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Fig. 4. Cryo-EM structural analysis before and after UV irradiation. (A) Cryo-EM density map of the nonirradiated brick-like object with TT motifs 1 to 3 (Electron Microscopy
Data Bank Identifier EMD-4354). (B and C) Cryo-EM density map of the irradiated (135 min at 310 nm) brick-like object with TT motifs 1 to 3 in buffer containing 5 mM MgCl, or in
PBS buffer, respectively. The electron density thresholds are chosen in such a way that all crossovers in the top layer are visible, as seen in the side view (Electron Microscopy Data
Bank identifier EMD-0027 and EMD-0028, respectively). (D) Slices along the z direction obtained from the three density maps shown in (A) to (C) from top to bottom. To determine
the twist angle delta Theta, the first and last slices were chosen. (E) Slices showing the three crossover layers in the reconstructions shown in (A) to (C). (F) Comparison of the global
dimensions of the uncross-linked variant in 5 mM MgCl, buffer and the cross-linked variant in PBS buffer. Color code as shown in (A) to (C).

through addition of cations such as magnesium chloride. We hypothe-
sized that in the closed state, terminal thymidines positioned directly at
the blunt-ended base pair-stacking contacts may be in sufficient prox-
imity to allow the formation of CPD dimer bonds upon UV irradiation.
The switch design already contained several such TT-stacking contacts.
A time-resolved analysis of the effects of UV irradiation on the switch in
the presence of 30 mM MgCl, (which stabilizes the closed state) reveals
that, after 30-min exposure, about 80% of the particles were irreversibly
trapped in the closed state. We conclude this from the band pattern in
gel electrophoresis under the low ionic strength conditions, which nor-
mally lead to the opening of the switch at 5 mM MgCl, (Fig. 5, B and C).
Hence, the CPD bonds may also be formed between fully separate
double-helical DNA domains that are held in proximity.

Gerling et al., Sci. Adv. 2018;4:eaau1157 17 August 2018

In addition, we demonstrate the possibility of stabilizing higher-
order assemblies with a previously described multilayer DNA origami
brick (fig. S24) that oligomerizes at high ionic strength via shape-
complementary base pair-stacking contacts into linear filaments
(11). The filaments, by default, dissolve when the ionic strength of
the solution is lowered again (Fig. 5E). By placing TT motifs at the
base pair-stacking contacts, the higher-order filaments may also be
covalently stabilized by simple UV irradiation. As a result, the fila-
ments no longer dissociate when exposed again to low ionic strength
conditions, as seen by TEM imaging (Fig. 5E). The possibility of sta-
bilizing particular conformational states or higher-order assemblies
may be especially useful to prepare containers or mechanisms built
from many subunits for applications in low ionic strength conditions.
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Fig. 5. Covalent bonding of conformational states and higher-order assemblies. (A) Schematics of the two-state switch that consists of two rigid beams flexibly
connected in the middle by an immobile Holliday junction. Cylinders in the models represent double-helical DNA domains, and shape-complementary surface features
are highlighted in red and blue. Insets show blow-ups of the blunt-ended interfaces of protruding (red) and recessive (blue) surface features. Thymidines directly
located at the blunt-end site can be cross-linked upon UV light irradiation. The resulting CPD bond is indicated as a red ellipsoid. (B) Laser-scanned fluorescent image
of 2.0% agarose gel stained with ethidium bromide. Switch samples were irradiated at 310 nm for different periods of time and loaded on the gel. o and ¢, species of
particles populating open and closed state, respectively. (C) Plot of the fraction of cross-linked switch particles as a function of time obtained from the gel in (B). The
experiment was performed in triplicate; data points represent the mean, and error bars represent the SD. (D) Exemplary TEM micrographs. Top: Nonirradiated sample
with particles populating the open state. Bottom: Irradiated (20 min at 310 nm) sample with particles locked in the closed conformational state. Scale bars, 100 nm.
Inset: Average 2D particle micrograph of cross-linked particles. Scale bar, 20 nm. (E) Top left: Model of the multilayer DNA origami brick that polymerizes into linear
filaments. Fields of view of TEM micrographs recorded at the indicated conditions. Scale bars, 100 nm.
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Interior design, as shown in Fig. 1, and interfacial bonding schemes, as
illustrated in Fig. 5, could be combined to yield subunits and higher-
order assemblies that withstand a wide range of conditions.

DISCUSSION

Users of our method can simply define sites of covalent bonding in
DNA assemblies by creating TT sequence motifs, where the two Ts
need not be positioned within double-helical domains. The objects
studied here featured, by default, several sites for CPD bond formation
because the bacteriophage-derived scaffold strand itself already con-
tained multiple TT and AA motifs. To suppress the formation of un-
desired CPD dimers upon irradiation and to avoid the extra T insertions
if so desired, new custom scaffold sequences may be developed in the
future. By design, these sequences could lack TT motifs and feature AA
motifs in the regular intervals that correspond to the internal junction
spacing rules in honeycomb- or square lattice-packing geometries.
Scaffold-free DNA objects, such as tile-brick structures (15), may also
be specifically designed with sequences that selectively place TT motifs
at crossovers and at strand termini to enable covalent bonding by UV
irradiation. Our results show that the mere proximity of thymidines is
sufficient to template the formation of covalent linkages through UV
irradiation. Moreover, the thymidines do not necessarily need to be
placed within a double-helical context to form these linkages.

The cryo-EM maps presented here show that the DNA objects
preserve their global shape after UV treatment. Our maps also add to
the body of structural data in DNA nanotechnology and help under-
stand the connection between design details and resulting shape. For
example, we presented a multilayer DNA origami cryo-EM map at
physiological ionic strength. Formerly, it was not possible to analyze
these structures because the objects would “explode” under these
conditions. Our cryo-EM map at physiological conditions reveals a sub-
stantial swelling behavior, which helps appreciate the contribution of
electrostatics to global shape. Future designs for physiological
conditions will need to consider the swelling behavior to produce shapes
according to specifications.

Our method supports a broader applicability of DNA-based nano-
technology, in particular for the more structurally complex multilayer
3D DNA objects, which arguably offer attractive degrees of freedom to
designers but tend to be more sensitive to environmental conditions.
Because of the simplicity, sequence programmability, and scalability,
covalent bonding by UV irradiation will help pave the way for applica-
tions of DNA nanostructures in a wide variety of conditions for a range
of fields.

MATERIALS AND METHODS

Folding of DNA origami objects

The reaction mixtures contained scaffold DNA at a concentration of
20 nM and oligonucleotide strands at 200 nM each. The folding buffer
included 5 mM tris, 1 mM EDTA, 5 mM NaCl (pH 8), and 20 mM
MgCl,. The reaction mixtures were subjected to a thermal annealing
ramp using Tetrad (M] Research, now Bio-Rad) thermal cycling devices.
Oligonucleotides were purchased from Eurofins MWG. See Table 1 for
folding ramps used to assemble the objects described in this study.

Purification and enrichment of DNA origami objects

After the folding reaction, all reaction products were purified using one
round of PEG precipitation (63). The resulting pellet was dissolved in
folding buffer (5 mM tris, 1 mM EDTA, and 5 mM NacCl) including
5 mM MgCl,. The final volume was chosen to get a monomer concen-
tration of 100 nM. The samples were equilibrated at 30°C and 450 rpm
overnight in a shaker incubator (Thermomix comfort from Eppendorf).
All procedures were performed as previously described (64).

UV irradiation

For UV irradiation, we used a 300-W xenon light source (MAX-303
from Asahi Spectra) with a high transmission bandpass filter centered
around 310 nm (XAQA310 from Asahi Spectra). We used a light guide
(Asahi Spectra) to couple the light into the sample by placing it directly
on top of a 0.65-ml reaction tube. Unless otherwise indicated, the brick-
like samples were irradiated for 135 min, the pointer samples for 120 min,
and the polymerizing brick samples for 30 min. Samples were irradiated
in folding buffer (5 mM tris, 1 mM EDTA, and 5 mM NaCl) including
30 mM MgCl,, unless otherwise stated.

Ultrafiltration for enrichment and buffer exchange

All samples (cross-linked and uncross-linked) were subjected to three
rounds of ultrafiltration (Amicon Ultra 500 ul with 100k cutoff). Ultra-
filtration was carried out at 20°C and 7k relative centrifugal force
(Eppendorf 5424R). The buffer was replaced by folding buffer (5 mM
tris, 1 mM EDTA, and 5 mM NaCl; including 5 mM MgCl,), PBS, or
double-distilled water supplemented with 300, 150, 100, 50, 25, and 0 mM
NaCl. Samples used for cryo-EM were concentrated to 1000 nM.

Gel electrophoresis of DNA origami objects

Samples were electrophoresed on 2.0% agarose gels containing 0.5x
tris-borate- EDTA and 5 mM MgCl, for around 2 hours at 90-V bias
voltage in a gel box immersed in a water or ice bath, unless otherwise
stated. Samples were loaded on the gel at a monomer concentration of

Table 1. One-pot self-assembly of DNA origami objects.

Object name Denaturation temperature for 15 min (°C) Folding ramp Storage temperature (°C) Scaffold
Brick-like, TT motifs 1-3 65 [60-20°C]; 60 min/1°C 20 p7560
Brlck|lke‘|'|'mot|fs'|_4 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 65 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA [GO_ZOOC]mmm”CZO AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA p7560
Pomter ........................................................................ 65 .............................................. [60_200C160mm/1oczo .................................. p7249
SW,tch ......................................................................... 65 .............................................. [58_55oq90mm/1c25 .................................. p8064
p0|ymenzat,0nbnck ................................................... 65 .............................................. [60_440C]60mm/1°C25 .................................. p8064
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approximately 5 nM. The electrophoresed agarose gels were scanned
using a Typhoon FLA 9500 laser scanner (GE Healthcare) at a reso-
lution of 25 pm/pixel. The resulting 16-bit tif images were analyzed
using Image] 1.440.

Negative-stain TEM: Preparation, acquisition, and

data processing

Samples were adsorbed on glow-discharged, collodion-supported,
carbon-coated (10 nm) Cu400 TEM grids (in-house production) and
stained using a 2% aqueous uranyl formate solution containing 25 mM
sodium hydroxide. Samples were incubated for 15 to 300 s depending
on the buffer/solvent used. For samples dissolved in solvents including
low concentrations of positively charged ions, we used higher monomer
concentrations (50 nM) and longer incubation times. We used magni-
fications between x10,000 and x30,000 to acquire the data.

Imaging was performed on different microscopes (see Table 2).
TEM micrographs used in the figures were high-pass—filtered to remove
long-range staining gradients, and the contrast was autoleveled (Adobe
Photoshop CS6).

For 2D image processing, libraries of individual particle micrographs
were created by particle picking using the RELION-2 picking routine
(65). Generation of average 2D particle micrographs was performed
using RELION-2 (65). Typically, around 2000 individual particles were
averaged.

Cryo-EM: Preparation, acquisition, and processing of data

For the brick-like object with TT motifs 1 to 3, concentrations between
700 and 850 nM were used. The samples were applied to C-Flat 1.2/1.3,
1.2/1.3, 2/1, or 2/2 thick grids (Protochips). Plunge freezing was per-
formed with an FEI Vitrobot Mark V instrument with a blot time of 3 s,
a blot force of -1, and a drain time of 0 s under 95% humidity and 22°C.

For the brick-like object with TT motifs 1 to 4, concentrations be-
tween 560 and 800 nM were used. The samples were applied to C-Flat
1.2/1.3, 2/1, or 2/2 thick grids. Plunge freezing was performed with an
FEI Vitrobot Mark V instrument with a blot time of 3 s, a blot force of -1,
and a drain time of 0 s under 95% humidity and 22°C.

Automated data collection was performed on a Titan Krios G2 elec-
tron microscope (FEI) operated at 300 kV and equipped with a Falcon
IIT direct detector (FEI). We used EPU for single particle and FEI tomo-
graphy for tilt series acquisition. For all brick-like objects under different
conditions, movies comprising 15 frames, 1.5- to 2-s exposure time, and
a total dose of 60 e—/A? were recorded on a Falcon III (FEI) direct elec-
tron detection camera in fractioning mode at a calibrated magnification
of x29,000 with a magnified pixel size of 2.3 A. Defocus values ranging
from —1 to —3 um were used.

The recorded movies were subjected to motion correction with
MotionCor2 (66), and subsequently, contrast transfer function param-
eters were estimated with CTFFINDA4.1 (67). All subsequent processing

steps were performed in RELION-2.1 (65, 68). For each data set, refer-
ences for automated picking were calculated from about 5000 manually
selected particles. With the picked particles, multiple rounds of
reference-free 2D classification were performed. The best 2D class
averages, as judged by visual inspection, were selected. An initial model
was produced from a bild file generated by CanDo. After multiple
rounds of 3D classification, the classes showing the most features were
selected for 3D autorefinement, and subsequently, post-processing for
sharpening of the refined map was performed with different manually
selected B factors.

A cryo-tomogram for validation of the twist direction was acquired
with FEI tomography, with a defocus of -3 pum at a calibrated magni-
fication of 29,000, corresponding to a magnified pixel size of 2.3 A. The
session was set up as bidirectional tilting in increments of 2° up to 50°,
and the dose per image was set to ~2 e /A”. The resulting tilt series was
processed with the IMOD 4.9 routine (69).

Experiments

In Fig. 2, samples were folded and PEG-purified, and the MgCl, con-
centration was adjusted to 30 mM. After UV irradiation, the buffer was
exchanged to the target buffer/solvent by using ultracentrifugation.
Before gel electrophoresis, the samples were incubated for around
2 to 3 hours at room temperature. Samples for the temperature
screen were incubated for 30 min at the indicated temperatures.
The samples for negative-stain TEM were prepared at a monomer
concentration of 50 nM, with incubation on the grid for 3 to 5 min.

In Fig. 3B, the stability screen in folding buffer (5 mM MgCl,) sup-
plemented with 10 % FBS (not heat-inactivated; Gibco; A3160801,
Thermo Fisher Scientific) was performed at a monomer concentration
of 20 nM at 37°C for the indicated time. The samples were frozen in
liquid nitrogen and analyzed using agarose gel electrophoreses. In Fig.
3C, all nucleases were purchased from New England Biolabs and used at
a concentration of 100 U/ml in the supplied manufacturer’s buffer. The
samples (10 nM) were incubated at 37°C for 24 hours. In Fig. 3D, the
time course of the stability against DNase I nuclease digestion was per-
formed at a monomer concentration of 10 nM in the supplied DNase I
buffer at 37°C.

In Fig. 5, the irradiation time screen for the switch was performed in
triplicate. The irradiated volume was 25 pl at a monomer concentration
of 5 nM. For the analysis of the gel shown in Fig. 5B, we calculated the
ratio between the band including closed particles and the bands includ-
ing open and closed particles. The grayscale values for each band were
obtained by integration. The data points in Fig. 5C represent the aver-
age, and the error bars represent the SD of the three independent
experiments. For the assembly of the filaments, monomers were folded
and PEG-purified. The pellet was dissolved in folding buffer (5 mM
MgCl,) to obtain a monomer concentration of 100 nM. After equilibra-
tion, the MgCl, concentration was adjusted to 20 mM, and the sample

Table 2. Negative-stain TEM settings.

Microscope Operating voltage (kV) Camera Objects
Philips CM 100 100 AMT 4-megapixel charge-coupled device camera Switch; polymerization brick
FEI Tecnai 120 120 Tietz TemCam-F416 (4k X 4k) Brick-like, TT motifs 1-3

Gerling et al., Sci. Adv. 2018;4:eaau1157 17 August 2018

Brick-like, TT motifs 1-4
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9 of 11

8T0Z ‘9T JaQWBAON UO /610" Bewaoualos ssoueApe//:dny wol) papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

was incubated at 40°C for 3 days in the Tetrad to obtain filaments. One
part of the sample was irradiated at 310 nm for 30 min. The MgCl, con-
centration was decreased to 5 mM by the addition of EDTA.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/8/eaau1157/DC1

Fig. S1. Design diagram of the brick-like (TT motifs 1 to 3) object prepared using caDNAno.
Fig. S2. Exemplary negative-stained TEM micrographs of the brick-like object (TT motifs 1 to 4)
in different buffers/solvents.

Fig. S3. Laser-scanned fluorescent image of a 2.0% agarose gel that was run in an ice-cooled
water bath.

Fig. S4. Laser-scanned fluorescent image of a 2.0% agarose gel that was run in an ambient
temperature water bath.

Fig. S5. Design diagram of the brick-like (TT motifs 1 to 4) object prepared using caDNAno.
Fig. S6. Laser-scanned fluorescent image of a 2.0% agarose gel placed in an ice-cooled water bath.
Fig. S7. Design diagram of the pointer object.

Fig. S8. Exemplary negative-stained TEM micrographs of the pointer object in different buffers/
solvents.

Fig. S9. Laser-scanned fluorescent image of a 2.0% agarose gel placed in a water bath.

Fig. $10. Laser-scanned fluorescent image of a 2.0% agarose gel placed in a water bath.

Fig. S11. Laser-scanned fluorescent image of a 2.0% agarose gel placed in a water bath.

Fig. S12. Laser-scanned fluorescent image of a 2.0% agarose gel placed in an ice-cooled water
bath.

Fig. S13. Laser-scanned fluorescent image of a 2.0% agarose gel placed in a water bath.

Fig. S14. Laser-scanned fluorescent image of a 2.0% agarose gel placed in a water bath.

Fig. S15. Laser-scanned fluorescent image of a 2.0% agarose gel placed in a water bath.

Fig. S16. Laser-scanned fluorescent image of a 2.0% agarose gel placed in a water bath.

Fig. S17. Cryo-EM data of the brick-like object with TT-motifs (1) — (3) before crosslinking in
folding buffer.

Fig. $18. Cryo-EM data of the brick-like object with TT-motifs (1) - (3) after crosslinking in
folding buffer.

Fig. S19. Cryo-EM data of the brick-like object with TT-motifs (1) - (3) after crosslinking in
phosphate-buffered saline (PBS).

Fig. S20. Slice-by-slice visualization of cryo-EM maps determined from brick samples.

Fig. S21. Cryo-EM data of the brick-like object with TT-motifs (1) - (4) before crosslinking in
folding buffer.

Fig. S22. Cryo-EM data of the brick-like object with TT-motifs (1) - (4) after crosslinking in
folding buffer.

Fig. S23. Design diagram of the switch object.

Fig. S24. Design diagram of the polymerization brick object.

Table S1. Sequences of staple strands for all DNA objects used in this work.

Movie S1. Tomogram obtained from cryo-EM of the brick-like variant with thymines at all
staple termini and with TT motifs at all crossover sites.

Movie S2. Corresponding movie to fig. 520 for the nonirradiated (uncross-linked) sample of the
brick-like variant with thymines at all staple termini and with TT motifs at all crossover sites in
folding buffer and in the presence of 5 mM MgCl,.

Movie S3. Corresponding movie to fig. S20 for the irradiated (cross-linked) sample of the
brick-like variant with thymines at all staple termini and with TT motifs at all crossover sites in
folding buffer and in the presence of 5 mM MgCl,.

Movie S4. Corresponding movie to fig. S20 for the irradiated (cross-linked) sample of the
brick-like variant with thymines at all staple termini and with TT motifs at all crossover sites in
PBS buffer and in the absence of MgCl,.

Movie S5. Corresponding movie to fig. S20 for the nonirradiated (uncross-linked) sample of the
brick-like variant with thymines at all staple termini, with TT motifs at all crossover sites and
additional 5-T loops in folding buffer and in the presence of 5 mM MgCl,.

Movie S6. Corresponding movie to fig. S20 for the irradiated (cross-linked) sample of the
brick-like variant with thymines at all staple termini, with TT motifs at all crossover sites and
additional 5-T loops in folding buffer and in the presence of 5 mM MgCl,.
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