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ABSTRACT: Technological breakthroughs in electron microscopy (EM), open new 

opportunities and raise novel challenges, specifically related to sample preparation and 

heterogeneous macromolecular assemblies such as, DNA-protein, protein-protein and membrane 

protein assemblies. Here, we built a V-shaped DNA origami as a scaffolding molecular system to 

template proteins at user-defined positions in space. This template positions macromolecular 

assemblies of various sizes up to 47 nm in diameter, juxtaposes combinations of biomolecules 

into complex arrangements, isolates biomolecules in their active state, and stabilizes membrane 

proteins in solution. In addition, the design can be engineered to tune DNA mechanical 

properties by exerting a controlled piconewton (pN) force on the molecular system and thus 

adapted to characterize mechano-sensitive proteins. The binding site can also be specifically 

customized to accommodate the protein of interest, either interacting spontaneously with DNA or 

through directed chemical conjugation, increasing the range of potential targets for single-

particle EM investigation. We assessed the applicability for five different proteins. Finally, as a 

proof of principle, we used RNAP protein to validate the approach and to explore the 

compatibility of the template with cryo-EM sample preparation. 
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DNA nanotechnology enables the bottom-up self-assembly of arbitrarily shaped, rigid, three-

dimensional (3D) nano-objects with precise subnanometer features and with molecular weights 

up to the gigadalton scale.1–3 Self-assembled DNA origami are made from a scaffold strand of 

single-stranded DNA (ssDNA), typically M13 phage genomic DNA, which is folded by, on 

average, 200 short staple strands,1, 4 which can be specifically functionalized and modified with 

chemical groups and biomolecules.5, 6 The DNA origami method is one of the most efficient 

ways to enable accurate molecular scale positioning or to juxtapose combinations of these 

elements into complex arrange-ments.7 This is why bottom-up DNA self-assembly has become a 

particularly promising area for nanofabrication to create tunable plasmonic,8 drug delivery 

systems,9 or as a molecular template for different applications,10, 11 including the incorporation of 

proteins for EM analysis.12, 13 

Beyond recent technological improvements,14, 15 EM techniques open new opportunities and 

raise novel challenges, specifically related to sample preparation and heterogeneous 

macromolecular assemblies (i.e., DNA-protein, protein-protein and membrane proteins 

assemblies). In sample preparation, the primary limiting factor for single-particle visualization is 

the grid preparation. In practice, an ideal EM-grid for both negative stain or frozen hydrated 

sample collection would have the majority of areas maximally occupied, with well-dispersed, 

and randomly oriented particles.16 Numerous methodologies have been developed to optimize 

cryo-EM grid preparations,17, 18 such as buffer composition, the type and concentration of 
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surfactants,19, 20 protein concentrations,21 or the plunge-freezing duration.22 In addition, 

increasing the stability of macromolecular assemblies is crucial for their successful EM 

investigation. However, most rational stabilization strategies relied on thermostabilization or 

chemical cross-linking methods, with the potential to induce artefacts caused by mutations or 

chemical fixation. 

Two previous studies proposed to use self-assembled DNA nanostructures as an alternative 

approach to obtain optimal grids for data collection.12, 13 In the first study, Daniele N. Selmi and 

co-authors proposed the use of a self-assembled 2D-DNA nanotemplate to create non-

overlapping arrays of membrane proteins.12 However, in their design, the protein arranged on a 

hexagonal lattice is difficult to visualize and isolate, which hindered the extraction and analysis 

of single-particles. In the second study, Thomas G. Martin and co-authors, developed a hollow 

pillar DNA origami structure dedicated to 3D tomography reconstruction of DNA binding 

protein by enclosing the p53 tetramer inside a central cavity of 13.2 × 13.6 nm.13 Several 

limitations were reported in their DNA support structure’s design. This includes, (i) the small 

cavity size limiting the accessibility of the protein to the binding site which led to low particle 

yield, i.e., 77% of the remaining support structures did not bind their target protein, (ii) five 

different designs of DNA origami have to be created and analyzed by cryo-EM to record five 

different orientations to cover the entire 180° of a tomographic tilt series which is technically 

possible if the protein binds to a perfectly rigid DNA nanostructure, (iii) the structure is not rigid 

enough to exert control over the orientations of proteins to calculate a tomographic 3D re-

construction, in addition, 42% of the support structures did not incorporate the tilt axis, (iv) the 

nanotemplate is designed for cryo-EM only, and specifically for tomography. Characterization 
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and visualization by negative stain of any biomolecule encapsulated on this DNA origami-

support is impossible.  

Here, we propose a new design of DNA origami that overcomes the main limitations of the 

previously proposed designs and proves adapted to multi-protein complexes. We designed a V-

shaped structure that contains a double-strand (ds) DNA helix “segment” in-between its two 

“arms” (Figure 1a). This dsDNA helix has been designed with a single-strand (ss) break at each 

side to provide the freedom rotation of the connected dsDNA-binding domain. The binding site 

is engineered with a customizable DNA sequence or chemical modification to specifically bind a 

target biomolecule. To image a maximum of biomolecule orientations from a designed single 

molecular system, an assembly strategy is conceived to combine two monomer origami together 

to act as a single platform able to hold two separate target biomolecules (Figure 1b). The 

physical properties of the V-shaped DNA-design presents several advantages it : (i) facilitates the 

localization of large target biomolecules (up to 47 nm diameter size), specifically enclosed in the 

center of the “segment”, (ii) juxtaposes combinations of biomolecules into well-defined spatial 

organization, (iii) exerts a controlled tension in the low piconewton (pN) range on the target 

biomolecule, (iv) isolates biomolecules and maintain their stability in their active state, (v) 

stabilizes challenging membrane proteins in solution, (vi) provides high flexibility to reach a 

large variety of orientations important for single-particle imaging, (vii) drives the particles to 

distribute evenly within a thin ice layer from the cryo-EM grid holes in a variety of orientations, 

and helps to prevent possible aggregation problems at high particles concentration or from the 

air-water interface. 
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In this study, we demonstrate the versatility of our DNA nanostructure as a scaffolding 

molecular system for a variety of proteins that spans the range of potential targets for single-

particle EM. For each application, the binding site is specifically customized to accommodate the 

protein of interest; either naturally interacting with DNA such as Central glycolytic gene 

Repressor (CggR), DNA repair Ku70-Ku80 (Ku) heterodimer, and multi-subunit DNA-

dependent RNA polymerase (RNAP), or through site specific interactions such as biotin/anti-

biotin antibody, bio-tin/streptavidin, or by combining chemical modification of the biotinylated 

DNA strand of the nanotemplate with specific strep-tagged G protein-coupled receptors (mu-

Opioid receptor, µOR). As a proof-of-principle we explored this approach under negative stain 

conditions for the three-dimensional (3D) reconstruction of the E. coli RNAP holo-enzyme that 

specifically binds to its nucleic acid target implemented on the DNA nanotemplate. We also 

demonstrate the compatibility of the design with cryo-EM conditions that can be applied to 

optimize sample preparation conditions to perform cryo-EM for single-particle collection. 

RESULTS 

Design of the DNA origami nanotemplate  

The overall V-shaped DNA nano-platform design involves the self-assembly of 18-helices at a 

140 nm length programmed to globally bend at 60° as depicted in Figure 1 (also see cadnano 

diagram of the design in Figure S1). The upper bound of the persistence length of the stiff 

eighteen-helix bundle (18-hb) arm was calculated to be 11.3 µm. A segment of 156 nucleotides 
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(nt) scaffold connects the two arms of the nanotemplate and is located 45 nm from the kink, such 

that the distance between the “left” and “right” arms at these points (～47 nm) is directly 

mirrored across the nano-template (Figure 1a and Figure S1a) and able to accommodate large 

macromolecular complexes up to 47 nm diameter size.  

DNA-binding proteins often require the bending of specific DNA strands to facilitate 

interactions. The structure and kinetics of DNA-binding proteins can be modified when the DNA 

substrate is subjected to mechanical forces.23 In our design, the length of the connecting segment 

can be adjusted by substituting a small number of staple strands, storing the excess scaffold in a 

reservoir loop on the left end of the template. The number of nt involved in the segment can be 

adjusted between 84 nt and 156 nt. The length can thus be tuned cost-efficiently with defined and 

controlled tension in the low pN range, calculated using a modified Freely-Jointed-Chain model 

(mFJC) as described in Smith SB. et al. study37 (also see Supporting Information, SI Elastic 

response of DNA). 

Extra DNA helix bundle has been designed at one arm extremity to represent a distinct 

asymmetric and recognizable feature that can be used on electron micrographs to distinguish the 

orientation of the molecular templates (see schematic 3D design in Figure 1a and Figure S1). 

Furthermore, this extra DNA helix bundle can serve as an interface to drive the hierarchical 

assembly of the monomeric object into oligomerized DNA objects by blunt-end stacking.36 In 

this design version, eight-helix bundles are protruding from the “right-arm” of the object to 

program the self-assembly of two monomers into homodimers. Here, the advantage of using 

blunt-end stacking is to create a junction between the two monomers with an angular degree of 

freedom without restricting the range of rotation between the two monomers.24 The assembling 
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strategy in this design version will allow imaging multiple viewing angles of the templated 

particles using the same DNA origami object (Figure 1b, and Figure S2). The connection occurs 

in one-pot annealing without intermediate purification steps. Furthermore, to reach maximum 

viewing orientations of the templated protein-DNA complexes the freedom of rotation of the 

segment was increased by introducing a single-strand break, or nick25 at the joint region, 

connecting the segment to the arms of the V-shape. This loss of base pairing interactions forces 

the segment helices to deform and allows conformational dynamics within the dsDNA-binding 

domain. Folding of the nanotemplate in their monomeric form resulted in products that migrate 

as sharp bands on a 1% native agarose gel electrophoresis (Figure S1c). Negative-stain TEM 

confirmed the assembly of the overall V-shape objects (Figure 1 and Figures S3-S5) with an 

average bend angle determined to be about 61.4° ± 4.7° (N=144). In this design, the V-shape 

dimerization assembly proceeds with high yield, as evidenced by a bright band that corresponds 

to the dimeric V-shape form (Figure S2b), clearly recognizable by negative-stained TEM 

imaging after purification of the dimeric band (Figure 1b and Figure S5). Mixed populations of 

dimeric and monomeric origami nanotemplates are often observed under TEM visualization, 

with a dominant presence of the dimeric forms (Figure S3). The dimeric nanostructures present a 

different range of rotation between the two assembled monomeric forms, as corroborated by 

direct TEM imaging where the dimeric nanostructures are mainly in “Z-shape” or “U-shape” 

conformation, and a number of other intermediate states are also visible (Figure 1b and Figure 

S5). 

���8



"  

Figure 1. Design of the V-Shape DNA Origami structure. (a) Schematic 3D-design of the 

nanotemplate. The binding site designed for a specific target protein is located at the center of the 

dsDNA segment connecting the two arms. The length of the segment can be adjusted between 84 

nt and 156 nt by storing the excess scaffold in a reservoir loop on the left end of the template and 

exerting a controlled tension in the low pN range on the target biomolecule. Reducing the 

number of nucleotides spanning the 46 nm distance gap in-between the two arms leads to a 

higher structural tension. The dsDNA helix of the segment is designed with a single-strand break 

at each side to provide the freedom rotation of the connected dsDNA-binding domain. The V-

shape nanostructure can hold various sizes of macromolecules, up to ∼47 nm in diameter. (b) 

Extra structure, shown in gray at the end of the “right” arm allows the assembly of the 
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monomeric object into dimer by blunt-end stacking Schematic illustration of the different 

dimeric assemblies indicate different orientations between two monomers. Examples of TEM 

micrographs of negatively stained nanotemplates of purified samples in their monomeric and 

dimeric structures. The connecting segment between the two arms is too thin to be clearly visible 

in negative stain TEM. Scale bars: 20 nm. 

Modularity of the design for versatile applications  

We then exploited the nanotemplate to image several biologically relevant proteins. For each 

target, we engineered the design and/or chemical function of the connecting segment according 

to the protein of interest, while the rest of the core of the nanostructure was kept unchanged. We 

prepared three separate pools that contain staples forming the core of the template, the 

connecting segment, and the reservoir loop. In the following, we highlight the modular properties 

of the design applied to five different proteins, either interacting spontaneously with DNA, or 

through site specific conjugation using non-covalent chemical recognition.  

Design property I: Customize the three-dimensional shape. DNA-binding protein complexes 

may require a pre-coupling with a specific dsDNA substrate to retain stability in solution. We 

explored the ability of the template to accommodate a pre-assembled complex of DNA-protein. 

In this design version, the single scaffold DNA segment connecting the two arms of the 

nanotemplate is absent. Instead, two connection sites were introduced for the hybridization of a 

DNA fragment initially coupled with its protein in-between the platform’s empty arms. In 

addition, the nanotemplate is bearing an extra twelve-helix bundle on the inner side of the “left-

arm” (Figure 2 and Figure S6 for cadnano design diagram) and can be programmed to self-
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assemble into a convex triangle as previously reported.4 Successful folding of the monomeric 

template is demonstrated from the characteristic agarose gel bands (Figures S6b and S6c) and 

the recognizable purified structure from TEM micrograph (Figure 2). As a model, we chose to 

template the CggR protein-DNA complex. At first, binding of CggR protein (a tetramer of 149 

kDa) to its tandem full-length operator site, a DNA sequence of 45-nt, was optimized (see 

Methods for detailed sequence). To selectively hybridize the tandem full-length operator site into 

the connection points, we introduced a corresponding 21-nt single strand to the operator site, 

which has an over-hang at the 3′-side (detailed sequences in Table S2). Then, we optimized the 

hybridization on the nanotemplate by mixing the CggR-DNA complex with the empty DNA 

origami together at different molecular ratios, (origami:CggR) varying from (1:1) to (1:15), and 

at different incubation time, from 10 to 60 min (see Methods for more details). In these 

experiments, fluorescently labeled tandem full-length operator sites were used to monitor the 

hybridization of the CggR-DNA complex into the template via agarose gel-electrophoretic 

mobility analysis (Figure S7b). We found an optimal hybridization at a molar ratio (CggR-DNA: 

origami) = (4:1) for 15 minutes at 25 °C. The sample was then loaded onto Superdex S200 

10/300 GL column to remove excess free CggR bound protein, and the fractions for the DNA 

origami-CggR complex were collected and concentrated individually before TEM visualization. 

The TEM data (Figure 2 and Figure S8) revealed well-dispersed particles with recognizable 

protein binding features, and demonstrated the accurate fill-up of the empty gap between the two 

arms. 
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Figure 2. Modular 3D-shape to accommodate pre-assembled DNA-protein complexes. The 

target CggR protein is coupled by hybridization of the DNA fragment initially templated with the 

target in between the nanotemplate empty arms. Examples of TEM micrographs of the 

nanotemplates before and after protein attachment are shown. Scale bars, 20 nm. 

Design property II: Tune the spatial molecular organization. Biological functions are often 

associated with stability and molecular organization of proteins. These functions originate from 

cooperative and allosteric mechanisms, stabilizing local interactions within a repeat, between 

adjacent repeats, or at the supramolecular level. Controlling the molecular and spatial 

organization of proteins is thus very informative but very challenging in structural biology, 

mainly due to the flexibility of some of these protein complexes that limit their study by 

crystallography and EM. Here, we investigated Ku protein, which is a heterodimer of two 

proteins termed Ku70 (70kDa) and Ku80 (80kDa). Ku is a core factor of the main double-strand 

break (DSB) repair pathway in humans, called non-homologous end-joining (NHEJ).26, 27 Ku 

recognizes the DSB ends though its ring shape structure 28 and has a high affinity, in the 

nanomolar range, for DNA. Beyond its role in the DSB ends recognition, Ku has also a major 
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role to recruit and orchestrate the function of the NHEJ factor close to DSB ends.29 Despite 

preliminary structural studies on Ku complexes with some NHEJ partners or motifs derived from 

these partners, we have little insight on the way Ku recruits and positions NHEJ enzymes and 

complexes close to the DSB ends.30, 31 A limitation of Ku studies by EM is the difficulty to 

evaluate during sample optimization the proportion of Ku molecules bound to DNA substrates. 

We evaluated the V-shaped structure to select the Ku-DNA complex in a more efficient way. To 

this end, ds-DNA fragment of a specific length was designed to control the number of Ku 

proteins to accommodate. We used two V-shaped DNA origami with a 21 bp or 42 bp double 

DNA pointing out at the center of the segment connecting the two arms, called Ku (I) and Ku 

(II), respectively as depicted in Figure 3. Ku (I) and Ku (II) nanotemplates allow respectively 

one or two Ku molecules to bind in the middle of the transverse segment. Indeed, Ku binds DNA 

in a sequence independent manner. It can thread inside DNA with one Ku molecule bound every 

15-20 bp of DNA.32 In a previous work, we showed by calorimetry that one Ku molecule binds 

to an 18 bp DNA with a Kd of 3.5 ± 0.8 nM and a 1:1 stoichiometry and that two Ku molecules 

bind a 42 bp DNA with a Kd of 0.4 ± 0.2 nM and a 2:1 stoichiometry.30 The presence of Ku 

proteins at the capturing DNA strand was clearly observed under TEM on both Ku (I) and Ku (II) 

designs as indicated in Figure 3 and Figures S9 and S10. 
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Figure 3. Tunable design for spatial molecular organization. The dsDNA fragment of a specific 

length is designed to control the number of Ku proteins on the V-shape.  Ku (I) and Ku (II) 

nanotemplates allow respectively one or two Ku particles to bind in the middle of the transverse 

segment of 21 bp or 42 bp length. Examples of TEM micrographs of the nanotemplates after 

protein attachment on both designs are shown. Scale bars: 20 nm. 

Design property III: Regulate the structural tension of DNA-binding domain.  A ssDNA 

reservoir loop was designed to adjust the number of bases between the fixed empty gap distance 

between the two arms and thus the contour length of the ssDNA that directly exerts a local 

tension towards the molecular system by acting as an entropic spring as reported in Philipp C. 

Nickels et al, study 33 (Supporting Information, SI Elastic response of DNA and Figure S11).  

We studied the force dependency of the RNAP-binding to its core promoter sequence localized 

in the middle of the dsDNA segment. We regulated the tension by adjusting the length of the ds-

DNA segment in the joints of the core promoter sequence. A mismatch-bubble of 9 nt was 

introduced in the connecting segment to hold the RNAP (∼450 kDa)34 in place of the promoter 
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region (Figure 4a). We investigated low (~ 0 pN) and relatively high (~ 14 pN) force ranges by 

tuning the length of the dsDNA segment between relaxed (156-nt dsDNA) and tense (134-nt 

dsDNA) states, respectively (Figure S12). The resulting force was calculated for a given contour 

length by approximating the dsDNA as a semi-flexible polymer35 and using a mFJC model36 

(Supporting Information, SI Elastic response of DNA). The nanotemplates were assembled 

for each chosen length of the dsDNA connecting segment. After purification, DNA origami 156-

nt dsDNA was hybridized with RNAP (see Methods for more details) in an optimized molar ratio 

of (origami:RNAP)=(1:2). TEM micrographs show the presence of RNAP (Figure 4) with a 

binding efficiency estimated above 70% (from a total number of templates, N= 370) (Figure 

S13). The percentage of templated RNAP particles decreased significantly on the tense 134-nt 

dsDNA segment at ~ 14 pN, even at higher molar ratio (origami:RNAP) = (1:5) for which the 

binding efficiency was only ~ 14% (from N= 206) (Figure S14). RNAP binds more favorably in 

the bubble DNA of the relaxed 156-nt dsDNA with a zero-force stress (Figures S13, S15, and 

S16). This is consistent with the fact that tense DNA template creates steric constraints impairing 

RNAP-promoter complex formation and that formation of the RNAP-open promoter complex 

likely occurs on relaxed dsDNA, inducing ∼ 90° bend in DNA as previously estimated from 

structural studies.37, 38  

The incorporation of the protein to the DNA nanotemplate drives the isolation of single particles 

RNAP only coupled to its DNA binding site and serves as a benchmark to facilitate particle 

selection from the raw micrographs. Particles templated favorably on the relaxed 156-nt dsDNA 

were thus selected and subjected to 2D class averaging (see Methods, section “Image processing 

details of negatively stained RNAP”). The density of RNAP in 2D class averages is readily 
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recognized, with variability in the shape (Figure 4c), reflecting different orientations of RNAP in 

these classes. We then computed a 3D reconstruction of RNAP using Relion software.39 About 

4,000 particles localized in both monomeric and dimeric nanotemplate forms (Figures S15 and 

S16) were used for final 3D refinement giving a 25Å resolution EM-map. The main structural 

features of RNAP (Figure 4c) agree with the resolved cryo-EM structure of RNAP.40 

"  

Figure 4. RNAP binding to the relaxed 156-nt dsDNA connecting segment of the V-shape. (a) 

Design of the nanotemplate for RNAP conjugation. The connecting segment is modified with a 

transcription bubble sequence representing the binding site of the RNAP. (b) Representative 

digital micrograph area of negatively stained DNA origami nanotemplate. Attachment of the 

RNAP to the binding site results in the appearance of single brighter dots in the center of the 
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connecting segment of the nanotemplate, indicating successful protein binding in molar ratio of 

(origami:RNAP) = (1:2). (c) Representative 2D class averages and 3D reconstruction of RNAP. 

The main structural features of RNAP agree with the resolved cryo-EM structure of RNAP in 

reference 40. Empty DNA origami nanostructures indicated by blue arrow in (b) are discarded 

from data processing. Scale bars: 40 nm. 

Design property IV: Direct site-specific conjugation through chemical modification. To 

investigate biomolecules other than DNA-binding proteins, we adapted a ligand-receptor binding 

method through two strategies using biotinylated DNA origami.  

First, we explored the applicability of the method using antibiotin-biotin complex, an important 

class of antibody-antigen interactions commonly used in structural biology.41 Here, we 

engineered the nanotemplate with two integrated biotin ligands separated by ∼12 nm to 

simultaneously bind the two antigen-binding sites present at equivalent distance on the anti-

biotin, as shown in Figure 5a. After coupling optimization and size exclusion chromatography 

purification, imaging of the purified sample revealed monodisperse particles under negative stain 

EM, indicating the recognizable antibody feature (Figure 5a and Figure S17).  

Second, we developed a generic method for the study of any arbitrary target protein including 

membrane proteins. The method relies on the incorporation of a commercially available dual-

biotin labeled DNA onto the segment to couple a tetrameric streptavidin protein based on the 

highly selective recognition of streptavidin to biotinylated DNA. The two free streptavidin 

binding sites can capture a biotinylated or strep-tagged protein. As a proof-of-concept, we used 
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the type mu-Opioid receptor (µOR), a G protein-coupled receptor (GPCR). This membrane 

receptor is a key signaling seven-transmembrane protein that possess important potential in drug 

discovery programs.42–44 For attachment to the DNA origami, we genetically engineered the µOR 

receptor with a twin-strep-tag appended to the carboxy terminus to create a strep-tagged 

recombinant µOR (see Methods for more details). The strep-tag is a short peptide of 8 amino 

acids which is able to mimic biotin. The twin-strep-tag is composed of two strep-tag peptide 

sequences with an internal linker region. Subsequently, the twin-strep-tagged µOR-receptor can 

be specifically captured via the two free binding sites of the streptavidin attached onto the 

origami.45 After PEG-purification of the dual-biotin labelled DNA origami, the sample was 

mixed with a streptavidin solution. The non-attached streptavidin molecules were separated from 

the origami by molecular mass cutoff filtration. Finally, the purified origami-streptavidin 

nanotemplates were incubated with the purified twin-strep-tagged µOR receptor at a molar ratio 

of (~1:1) of streptavidin to twin-strep-tag µOR receptor, overnight at 4 °C before imaging. The 

TEM data in Figure 5b and Figure S18 revealed well-dispersed particles with recognizable 

protein binding features in between the two arms of the nanotemplate. 
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Figure 5. Design of the DNA nanotemplates for specific protein attachment through site specific 

conjugation. (a) Antibiotin-biotin recognition. The connecting segment of the nanotemplate is 

modified with two integrated biotins ligands separated strategically by ∼12 nm to simultaneously 

bind the Y shaped receptor antibody. (b) Specific immobilization of twin-strep-tagged GPCR 

protein on the bridge segment modified with two biotin molecules, subsequently modified with 

streptavidin to allow stable immobilization of dual strep-tagged GPCR protein through 

multivalent attachment, illustrated as anchorage of two strep-tagged sequence to two binding 

sites of streptavidin. Examples of TEM micrographs of the templated proteins to each specific 

binding site are shown. Scale bars 40 nm. 

Single-particle imaging by Cryo-electron microscopy. Lastly, we tested the compatibility of 

our V-shape design with cryo-EM sample preparation. To be suitable for cryo-EM sample 

preparation, the template should be stable at high concentration ranging from 0.5 to 10 µM 
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required to get enough particles per grid hole. We established a large-scale synthesis and 

purification strategy of the nanotemplate (see details in Methods). We then optimized sample 

preparation conditions of the V-shape DNA origami without protein and visualized them on a 

holey carbon grid at different concentrations. We found conditions where the aqueous suspension 

of DNA nanotemplates should be concentrated to 0.5 µM (see Methods for estimation of DNA 

origami concentration) at which the nanostructures are spontaneously embedded in vitreous ice, 

thereby creating dense, non-overlapping origami nanostructures with multiple orientations, 

suitable for imaging a target protein by cryo-EM (Figure 6 and Figure S19). For the different 

tested origami concentrations (i.e., from 0.5 to 10 µM), the nanostructures remain stable and 

well-dispersed (Figure 6b). However, at 10 µM concentration, which is the maximum 

occupancy in ice, the V-shape templates spontaneously form stable and pseudo ordered 2D-

organization structures without aggregation where most of the nanostructures are preferably 

oriented facing up (Figure S20). This preferred orientation might be related to the ssDNA (i.e., 

poly-thymine nucleotides) added to the extremity of one of the arms to prevent end-to-end 

polymerization, which probably make them more likely to interact with the hydrophobic air–

water interface due to the exposed aromatic bases as previously reported.13 
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Figure 6. Single-particle imaging by cryo-EM. (a) Schematic diagram of grid hole cross-sections 

containing regions of ideal DNA origami particle for single-particle cryoEM collection. (b) 

Optimization of DNA-origami concentration. Dense and non-overlapping origami nanotemplates 

with multiple orientations are observed at different concentrations: 0.5; 4; and 10 µM from top to 

bottom. At the highest concentration, the micrographs show mainly nanotemplates with the two 

arms facing up and more adopting an orientation perpendicular to the air-water interface. Scale 

bar, 40 nm. (c) Different viewing angles of the nanostructures embedded in vitreous ice. Scale 

bar, 20 nm. 

DNA origami concentration will then be intermediate and was estimated at 0.5 µM. We thus used 

this concentration to perform cryo-EM imaging on the DNA origami-RNAP complex as proof-
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of-principal (Figure 7). Purified DNA nanotemplate and concentrated to 0.5 µM were incubated 

with RNAP in the optimized molar ratio of 1:2 for 30 minutes at 37°C. Direct imaging of the 

RNAP-origami complex by cryo-EM was clearly observed on the DNA platform. Most of the 

DNA platforms display isolated RNAP particles (indicated by the red circles in Figure 7a and 

Figure S21) and showed suitable contrast in ice. By enclosing RNAP protein in between the two 

arms of the V-shaped nanotemplate, the protein is kept protected from the air–water interface. In 

addition, images of RNAP decorated DNA platforms showed a good distribution with multiple 

orientations (Figure 6b and Figures S19-S21). All these criteria agree with prerequisites required 

for cryo-EM to improve the conditions of sample preparation, which is the primary limiting 

factor for single-particle analysis. 

"  

Figure 7. Cryo-electron micrograph of the RNAP coupled to the DNA origami nanotemplate. (a) 

Presence of RNAP to the binding site is indicated by the red circles. Empty DNA origami 

nanostructures and non-properly folded DNA origami are indicated by blue and yellow arrows, 

respectively. Scale bar, 40 nm. (b) Different viewing angles of the nanostructures-RNAP 
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embedded in vitreous ice. The presence of RNAP to the binding site is indicated by the red 

circles. Scale bar, 20 nm. 

DISCUSSION 

In this study, we present V-shaped DNA origami designs as multifunctional scaffolding 

molecular systems that help to improve the behavior of the biomolecule for single-particle EM 

imaging. Sample preparation step is still the primary limiting factor to guarantee the success of 

the data processing step which is frequently a painstaking trial-and-error process for a large 

variety of proteins and complexes. For example, DNA- and RNA-binding proteins are difficult to 

obtain in a homogeneous molecular complex on cryo-EM grids because these complexes often 

dissociate and DNA/RNA fragments tend to hybridize or aggregate at concentrations required for 

cryo-EM grid preparation. Similar problems are shared with membrane proteins, wherein it is 

challenging to obtain a dense distribution of membrane proteins because the hydrophobic 

particles tend to aggregate. The engineered V-shape structures can help to accomplish the 

isolation of a variety of target molecules in their active and/or complexed macromolecular states 

away from the air-water interface and prevents common sample preparation issues. The proposed 

V-shape design emphasizes two major points. 

    First, the versatility of coupling of cognate target proteins bound to the DNA origami scaffold 

are key issues for future studies. Hence, we showed the malleability of the V-shape design to be 

engineered as desired for five different target proteins, either interacting spontaneously with the 

DNA or through directed chemical conjugation. The design can be adapted to accommodate 

DNA-binding protein complexes already pre-coupled to a specific dsDNA substrate in-between 
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the platform’s empty arms as we demonstrated for CggR enzyme. This strategy can be 

generalized to any DNA-binding protein complexes that may require a pre-coupling with a 

specific dsDNA substrate to be stable in solution. The design of the DNA present on the center of 

the origami’s segment connecting the two arms can also be engineered without modifying the 

whole design of the template. We showed the possibility to tune the spatial molecular 

organization by controlling the number of templated Ku proteins as a function of dsDNA 

fragment’s length. In addition to maintaining stability of the associated molecular complexes that 

frequently dissociate during the spreading and/or during freezing conditions. This method can be 

generalized to other proteins interacting with a specific substrate which allows a complete 

characterization of complex molecular systems at the molecular or supramolecular levels. Our V-

shape design can also be programmed to exert a controlled pN force on the molecular system by 

adjusting the number of nt involved in the segment. We observed that RNAP binds more 

favourably in the bubble DNA of the relaxed 156-nt dsDNA at ~ 0 pN as compared with the 

tense 134-nt dsDNA at ~ 14 pN. This is consistent with the fact that DNA binding protein 

induces DNA structural modifications in general and that gene transcription is a mechano-

sensitive process in particular. This strategy may be further adapted to directly visualize other 

mechano-sensitive molecular systems under tension. In addition, we designed different strategies 

to study non-DNA binding proteins through site specific conjugation by using commercially 

available biotin labelled-DNA on the support structure to bind anti-biotin or streptavidin that 

subsequently can attach streptavidin-tagged target proteins. This functionalization method was 

adapted to anchor challenging targets such as membrane proteins. The stability of DNA origami 

over a large selection of detergents and buffers makes the use of DNA origami especially 
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attractive for structural studies of membrane proteins.46 Here, we used mu-Opioid receptor (µOR) 

as an example of GPCR proteins. Our developed method should be easily amenable to other 

GPCRs which are the largest class of membrane proteins in the human genome. For the different 

designs, the presence of specific protein or complexes on the center of the V-shaped origami is a 

guarantee that the interaction between the target and the DNA or RNA is effective as observed on 

the EM grids. 

Second, the scaffolding system was demonstrated to be compatible with cryo-EM conditions. We 

found conditions where the DNA nanotemplates are spontaneously embedded in vitreous ice, 

thereby creating dense, non-overlapping origami molecules, and showing different orientations, 

suitable for imaging target proteins by cryo-EM. As a proof-of-principle, we chose to template 

RNAP protein that binds favorably to its relaxed core promoter sequence localized in the middle 

of the 156-nt dsDNA segment at ~ 0 pN.  

The DNA origami which is at least one or two orders magnitude more massive than the protein 

target helps to drive the particles enclosed in the center of the DNA template to distribute evenly 

within the ice layer of the grid holes in a variety of orientations, as well as permitting facile 

viewing of different angles of the target protein. In addition, the different orientations of the 

nanotemplate help to keep the protein target away from the detrimental effects of the air–water 

interface and can assist in the selection of suitable particles on its DNA binding site. The 

template can also help to prevent aggregation of the target protein at concentrations needed to 

perform cryo-EM. 

CONCLUSIONS 
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This study set out to explore a simple, versatile and straightforward method to enable accurate 

molecular scale positioning as a fiducial marker. These V-shaped DNA origami nanotemplates 

open the way to juxtapose combinations of several biomolecules into complex arrangements or 

the regulation of the structural tension imposed by the nanotemplate to control binding affinity 

which can be visualized by single-particle EM. These scaffolding approaches could provide a 

distinct opportunity that may inspire future studies on target proteins difficult-to-crystallize or 

difficult-to-image under cryo-EM conditions. Especially protein complexes and membrane 

proteins which are inherently difficult to study by cryo-EM because of their instability and 

tendency to aggregate when extracted from their natural lipid-bilayer environment, particularly 

for GPCRs. 

METHODS 

Design and preparation of DNA origami 

V-shaped DNA origami structures were designed using CaDNAno software (v. 2.0) using a 

7560-nt M13 bacteriophage genome as scaffold. Oligonucleotide staple strands (Eurofins, 

France) were combined with the 7560-nt scaffold in a one-pot reaction at a ten-fold molar excess 

in buffer containing 5mM Tris-HCl, pH=7.8, 1mM EDTA, and 18mM MgCl2. The reaction was 

then heated to 65 °C for 15 minutes to denature all DNA strands, then slowly cooled in a gradient 

from 60 °C to 40 °C over a 40-hour time span to anneal and assemble the nanostructure. After 

the folding of the nanostructure the V-shape was analyzed by 1% agarose gel and 0.5X TBE 

buffer with 11mM MgCl2. Bands corresponding to the DNA origami were excised and purified 

using DNA gel extraction spin column (Merck, France) centrifuged at 5,000 g for 3 min at 4℃. 
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Proper folding of the DNA origami was assessed by negative staining with 1% uranyl acetate and 

visualization by electron microscopy using a JEOL 2200, 200 KeV.  

Purification strategy of DNA origami 

DNA origami nanostructures were purified from the excess of the oligonucleotide staple strands 

by separation on 1% agarose gel with 0.5x TBE buffer infused with 11mM MgCl2. Alternatively, 

nanostructures were purified using at least three rounds of PEG precipitation. Briefly, a solution 

of 15% w/v PEG-8000 5mM Tris-HCl, pH=7.8, 505mM NaCl, 1mM EDTA was added at 

equivalent volumes to a sample of DNA origami and centrifuged at 16000xg for 25 minutes at 

8℃. Supernatant was removed and the pellet was resuspended in a buffer consisting of 5mM 

Tris-HCl, 5mM NaCl, 1mM EDTA, 11mM MgCl2. A third strategy to purify V-shape 

nanostructures consisted of centrifugation of the folded origami in a 100K MWCO amicon 

centrifugal filter (Merck, France) to concentrate the DNA origami and remove excess 

oligonucleotide staples. Origami were thoroughly rinsed in this manner with at least six rinses. 

Concentration of DNA origami  

DNA origami concentration was estimated by measuring DNA absorbance at 260 nm, and 

applying the Beer-Lambert relation. We then used the formula for the extinction coefficient ε = 

6700Nds + 10000Nss, wherein the Nds and Nss are of double stranded and single stranded 

nucleotides, respectively.47 Final DNA concentration varied according to the purification 

strategy, typically between 10 nM and 20 nM using centrifugal filters and between 0,5 µM - 5 

µM using PEG precipitation method. The absorbance was measured using a nanodrop UV-vis 

spectrophotometer (Thermo scientific, France).  
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Expression and purification of target proteins  

CggR protein. The CggR/DNA complex was purified as described in Chaix et al.48 using a 

dsDNA oligonucleotide containing the tandem full-length operator site (45-nt, 5’-

TGACGGGACGTTTTTTGTCATAGCGGGACATATAATGTCCAGCAA-3’). The assembly of 

the CggR nanotemplate was accomplished in a similar manner as the nanotemplate version 2, in 

the presence of six equivalents of the capturing strands. After PEG-purification, purified DNA 

origami sample was mixed with the CggR protein bound to the tandem full-length operator site 

at different molecular ratio, varying from 1:1 to 1:15, origami:CggR and incubation time, from 

10 to 60 min. The resulting DNA origami/CggR conjugates were purified by size-exclusion 

chromatography. The samples were loaded onto Superdex S200 10/300 GL column to remove 

excess free CggR bound protein, and the fractions for the DNA origami-CggR complex were 

collected and concentrated individually before TEM visualization. 

Ku protein. The full-length human Ku70 (1–609)/Ku80 (1–732) heterodimer was prepared as 

previously described.49 Briefly Ku70/80 was cloned in the Multibac vectors with a 10-His tag 

and a tobacco etc h virus (TEV) site on the Ku80 N-terminus. The plasmid was integrated in a 

yellow fluorescent protein-containing bacmid by transformation in EMBACY Escherichia coli 

stain (kind gift from I Berger, Bristol University). The resulting recombinant bacmids were used 

to transfect Sf21 insect cells, giving the V0 virus generation. Production was initiated in Sf21 

cell culture by infection with baculovirus at a multiplicity of infection (MOI) of 5 × 10-3. Insect 

���28



cells were collected 5–6 days after the infection (3–4 days after the proliferation arrest). The Ku 

heterodimer was purified on an Ni NTA-Agarose affinity column (Protino, Macherey Nagel) 

with a 1M NaCl wash step to remove DNA excess. The eluted Ku was then bound onto an anion 

exchange column (Resource Q, GE Healthcare) equilibrated with buffer Q (20 mM Tris pH 8.0, 

50 mM NaCl, 50 mM KCl, 10 mM β -mercaptoethanol). Final yield of the Ku heterodimer was 

typically 35 mg purified heterodimer per liter of culture. For protein attachment to the 

nanotemplate, Ku heterodimer stored in 50% glycerol was diluted in 10mM Tris pH 8.0, 50 mM 

NaCl to a final concentration of 75 nM. 0,8µL of diluted Ku was mixed with 4,2µL of purified 

Ku(I) or Ku(II) nanotemplates at about 20 nM and incubated for less than one minute at room 

temperature before TEM imaging.  

E. coli RNAP holoenzyme. The E. coli RNAP holoenzyme was assembled from the RNAP core 

and the σ70 subunit expressed and purified as described in Morichaud et al.50 Annealed DNA 

structures in presence of six equivalents of RNAP connecting segment staples (5’-

AATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACATT

ATACGAGCCGGAAGCATAAAGTGTCAAGCCTGGGGTGCCTAATGA-3’) were purified by 

PEG-purification method. Purified E. coli RNAP holoenzyme was assembled to the purified 

nanotemplate with an optimized molar ratio of (origami:RNAP)=(1:2) for 30 minutes at 37°C, 

with buffer (10mM Tris pH 8.0, 100 mM NaCl, 5 mM MgCl2). 

Antibody, anti-biotin. Annealed DNA structures in presence of six equivalents of Biotin-TEG-

labelled staples were purified by 2% agarose gel electrophoresis. HPLC purified DNA sequence 

m o d i f i e d w i t h B i o t i n - T E G w e r e o b t a i n e d f r o m E u r o f i n s , 5 ’ - B i o t - T E G -
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AGCCGGAAGCATAAAGTGTAA-TEG-Biot-TEG-3’. Purified Biotin-TEG-labelled origami 

was incubated with the antibody at a molecular ratio of 1:5 for 30 min at 25 °C. Antibody was 

purchased from Sigma-Aldrich, USA (Anti-Biotin antibody produced in goat, ref: B3640-1MG). 

The resulting DNA origami/antibody was loaded onto Superdex S200 10/300 GL column to 

remove excess free antibody, and the fractions for the DNA origami-antibody complex were 

collected and concentrated individually before TEM visualization.  

µ-Opioid Receptor. The mouse µ-Opioid Receptor was prepared as previously described.51 

Briefly, a tobacco etch virus (TEV) protease recognition site was introduced after residue 51, and 

a human rhinovirus 3C (HRV-3C) protease site after residue 398. A FLAG tag was added to the 

amino terminus and a Twin-Strep-tag® was appended to the carboxy terminus (µOR-Cter) after 

t h e H R V - 3 C s i t e . S e q u e n c e u s e d f o r t h e T w i n - S t r e p - t a g ® 

(WSHPQFEKGGGSGGGSGGSSAWSHPQFEK, IBA-lifesciences). Recombinant baculoviruses 

were generated using the pFastBac baculovirus system according to manufacturer’s instructions 

(ThermoFischer). High titer baculoviruses encoding µOR-Cter genes were used to infect Sf9 

cells at a cell density of 4 × 106 cells per ml in suspension in media (Sigma Aldrich) in the 

presence of 3 µM naloxone. Cells were harvested by centrifugation 48 h post-infection and 

stored at -80 °C until purification. Cell pellets were resuspended in 10 mM Tris-HCl (pH 7.5), 1 

mM EDTA buffer containing 2 mg.ml-1 iodoacetamide and protease inhibitors without salt to 

lyse the cells by hypotonic lysis. Lysed cells were centrifuged (38,420 g) and the membranes 

were solubilized during 1h @ 4 °C using buffer containing 20 mM HEPES (pH 7.5), 200 mM 

NaCl, 0.5% (w/v) n-dodecyl--D-maltoside (DDM, Anatrace), 0.3% (w/v) CHAPS, 0.03% (w/v) 

choslesteryl-hemi-succinate (CHS, Sigma), 2 mg.ml-1 iodoacetamide and protease inhibitors. The 
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solubilized receptor was loaded onto anti-Flag M1 column and washed thoroughly with DDM 

buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 0.1% (w/v) DDM, 0.03% (w/v) 

CHAPS, 0.015% (w/v) CHS and 2 mM CaCl2. While on the M1 antibody resin, the receptor was 

exchanged into lauryl-maltose-neopentyl-glycol (MNG-14, Anatrace) detergent-containing 

buffer composed of 20 mM HEPES (pH 7.5), 100 mM NaCl, 0.5% (w/v) MNG-14 and 0.01 % 

CHS. The column was then washed with 20x critical micelle concentration (cmc) MNG-14 

buffer containing 20 mM HEPES (pH 7.4), 100 mM NaCl, 0.02% (w/v) MNG and 0.0004 % 

CHS and the bound receptor was eluted in the same buffer supplemented with 0.2 mg.ml-1 Flag 

peptide. The sample was incubated at 4 °C overnight in the presence of 100 µM of TCEP and 

TEV at a 1:5: µOR ratio by weight to remove the amino termini. µOR-Cter was further purified 

by SEC chromatography in a buffer containing 0.01% MNG, 0.001% CHS, 20 mM HEPES pH 

7.4 and 100 mM NaCl. 

For protein attachment to the nanotemplate. First, the assembly of the dual-tagged nanotemplate 

was accomplished in a similar manner as the nanotemplate in presence of six equivalents of dual-

biotin labelled staples 5’-dual-Biot-TTTCACAATTCCACACAACATACGAGCC-3’, (IDT, 

Modification Code: /52-Bio/). The resulting dual-biot/DNA origami conjugates were purified by 

PEG-purification method. PEG-purified DNA origami sample was mixed with streptavidin 

solution (in 20 mM HEPES buffer at pH 7.5 with 100 mM NaCl and10 mM MgCl2) at equal 

volume to a final concentration of ~80 and 16 nM between DNA origami and streptavidin, 

respectively. Non-attached streptavidin molecules were removed from the origami nanotemplate 

by three rounds of molecular mass cutoff filtration by using 100 kDa amicon filters (Millipore) 

in a buffer (20 mM HEPES at pH 7.5, 100 mM NaCl, and10 mM MgCl2). The purified origami-
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streptavidin nanotemplates were then mixed with the purified twin strep-tagged µOR receptor to 

a final concentration of ~ 14 and 11 nM, the streptavidin and twin strep-tagged µOR receptor in a 

buffer (20 mM HEPES at pH 7.5, 100 mM NaCl, and10 mM MgCl2). The mixture was incubated 

overnight at 4 °C before deposition on carbon grid.  

Transmission Electron Microscopy Imaging 

For imaging in negative stain, 3 µL of the sample was deposited for 2 min onto a glow-

discharged carbon-coated grids (Quantifoil Micro tools GmbH, Germany), stained with for 60 s 

with a 2% (w/vol) aqueous uranyl acetate (Merck, France) solution, and then dried with ashless 

filter paper (VWR, France). For cryo-EM experiments, 3 µL of samples were applied to glow-

discharged Quantifoil R 2/2 grids (Quantifoil Micro tools GmbH, Germany), blotted for 1s and 

then flash frozen in liquid ethane using the semi-automated plunge freezing device CP3 (Gatan 

inc.) at 95% relative humidity. All observations of EM-grids were carried out on a JEOL 2200FS 

FEG operating at 200 kV equipped with a 4k x 4k slow-scan CDD camera (Gatan inc.) under 

low-dose conditions (total dose of 20 electrons/Å2) in the zero-energy-loss mode with a slit width 

of 20 eV. Images were taken at a nominal magnification of 50,000 X, with defocus ranging from 

0.6 to 2.5 µm. Magnification was calibrated from cryo-images of tobacco mosaic virus.  

Image processing of negatively stained RNAP particles 

More than 700 images of negatively stained RNAP complexes were checked for drift or 

astigmatism and RNAP particles extracted semi-automatically using e2eval image and e2boxer 

respectively, from the Eman2 package.52 Mainly due to drift, 674 images were used for 

subsequent image processing. 
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Two-dimensional class averages were computed using IMAGIC V software53 according to the 

method presented in Bron et al,.54  Briefly, the phase-contrast-transfer function was corrected by 

phase flipping using defocus parameters obtained using Gctf.55 A total of 5,846 particles were 

then grouped into classes and averaged using the MSA (multi-statistical alignment) procedure. 

The best class averages were then used as references to perform an MRA (multi-reference-

alignment) followed by a new MSA. Four alignment cycles were needed to obtain stable 2D 

class averages. 

For three-dimensional reconstruction, we used RELION-3 software.56 Particles were extracted, 

normalized, reduced by a factor two giving a pixel size of 4.6Å, and subjected to a 3D 

classification into four classes. As 2D class averages computed from IMAGIC revealed common 

structural features with E. Coli RNAP, we used the envelope of E. Coli RNAP (pdb 4YLN) 

filtered at 60Å as a reference. From the first 3D class, 4,406 particles were selected and used for 

a 2D classification. The best classes were then subjected to a 3D auto-refine step yielding a final 

reconstruction at 25Å resolution. Surface representations of the EM-map was performed using 

Chimera software.57 
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