 

barrel (Figure 1). We employed two different sized barrels: 90 and 60 outer diameter to 

reconstitute ~70 or ~45 nm nanodiscs, respectively (Figure 1, Figures S2, S4 and S5). The 

final yield for the properly formed DCND is between 40–70 % for both nanodiscs.

Our DNA-origami barrels were designed using the software caDNAno26 (Figures S6 and 

S7) and folded in a one-pot reaction using a 20-hour thermal annealing program. Correctly 

folded structures were isolated by glycerol-gradient centrifugation and verified by negative-

stain transmission electron microscopy (TEM) (Figure 1b and Figure S3) and native agarose 

gel electrophoresis (Figures S8). The 11 nm nanodiscs were first covalently coupled to 

oligonucleotides through Sulfo-SMCC crosslinkers (Figure S9), and then assembled onto the 

DNA-origami barrels through hybridization to the single-stranded DNA handles (36, 24 
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handles for 90-nm, 60-nm barrel respectively) pre-immobilized onto the nanostructure 

(Figure 1a). The successful hybridization with 11-nm sized nanodiscs was confirmed by 

negative stain-EM. As shown in Figure 1b and Figure S1, the DNA-origami barrel inner face 

is lined with small white disk-shaped structures along the interior face of the barrels. Most 

of the internalized nanodiscs have sizes around 11-nm in diameter, while some nanodiscs 

have size bigger than 11-nm, which can result from the heterogeneity of uncircularized 

nanodiscs.

In order to direct the reconstitution of the 11-nm nanodiscs into one single large nanodisc, 

we added excess lipids solubilized in detergent followed by dialysis. After dialysis, we 

performed isopycnic ultracentrifugation through a sucrose gradient to separate the DNA-

barrel-scaffolded lipid nanodiscs from free vesicles on the basis of their differences in 

density (Figure 1b).

In Figure 2, we propose a model to explain the formation of the large bilayer. We 

hypothesize that bringing the 11-nm nanodiscs to within several nanometers, achieved here 

by DNA-origami templating, is an important first step for the successful assembly of the 

larger bilayer. Secondly, a destabilization must be developed at some point between the 

neighboring 11-nm nanodiscs to induce a highly localized rearrangement/fusion of the 

adjacent bilayers, resulting in one interconnected structure. This destabilization step is 

facilitated by the detergent that is used to solubilize the lipid mixture. The detergent 

destabilizes the interaction of MSP with its enclosed lipids27 thus allowing the merge of 

neighboring nanodiscs. Thirdly, fusion of smaller nanodiscs should initially create ellipsoid 

larger nanodiscs, until additional lipids can be recruited. Therefore, flexibility in the DNA-

origami barrel (i.e. ability to distort into an ellipsoid as in Figure 2a,b, third panels) may 

help facilitate later fusion events. Lastly, additional lipids are needed to inflate ellipsoid 

larger nanodiscs into circular larger nanodiscs. All these factors together contribute to the 

success of the reconstitution of large bilayer nanodiscs.

We were able to assemble DCNDs using different lipids including the neutral lipid DOPC 

and the negatively charged lipid mixture POPC/POPG with or without cholesterol (Figure 

1b, Figure S2). We obtained the best yield when we used POPC/POPG with 10% cholesterol 

as the cholesterol molecule is believed to increase the membrane mechanical stability.28 

Interestingly, the yield did not improve after adding more cholesterol molecules. With the 

barrel acting as a bumper case to prevent aggregation, the enclosed nanodiscs were stable for 

at least 6 weeks when stored at 4 ºC (Figures S10 and S14). Also, these nanodiscs show 

good tolerance to a broad range of pH and divalent ion concentration (Figures S11 and S12), 

representing a great improvement in large nanodisc stability.

Having established a modular method to reconstitute large stable nanodiscs using DNA 

barrel, we proceeded to examine whether this nanodisc platform could be used for 

membrane-protein incorporation for further structural and/or functional studies. Here we 

chose two model proteins that are known to establish functional assemblies with or without 

other proteins and co-factors: human Voltage-Dependent Anion Channel 1 (hVDAC-1) and 

the Rhodobacter sphaeroides photosynthetic reaction center protein (RC). hVDAC-1, a beta 

barrel protein, is known to oligomerize on the surface of the outer mitochondrial membrane 
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in apoptosis induction.29 Early EM and AFM studies of mitochondria from Neurospora 
grassa30–31 or potato tubers32 showed dense packing of VDAC pores or even hexagonal 

spindle-like arrangements. It is therefore hypothesized that oligomer interactions of VDAC 

may play a role for its function. On the other hand, RC is a mostly alpha-helical protein that 

plays a key role in the photochemical conversion of light into chemical energy.33

Purified hVDAC1 and RC in detergent were added to the 11-nm nanodisc-decorated DNA 

origami along with lipids before the dialysis step (Figure 3a). After dialysis and purification 

of hVDAC1- and RC-loaded DCND by density gradients, we performed EM and SDS-

PAGE analysis (silver-stain) to confirm the incorporation. As shown in Figure 3b,c and 

Figure S13, EM images and SDS-PAGE analysis verify the incorporation of both RC and 

hVDAC1 respectively into nanodiscs. We also showed that multimeric assemblies are 

formed (Figure 3a) within many of the nanodiscs when we added excess amount of either 

protein before the dialysis step. Presenting membrane proteins at high density, both in freely 

diffusing as well as crystalline contexts, may prove useful to investigate both structural and 

functional rearrangements directly from the very same membranes. Often proteins are found 

functional in 2D crystals 34–36 allowing a number of studies to collect electron diffraction 

data and yielding high resolution structures.37 Our method could be further developed to a 

general platform for membrane-protein structure determination by subatomic averaging 

using cryo-electron tomography38, electron diffraction or by X-ray free electron laser 

(XFEL).

We next explored whether our nanodiscs could be used as a model membrane system to 

study early steps in viral entry. Poliovirus (∼30-nm diameter) is the prototype member of the 

enterovirus genus of the picornavirus family, which are positive-sense, single-stranded RNA 

viruses with ∼7,500-base genomes enclosed by an icosahedral capsid, missing an envelope.
39 CD155 (also known as the poliovirus receptor, PVR) is the receptor to induce poliovirus 

infection, which catalyzes a conformational rearrangement and expansion of the virus 

particle40, eventually leading to RNA release across the membrane.

We prepared the 45-nm DCNDs (hosted by 60 nm outer-diameter DNA-origami barrels) 

containing lipids derivatized with a nitrilotriacetate (NTA) nickel-chelating head group. 

These DCND were functionalized with the His-tagged CD155 ectodomain. Next, the 

receptor-decorated nanodiscs were incubated with poliovirus for 5 minutes at 4 °C. The 

complex was then heated to 37°C for 15 minutes to initiate receptor-mediated viral 

uncoating. Negative-stain EM confirmed the binding of the virus to DCND (Figure 4, Figure 

S14); in some cases, we observed apparent pore formation in the nanodiscs after the virus 

initial binding. We also observed by negative-stain and cryo-EM that many of the nanodiscs 

were partially released from their DNA scaffolds after binding the virus (Figure 4 and Figure 

S14 and S15). One potential explanation is the creation of extra membrane tension after 

receptor binding, which causes dsDNA dissociation between 3C-NW11 and DNA barrel. 

These partially detached nanodiscs are likely stabilized due to the hydrophobic interactions 

between 3C-NW11 and the acyl chains of the lipid bilayer (i.e the 3C-NW11 get detached 

from the DNA barrel and stay with the bilayer).
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In conclusion, we have developed a modular method to produce stable nanodiscs with sizes 

up to ~70 nm diameter using DNA-origami barrel as scaffold. We believe our system can 

potentially create much larger nanodiscs, with more complicated geometry. Additionally, 

site-specific functionalization of DNA-origami provides a tool to precisely control 

membrane protein insertion, potentially with precisely controlled stoichiometry and 

transmembrane orientation. Therefore, our platform could provide an excellent tool for 

producing homogenous membrane protein complexes in native-like environment with 

designed composition, stoichiometry, and orientation. We have demonstrated the utility of 

this model system to reconstitute membrane protein 2D clusters for potential structure 

determination. We used two membrane proteins, hVDAC-1 and RC, which are known to 

form functional oligomeric arrays in native membranes. Furthermore, we have established 

this system to probe an outstanding virology problem of viral entry through host 

membranes.
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Figure 1. DNA-corralled nanodisc reconstitution.
(a) Addition of detergent and lipids (POPC/POPG plus 10% cholesterol) to small nanodisc-

decorated barrels (90 nm outer diameter) followed by dialysis results in the reconstitution of 

DCND. Each DNA barrel is decorated with ssDNA overhang as handles to hybridize with 

ssDNA chemically conjugated small nanodisc. (b) Negative-stain TEM images of DNA-

origami barrel, with 70 nm inner diameter, before (top left) and after (top right) assembly 

with small nanodiscs. TEM images after dialysis to remove detergent, forming integrated 

large sized nanodiscs (bottom right) and after ultracentrifugation (UC) to remove free lipid 

vesicles (bottom left). Scale bar, 100 nm (top insets with 50 nm scale bar). Each step is 

imaged at lower magnification in Figures S1-S5.
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Figure 2. A proposed model for the assembly of the large bilayer within DNA-origami barrels (90 
nm outer diameter).
Bringing the 11-nm nanodiscs close to each other to within several nanometers is a critical 

first step. Adding excess lipids solubilized in detergent destabilizes and induces fusion of the 

neighboring nanodiscs. Next, the intermediate-sized nanodiscs fuse, perhaps aided by 

transient deformation of the barrel into an ellipsoid contour, to yield a single large bilayer 

nanodisc. Scale bar, 50 nm.
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Figure 3. Reconstruction of hVDAC-1 and RC clusters within DCND.
(a) Addition of lipids solubilized in detergent and hVDAC-1 to small nanodisc-decorated 

DNA-origami barrels (90 nm outer diameter), followed by dialysis, leads to reconstitution of 

hVDAC1 clusters within DCND. Multimeric assemblies of VDAC can be formed within the 

nanodiscs (right). (b) Typical DCND containing multimeric assemblies of VDAC. (c) 

Comparison of empty, RC and VDAC containing DCND. Scale bar, 50 nm.
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Figure 4. Poliovirus interactions with DCND containing CD155 receptor.
(Left) Negative-stain TEM images of DCND (60 nm outer diameter) containing CD155 

ectodomain interacting with poliovirus. Scale bar, 100 nm. (Right) TEM images showing 

individual viral particles tethered to DCND. Some images show the bending of the bilayer 

and the creation of a pore in nanodisc by the poliovirus (top right). Scale bar, 50 nm.
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