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We present a technique to determine the orientation of |
single fluorophores attached to DNA origami structures based on two ‘ ‘
measurements. First, the orientation of the absorption transition dipole of
the molecule is determined through a polarization-resolved excitation
measurement. Second, the orientation of the DNA origami structure is
obtained from a DNA-PAINT nanoscopy measurement. Both measure- ‘
ments are performed consecutively on a fluorescence wide-field “
microscope. We employed this approach to study the orientation of
single ATTO 647N, ATTO 643, and CyS fluorophores covalently
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attached to a 2D rectangular DNA origami structure with different

nanoenvironments, achieved by changing both the fluorophores’ binding position and immediate vicinity. Our results show
that when fluorophores are incorporated with additional space, for example, by omitting nucleotides in an elsewise double-
stranded environment, they tend to stick to the DNA and to adopt a preferred orientation that depends more on the specific
molecular environment than on the fluorophore type. With the aid of all-atom molecular dynamics simulations, we
rationalized our observations and provide insight into the fluorophores’ probable binding modes. We believe this work
constitutes an important step toward manipulating the orientation of single fluorophores in DNA origami structures, which is
vital for the development of more efficient and reproducible self-assembled nanophotonic devices.

DNA nanotechnology, super-resolution microscopy, DNA-PAINT, single-molecule fluorescence,

polarization-resolved microscopy

he DNA origami technique' is revolutionizing nano-

fabrication by molecular self-assembly because it

provides control and versatility to organize different
molecules and nanoparticles in well-defined geometric arrange-
ments. In particular, this technique has proven extremely useful
to fabricate nanophotonic devices with specific functions by
setting single-photon emitters (SPEs), such as fluorescent
molecules or quantum dots, and metallic nanoparticles (MNPs)
in precise geometries with high positional and stoichiometric
control.”™ In some cases, DNA origami structures are used to
host solely MNPs like in chiral plasmonic structures’~” or DNA
sensors based on circular dichroism.”” In others, only SPEs are
organized, such as in multichromophoric Forster resonance
energy transfer (FRET) chains capable of transporting optical
excitations'*~"® or FRET-based DNA sensors.'*"" Finally,
DNA origami structures have also been used to construct
more complex hybrid nanostructures, where SPEs and MNPs
acting as optical nanoantennas (OAs) were combined to
enhance the interaction of molecules with light. Exam;)les
include OAs for enhanced fluorescence'®™"* or Raman'’~**
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spectroscopy, plasmon-assisted F RET,”**

25,26 I -
room temperature, and directional emission.

Importantly, the efficiency of nanophotonic devices depends
not only on the relative position of their components but also on

strong-coupling at
27,28

their relative orientation. For example, in order to form a
directional OA, two or more nanorod elements must be placed
side-by-side in a parallel fashion.””” Similarly, the efficiency of
dipole—dipole interactions between two fluorophores (FRET)
depends, among several factors, on the relative orientation of the
fluorophores through the x* factor. This factor ranges from 0
(for perpendicular transition dipoles) to the maximum value of 4
when their transition dipoles are aligned.”’ Regarding the
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interaction between optically active molecules and OAs, the
effect is 2-fold. The molecular excitation rate is proportional to

(Fﬁc Y, with Fi,, the absorption transition dipole moment of the

molecule and E the electric field at the molecule’s position
arising from the sum of the incident field and the field induced
by the OA.”” The molecular radiative decay rate also depends on
the relative orientation between the emission transition dipole
moment i, and the OA, leading to a wide range of effects, from

strong enhancement to virtually complete suppression of
photon emission.””>* ™

So far, various protocols have been introduced to incorporate
anisotropic MNPs, such as gold nanorods®® and triangular
plates,”” in DNA origami structures with positional and
orientational control. In contrast, while the DNA origami
technique routinely enables the assembly of molecules with high
positional accuracy, controlling the orientation of single
molecules remains challenging. Basically, there are two kinds
of strategies to incorporate molecules into DNA origami
structures. The first one is the well-known, noncovalent binding
to double-stranded DNA (dsDNA) helices. This approach offers
orientational control because different molecules bind differ-
ently to the dsDNA structure, depending on the chemical
structure. Some bind preferentially in between bases (inter-
calators); others bind to the minor or major groove (groove
binders), or externally along the dsDNA chain.”® Gopinath et
al.”” reported an example of this approach, labeling DNA
origami structures with the intercalating dye TOTO-3, which
forms an angle of 70° & 10° between ﬁG and the dsDNA helix.

Unfortunately, this level of orientational control®® comes at the
expense of losing stoichiometric and positioning control as it is
not possible to predefine the positions nor the number of
binding molecules.

The second strategy to incorporate molecules into a DNA
origami structure consists of attaching them covalently to
specific constituent single-stranded DNA (ssDNA) staples,”" at
either the 5'- or 3’-ends, or internally, using, for example, an
amino-C6 linker. This approach provides high positional and
stoichiometric control to incorporate molecules in DNA origami
structures.'® However, in contrast to the case of DNA binding
molecules, the resulting orientation of molecules is not yet
predictable. This is due, in part, to the complexity of the
interaction between small molecules and DNA which depends
not only on the molecular identity but also on the type of linker
and the surrounding environment.”* Also, no method of general
applicability has been available to reliably determine the
orientation of single molecules with respect to DNA origami
structures. Earlier works have addressed the orientation of
fluorophores linked to DNA using FRET.*~* For example, it
was found that Cy3 and CyS dye molecules attached to dsDNA
maintain a preferential orientation when linked via a three-
carbon linker due to blunt end sticking™® but present a high
degree of rotational freedom when other linkers are used.*
FRET measurements have the advantage that they can be
conducted at the single-molecule level, but they do not address
the orientation of fluorophores with respect to the DNA
structure. Instead, they report on the relative orientation
between donor and acceptor molecules, and that measurement
relies strongly on an accurate determination of the donor—
acceptor separation distance. More recently, the position and
orientation of single molecules attached to short dsDNA chains
were determined through single-molecule localization techni-

ques.”’~* Because the dsDNA chains were shorter than the
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persistence length, they could be considered rectilinear, and the
relative orientation of the fluorophores with respect to the
dsDNA could be inferred at the cost of the DNA being physically
adsorbed to a positively charged surface.

Here, we present a technique of general applicability to study
the orientation of single fluorescent molecules in DNA origami
structures. It is based on two independent measurements that
can be performed consecutively on surface-immobilized DNA
origami structures using a wide-field fluorescence microscope.
First, a polarization-resolved excitation measurement is used to
determine the 2D orientation of the target fluorescent
molecules. Second, a super-resolution (nanoscopy) measure-
ment using the DNA-PAINT technique™” is used to retrieve the
orientation of the DNA origami “host” structure. The DNA
origami hosts the dsDNA that the dyes are bound to in a fixed
horizontal orientation while maintaining its physiological buffer
environment. With this technique, we initially determined the
orientation of single ATTO 647N molecules covalently attached
to a rectangular DNA origami structure in three configurations
with different expected nanoenvironments. For every case, the
ATTO 647N delivered a nearly Gaussian distribution of
orientations with a distinct mean orientation. Then, we
performed analogous experiments with ATTO 643 and Cy5
fluorophores for two configurations in order to determine the
hierarchy between the two main factors that affect the final
orientation: nanoenvironment and fluorophore identity. Finally,
using molecular dynamics simulations, we assigned the observed
orientations to molecular structures and interactions that are
likely related to the true conformations. Overall, these results
enable the design and fabrication of highly efficient nano-
photonic devices by self-assembly using DNA origami
structures, where SPEs could be set not only with high positional
and stoichiometric control but also with orientational control.

A schematic of the sample employed is shown in Figure la. It
consists of a 2D rectangular DNA origami structure (85 nm X 71
nm) based on 24 helices with different modifications. A single
ATTO 647N, ATTO 643, or CyS molecule (indicated by a red
spot in Figure 1a) was covalently attached to a defined base of an
ssDNA staple through a single C6-linker. For the DNA-PAINT
measurements, we further extended 18 ssDNA staples with an
11-nucleotide sequence to form three binding sites (green spots
in Figure la, top view), arranged in an asymmetric pattern. In
order to immobilize the samples onto glass coverslips, six
biotinylated ssDNA staples are incorporated into the DNA
origami structure (blue spots in Figure 1a, bottom view) on the
hereafter defined underside of the DNA origami structure.
The ATTO 647N fluorophore was selected not only for its
brightness and photostability but also because it is moderately
hydrophobic, carries a net electrical charge of +1, and tends to
stick to surfaces and DNA.>"** This sticking can be hydro-
phobic, due to an interaction with the hydrophobic core of the
DNA, or electrostatic, due to an interaction with the negatively
charged DNA phosphate backbone. ATTO 643 is a hydrophilic
version of the ATTO 647N and shows a reduced tendency for
unspecific sticking. The CyS$ fluorophore is a member of the
group of cyanine dyes and carries a net charge of +1. In this work,
we want to address the question of whether fluorophores show
preferential binding sites depending on the position and
motional freedom within the DNA origami structure. To this
end, we prepared three samples where a single fluorophore is
linked in different ways to the DNA origami structure, always
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Figure 1. (a) Sketch of the top and bottom view of the rectangular
DNA origami structure including different modifications: 6 biotins
(blue), a single fluorophore (ATTO 647N, ATTO 643, or CyS; red),
and 18 DNA sequences (green) forming three binding sites for
DNA-PAINT measurements in an asymmetric pattern. (b—d) Inset
of the DNA helical winding highlighting the position of the ssDNA
staple (red line) labeled with the fluorophore (red spot), the
adjacent ssDNA staple (black line), and the scaffold strand (gray
line) for the three samples employed.

covalently attached but with different local environments. In
samples 1 and 2, the fluorophore (highlighted with an orange
square in the top view of Figure 1a) is linked at the same position
in the helix, facing toward the neighboring helix (Figure 1b,c).
This is achieved through a modification at the 3’-end of the
corresponding ssDNA staple (Supporting Information, Figure
S1a). The difference between these samples is that in sample 1

the next adjacent ssDNA staple after the fluorophore
modification is shortened by two nucleotides (Figure 1b),
whereas in sample 2 the adjacent ssDNA staple is not shortened
(Figure 1c). Thus, the fluorophore is expected to have more
freedom to find a favorable position in sample 1. In sample 3, the
fluorophore (highlighted by a blue square in the bottom view of
Figure la) is incorporated at a different position using an
internal modification of an ssDNA staple in a different helix
(Supporting Information, Figure S1b) so that the fluorophore is
facing toward the underside of the DNA origami structure
(Figure 1d). Samples 1 and 2 were prepared for all three
fluorophores (ATTO 647N, ATTO 643, and CyS) whereas
sample 3 was solely fabricated with a single ATTO 647N
fluorophore.

Measurements were performed in a home-built wide-field
microscope equipped with both green (532 nm) and red (644
nm) lasers for fluorescence excitation. The polarization-resolved
measurements were carried out under epifluorescence illumi-
nation, by stepwise rotating the linear polarization of the red
laser excitation by 20° every five seconds. This procedure was
repeated 18 times to cover twice an excitation polarization range
of 180°. An example fluorescence trace showing a periodic
intensity modulation is shown in Figure 2a. This modulation can

be quantified as M = s = Tin ,with I, and I;, the highest and

I +1 min
lowest intensity values extracted from each trace, respectively.
Histograms showing the distributions of the modulation for all
samples and fluorophores are included in the Supporting
Information in Figure S2. We only considered single-molecule
traces showing a significant modulation®” (i.e, M > 0.15) in
order to exclude samples in which the fluorophore is relatively
free to rotate and thus cannot be studied with the forthcoming
analysis. Table S1 includes the number of traces studied and the
fraction that met this condition for each sample and fluorophore.
For the traces with M > 0.15, we attribute the excitation
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Figure 2. (a) Polarization-resolved excitation measurements. Exemplary ATTO 647N fluorescence trace obtained by rotating the incident
polarization angle (@) by 20° every five seconds. (b) Mean fluorescence intensity vs 6 together with a cos? fit to obtain the in-plane orientation
(@) of the excitation transition dipole moment i with respect to the microscope. (c) DNA-PAINT nanoscopy measurements. Sketch of the
binding and unbinding of the imager strands labeled with a single ATTO 542 onto the DNA-PAINT binding sites. (d) Super-resolved DNA-
PAINT image corresponding to three DNA origami structures showing the asymmetric triangular pattern. Based on this image, the orientation
in 2D as well as the binding geometry (upright or upside down) of each DNA origami (gray rectangle) can be extracted (gray line).

https://dx.doi.org/10.1021/acsnano.0c10259
ACS Nano 2021, 15, 5109-5117


http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10259/suppl_file/nn0c10259_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10259/suppl_file/nn0c10259_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10259/suppl_file/nn0c10259_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10259/suppl_file/nn0c10259_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c10259/suppl_file/nn0c10259_si_006.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10259?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10259?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10259?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10259?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10259?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10259?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10259?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10259?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c10259?ref=pdf

ACS Nano

WwWw.acsnano.org

a b sample 1

== measurement == simulation

¢ sample 2
== measurement == simulation

d sample 3
= measurement == simulation

76° £ 15°

normalized counts

180°

54° +20°4 119° £ 30°

2

N

N\

‘ DNA-PAINT spots

transition dipole
moment of the
fluorophore

DNA origami
structure

Figure 3. (a) Coordinate system employed to estimate the angle ¢ that the fluorophore (i.e., its fi,) forms with the DNA origami host structure.
(b—d) Distributions of ¢ for ATTO 647N on the three samples obtained experimentally (bars) and from all-atom MD simulations (shaded gray
curves). The experimental distributions are fitted with a Gaussian function; its mean value and the standard deviation are shown next to the plot.
Each simulation histogram shows data from two independent runs, 1 ps long, sampled every 20 ps. (e—g) Conformations of ATTO 647N from
all-atom MD simulations corresponding to the average experimental orientation of the three samples. The ATTO 647N is shown in green, the
staple strand carrying the ATTO 647N in red, and the C6-linker in magenta, and the adjacent staple and scaffold strands are shown in orange

and blue, respectively.

modulation to fluorophores spending a considerable fraction of
the time bound to the DNA origami structure. For each
polarization, the mean intensity was extracted and plotted
against the incident polarization angle 6. The resulting intensity
vs @ curve was fitted to a cos’(6 — @) function, as shown in
Figure 2b. The obtained value of ¢ corresponds to the in-plane
orientation of the fluorophore’s absorption transition dipole
moment, 7.

Next, we performed DNA-PAINT imaging by adding a
solution containing 3 nM 7-nucleotide ssDNA sequences
(imager strands) labeled with a single ATTO 542 dye (Figure
2¢). Every transient binding of an imager strand to one of the
three binding sites leads to a fluorescence spot on the camera
image which is used to precisely localize the binding site. The
reconstructed super-resolved images reveal the triangular
asymmetric pattern of each DNA origami structure (Figure
2d), which not only provides the orientation of each DNA
origami rectangle on the glass coverslip but also shows whether it
was immobilized upright or upside down (for further
information, see Figure S3). For this 2D DNA origami, the
structure can self-assemble with the biotin modifications ending
on the “upper-side” as previously reported.”>* We determined
that approximately 33% of all the DNA origami structures
studied were bound to the glass coverslip with the “upper-side”
facing toward the glass surface. This does not affect our analysis,
as shown in Figure S4 of the Supporting Information.

By combining both sets of measurements, we obtained the
angle of each fluorophore (fi;) with respect to the dsDNA helix

of its host DNA origami structure. We called this angle ¢,
defined according to the coordinate system shown in Figure 3a.
Figure 3b—d shows the distributions of ¢ obtained for the three
samples labeled with a single ATTO 647N. Based on a Gaussian
fit to each distribution, the mean orientations are found to be ¢

5112

=76° + 15°, 54° +20°, and 119° + 30° for samples 1, 2, and 3,
respectively. The distinct distributions of ¢ reveal that the
notorious stickiness of ATTO 647N to DNA strongly depends
on the specific nanoenvironment. This is especially illustrated by
a more than 20° difference in the average molecular orientation
for samples 1 and 2, which differ only by two missing nucleotides
in sample 1.

In order to rationalize these findings, we performed all-atom
molecular dynamics (MD) simulations of the relevant three-
helix fragments taken from the experimental DNA origami
designs (see Figure 3e—g and Figure SSa). Two independent
simulations, each 1 us long, were performed for each system (the
videos from the simulations for each sample are included in the
Supporting Information, movies S1, S2, and S3). From these
simulations, we extracted the in-plane orientation of the
fluorophore (¢) at 20 ps time steps. The obtained distributions
of ¢ are additionally shown in Figure 3b—d (gray). For sample 3,
we find an exquisite agreement between experiment and
simulations. The broadening of the experimental data can likely
be assigned to possible wobbling of the overall structure. On the
other hand, samples 1 and 2 exhibit larger differences between
experiment and simulation. Visual inspection of the simulation
videos reveals that several, very different conformations of the
dye within the DNA origami structure are visited for relatively
long times indicating that the energy landscape might be too
rugged to allow for a representative sampling of all possible
conformations within the time scale accessible to the
simulations. Vice versa, by searching in the simulations for
conformations that match the experimental ¢-values, we
extracted conformations that are likely to be visited for longer
times in the experiments (alternative conformations represent-
ing different subpopulations of the simulations are shown in
Figure SSe).
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A great finding arises from the comparison of the results
obtained with sample 1 and 2, that only differ by two missing
nucleotides in sample 1. Interestingly, the simulated con-
formations of sample 1 with ¢)-values matching the experiments
are characterized by intercalation of the dye at the position of the
two missing nucleotides (see representative structure in Figure
3e). In contrast, for sample 2, the subpopulation of the
simulation with the ¢-values matching the experimental average
distinguishes itself by the interaction of the dye with the
neighboring helix (see representative structure in Figure 3f). In
analogy, we also extracted a representative conformation of
sample 3 (Figure 3g) that reveals potential reasons for the better
agreement of experiment and simulation. For sample 3, the dye
is located closer to a crossover of a neighboring helix which
creates a preferential binding pocket (Figure 3g).

In addition, we performed measurements on samples 1 and 2
with single ATTO 643 and CyS$ fluorophores. The measured
distributions of ¢ are shown in Figure 4, where the previous
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Figure 4. Distributions of ¢ for ATTO 647N, ATTO 643, and Cy$
fluorophores incorporated in the DNA origami structure in samples
1 and 2. The curves are fits to a Gaussian function; the mean and
standard deviations are shown next to the plots.

results for ATTO 647N are added for comparison. For sample 1,
narrow distributions of ¢ were obtained for every fluorophore
characterized by similar mean values of 76° + 15°, 84° + 13°,
and 83° + 15° for ATTO 647N, ATTO 643, and Cys,
respectively. Also, for this sample, the fraction of traces showing
amodulation M > 0.15 was larger than 90% for the three dyes. In
contrast, for sample 2, broader distributions of ¢ were measured
with more dissimilar mean values of 54° + 20° and 75° + 26° for
ATTO 647N and ATTO 643, respectively. For CyS, the
obtained distribution of ¢ in sample 2 was nearly uniform,
indicating that CyS finds no preferential orientation under these
conditions. Sample 2 also showed different behaviors in the
fraction of modulating traces for the three fluorophores. While
ATTO 647N and Cy5 show a considerably high fraction of
modulating traces (61% and 88%, respectively), only 20% of the
traces registered for ATTO 643 showed significant modulation.
Similar to our simulations of the ATTO 647N systems, in our
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simulations of the CyS dye-conjugated DNA constructs
(Supporting Information, Figure S6 and Movies S4 and S5),
the dye was observed to interact strongly with the unpaired
DNA nucleotides in sample 1 and with the grooves of the DNA
helices in sample 2. Overall, these results confirm that in sample
1 the fluorophores adopt similar orientations in the space left by
the two missing nucleotides. In sample 2, without the extra
available space, the fluorophore orients in a less defined manner
with a stronger dependence on the fluorophore type.

CONCLUSION

In summary, we have developed a technique to determine the in-
plane orientation of fluorescent molecules covalently attached to
DNA origami structures. This technique combines a polar-
ization-resolved excitation measurement and DNA-PAINT
nanoscopy and can be implemented in wide-field fluorescence
microscopes. We applied this approach to study the orientation
of different fluorophores covalently incorporated into DNA
origami structures in three different ways, each one generating a
different local environment for the fluorophores. We showed
that ATTO 647N, one of the most used dyes in single-molecule
experiments, not only strongly sticks to DNA but also adopts
preferential binding geometries depending on the local environ-
ment. MD simulations of the corresponding experimental
systems showed that the local environment of a dye conjugated
to DNA can qualitatively change the manner in which the dye
interacts with the DNA and thereby affect the preferential
orientation of the dye. Although we found the conformational
sampling afforded by our brute-force MD simulations to be
insufficient to quantitatively predict the preferential orientation
of the dyes, the simulations nevertheless yielded substantial
structural information to assign probable conformations for each
sample studied and allow us to extract likely binding modes.

Importantly, we find that leaving extra space to a terminally
attached fluorophore (eg., by shortening the adjacent staple
strand) leads to stronger binding and a narrower, more defined
distribution of dye orientations. These findings were validated
by experiments with three different fluorophores: ATTO 647N,
ATTO 643, and CyS. In contrast, an internally attached
fluorophore in the DNA strand (sample 3) does not lead to a
narrower distribution of orientations.

The dynamics of dye molecules around a DNA helix is
governed by a complex interplay of electrostatic and hydro-
phobic interactions. This complexity imposes a considerable
challenge for the accurate prediction of the final orientation of
the molecules within a DNA origami structure. The
experimental approach presented here should be applicable to
other dyes and a variety of relevant samples using, e.g., bis-
functional fluorescent dyes. Further measurements of molecular
orientation, incorporating 3D techniques,55 in combination with
MD simulations, will enable the generation of sufficient
empirical knowledge to finally predict and manipulate molecular
orientation in DNA origami structures. This, in turn, will lead to
much more efficient and reproducible self-assembled nano-
photonic applications.*®

METHODS

DNA Origami. The rectangular DNA origami structure was
designed using CaDNAno.”” It is based on a 7249-nucleotide long
scaffold extracted from a M13mp18 bacteriophage and folded into the
desired rectangular shape with the help of 186 staples (see the SI,
Section S6) mixed with a 10-fold excess of staples to scaffold.
Unmodified staple strands were purchased from IDT; biotin-function-
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alized staples as well as the dye labeled staple strands with ATTO 647N,
ATTO 643, and CyS for sample 1 and 2 were purchased from Eurofins
Genomics GmbH and for sample 3 with ATTO 647N from Biomers
GmbH. The fluorophores used here are linked through a Cé6-linker to
the single-stranded DNA either on the 3’-end in samples 1 and 2
(Figure Sla) or internally in sample 3 (Figure S1b). A temperature
ramp is driven to self-assemble the scaffold and staple mixture to the
designed rectangular DNA origami structure. The mixture first was
heated to a temperature of 70 °C, where it stayed for S min; then, the
temperature was decreased down to 24 °C following a ramp of 1 °C
min~'. To get rid of the excess of staple strands, agarose gel
electrophoresis is used as a purification method. To this end, a 1.5%
agarose gel (Biozym LE agarose) containing ROTIGelStain (Roth) as
an intercalating dye for DNA is made. Additionally, a 10X BlueJuice gel
loading buffer (Thermo Fischer Scientific) is used to load the gel
pockets with the unpurified DNA origami structures. The gel runs at 80
V for 90 min in a 0.5X TAE 11 mM MgCl, buffer, cooled in an ice water
bath. After electrophoresis, the bands in the gel containing the DNA
origami structure were cut out and squeezed with a glass slide to extract
the purified DNA origami structures. The final concentration of the
DNA origami structures was determined on a Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific).

Surface Preparation and Immobilization. For surface immobi-
lization, glass slides were rinsed with Milli-Q water and cleaned in a UV
cleaning system (PSD Pro System, Novascan Technologies). After
cleaning, two slides were glued together with double-sided adhesive
tape forming a chamber between the two slides. The surface was
passivated with BSA biotin (1 mg/mL, Sigma-Aldrich Chemie GmbH)
and neutrAvidin (0.5 mg/mL, Sigma-Aldrich Chemie GmbH), both
incubated for 15 min and washed with 1X PBS buffer after incubation.
Then, the DNA origami structure can be immobilized in a buffer
containing 12 mM MgCl, via biotins binding to the functionalized
surface. For the fluorescence measurements, the buffer was exchanged
to a buffer containing a reducing and oxidizing (ROX) system as well as
oxygen scavenging agents in order to increase the photostability of the
fluorophores. In particular, we used trolox/troloxquinone as the
reducing and oxidizing system, in addition to glucose oxidase for oxygen
removal in a 1X TAE buffer containing 2 M NaClL>%**

Wide-Field Setup. Measurements were performed on a home-built
wide-field microscope based on an inverted Olympus IX71 microscope.
For excitation, a 644 nm diode laser (ibeam smart, Toptica Photonics)
and 532 nm fiber laser (MPB Communications) are used. Spectral
clean-up of the lasers’ emission is performed through the following
filters: Brightline HC 650/13, Semrock (red range); and Z532/647x,
Chroma (green range). After spectral cleaning, the laser is directed
through a linear polarizer (LPVISC100-MP2 510—800 nm, Thorlabs)
to clean up the polarization of the beam and a lambda half waveplate
(AHWP0S M 400—800 nm, Thorlabs) mounted in a rotatable
motorized stage (KI0CR1/M stepper motor, Thorlabs). The laser is
then focused on the back focal plane of the objective (UPLXAPO 100X,
numerical aperture (NA) = 1.4S, working distance (WD) = 0.13,
Olympus). For sample stabilization, an actively stabilized optical table
(TS-300, JRS Scientific Instruments) and a nosepiece stage (IX2-NPS,
Olympus) are implemented. The emitted light is redirected through the
objective and spectrally separated from the excitation laser by a dichroic
beamsplitter (Dual Line zt532/640 rpc, AHF Analysentechnik). The
fluorescence light is filtered by an emission filter in the red range (ET
700/75, Chroma) as well as in the green range (BrightLine 582/75,
AHF Analysentechnik) and focused onto an EMCCD camera (iXon X3
DU-897, Andor). Data acquisitioning is performed by the open source
microscopy image] software Micro-Manager.60

Simulations. All MD simulations were performed using program
NAMD?2,%" a 2 fs integration time step, 2—2—6 multiple time stepping,
periodic boundary conditions, and particle mesh Ewald (PME) method
over a 1 A resolution grid to calculate the long-range electrostatic
interaction.”” The Nosé—Hoover Langevin piston63 and Langevin
thermostat were used to maintain the constant pressure and
temperature in the system. An 8—10—12 A cutoff scheme was used
to calculate van der Waals and short-range electrostatic forces. The
SETTLE algorithm®* was applied to keep water molecules rigid
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whereas the RATTLE algorithm® constrained all other covalent bonds
involving hydrogen atoms. CHARMM36 force field parameters
described the bonded and nonbonded interactions among DNA
water and ions.®° The force-field parameters of the dye molecules
(ATTO 647N and CyS) covalently conjugated with the C6 linker to
DNA were obtained using the CHARMM General Force Field
(CGenFF) web server.”” We used custom nonbonded fix (NBFIX)
corrections to improve the nonbonded interaction among DNA and
ions.%® The coordinates of the system were saved at an interval of 20 ps.
Visualization, analysis, and postprocessing of the simulation trajectories
were performed using VMD® and CPPTRAJ.”

We created three all-atom models of rectangular DNA origami
systems corresponding to the three different dye modification used in
experiments, namely, sample 1, 2, and 3. The CaDNAno design of the
DNA origami plate was converted to an idealized all-atom
representation using a previously described method.”" In order to
create a realistic and smaller analogue of the DNA origami suitable for
the all-atom simulations, we kept only a 15 base-pair long section of the
DNA helix containing the dye molecule along with two nearby DNA
helices. Next, using a set of custom translation and rotational
transformations, we placed the dye molecules near the DNA helix to
match the respective chemical structure. The bond between DNA and
C6 conjugated dye molecules (ATTO 647N and CyS) was created
using the psfgen module of VMD. In sample 1 and 2, the dye molecules
were connected to the backbone of the DNA whereas, in sample 3, it
was connected to the thymine base.

The resulting systems were solvated with TIP3P water molecules’>
using the Solvate plugin of VMD.* Potassium, sodium, and chloride
ions were added to produce the experimental buffer conditions (12.5
mM KCl and 2 M NaCl) using the autoionize plugin of VMD. Each
final system measured 9 X 8 X 9 nm® and contained approximately
60 000 atoms (Figure SSa).

The assembled systems were subjected to energy minimization using
the conjugate gradient method to remove the steric clashes between the
solute and solvent. Following that, we equilibrated each system for 10
ns while harmonically restraining the C1’ atoms of DNA using a spring
constant of 1 kcal mol™" A™2. Subsequently, we equilibrated the systems
for an additional 10 ns with weaker harmonic restraints using a spring
constant of 0.1 kcal mol™" A~* while maintaining the hydrogen bonds
between the complementary base-pairs of DNA using the extrabond
utility of NAMD. Finally, we removed all the restraints (except the
terminal C1’ atoms of each DNA strand) and performed approximately
1 us long simulations of the systems using a constant number of atoms,
pressure (P = 1 bar), and temperature (T = 298 K) ensemble. In order
to mimic the connection of the DNA helices to the rest of the DNA
origami plate, we harmonically restrained the terminal atoms of each
DNA strand using a spring constant of 0.1 kcal mol™" A2 Two sets of
simulations were carried out for each design to improve sampling of the
conformational space.
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Movie S1: 1 us long MD simulation trajectories of the
ATTO 647N dye in sample 1 in the dye-conjugated DNA
system (MPG)

Movie S2: 1 us long MD simulation trajectories of the
ATTO 647N dye in sample 2 in the dye-conjugated DNA
system (MPG)

Movie S3: 1 pus long MD simulation trajectories of the
ATTO 647N dye in sample 3 in the dye-conjugated DNA
system (MPG)

Movie S4: 1 s long MD simulation trajectories of CyS$ in
sample 1 in the dye-conjugated DNA system (MPG)
Movie S5: 1 s long MD simulation trajectories of CyS$ in
sample 2 in the dye-conjugated DNA system (MPG)
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