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ABSTRACT: Self-assembled DNA structures enable creation of specific shapes at
the nanometer—micrometer scale with molecular resolution. The construction of
functional DNA assemblies will likely require dynamic structures that can undergo
controllable conformational changes. DNA devices based on shape complementary
stacking interactions have been demonstrated to undergo reversible conformational
changes triggered by changes in ionic environment or temperature. An
experimentally unexplored aspect is how quickly conformational transitions of
large synthetic DNA origami structures can actually occur. Here, we use time-
resolved small-angle X-ray scattering to monitor large-scale conformational
transitions of a two-state DNA origami switch in free solution. We show that the
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DNA device switches from its open to its closed conformation upon addition of

MgCl, in milliseconds, which is close to the theoretical diffusive speed limit. In contrast, measurements of the dimerization of
DNA origami bricks reveal much slower and concentration-dependent assembly kinetics. DNA brick dimerization occurs on a
time scale of minutes to hours suggesting that the kinetics depend on local concentration and molecular alignment.
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he programmable self-assembly of DNA molecules is a

new paradigm for creating structures at the nanometer—
micrometer scale with potential for diagnostic, therapeutic, and
engineering applications.l_4 DNA origami structures are
assembled from kilobase long single-stranded (ss) DNA
(scaffold) strands that fold due to a number of specific
ssDNA oligonucleotides (staple strands) into predefined and
precisely addressable approximately megadalton (MDa)-sized
structures.”” Recently, further hierarchical organization of
DNA origami structures into higher-order assemblies, some of
which reaching the approximate gigadalton (GDa) range, has
been demonstrated.*”"" Moving beyond static two- and three-
dimensional structures”® toward building complex devices will
require implementing and controlling reversible mechanical
movements in DNA objects, which remains a challenging
aspect in the field."" So far, most switchable DNA devices have
been triggered by the addition of DNA single strands and
toehold-mediated strand exchange, where transitions occur on
time scales of minutes. Conformational changes controlled by
the addition and exchange of oligonucleotides are fundamen-
tally constrained by the maximal rate of toehold-mediated
strand exchange ~5 x 10° M~'s™};'* at typical nano-
molar—micromolar concentrations, this corres})onds to changes
on the time scale of seconds to minutes."”~'® Conformational
transitions initiated by changes in ionic strength, pH,
temperature, or light can be faster, and have been demonstrated
to occur within seconds.'”'® A new technology to create well-
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defined and reversible conformational changes of DNA origami
devices relies on shape complementary protrusions and
recessions that interact via DNA stacking interactions.'”*’
While salt and temperature-dependent conformational changes
of DNA devices based on shape complementary and stacking
interactions have been characterized,'””’ it is an open question
how fast conformational transitions of these large, approx-
imately MDa DNA origami structures can be. Friction with the
solvent and energy barriers in junctions or pivots could pose
fundamental speed limits for switching dynamics, similar to
what is observed for folding of naturally occurring RNAs due to
theig 1 2rélgged free energy landscapes (Supporting Figure
S1).”"

Fast Conformational Transition of a DNA Origami
Switch Device Revealed by trSAXS. To address this
question, we employ time-resolved small-angle X-ray scattering
(trSAXS) to monitor conformational transitions in a unim-
olecular, two-state DNA origami switch and in a bimolecular
DNA origami reaction system. SAXS can monitor the
conformational transitions of macromolecules and their
assemblies in free solution under virtually arbitrary solution
conditions.””**~*” SAXS does not require any labeling and
directly probes the global conformation in solution. By using a
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Figure 1. Schematic of time-resolved SAXS and a MgCl,-dependent
DNA origami switch device. (a) Schematic of the stopped-flow mixing
device coupled to the high brilliance beamline ID02 at the ESRF. The
mixing reservoirs 1 and 2 contain the switchD16 device in 5 mM
MgCl, and buffer with high MgCl, concentrations, respectively. After
turbulent mixing, the mixture is directed to a capillary and the flow is
stopped. The beam hits the sample in a specific acquisition pattern
defined by the exposure time (t) and a delay time (t;) (see
Supporting Information). (b) (Top) Schematic view of the switchD16
device, which changes from an open to a closed conformation upon
the addition of MgCl,. The closed state is stabilized by 16 basepair
stacking interactions occurring at the interface of shape-complemen-
tary double helical protrusions (red) and recessions (blue). (Bottom,
left) Negative-stain TEM micrographs of switchD16 particles in the
presence of S mM and 25 mM MgCl, (scale bars, 20 nm). (Bottom,
right) Equilibrium fraction of closed switchD16 devices as a function
of MgCl, determined by SAXS and two-state based thermodynamic
model (black line).

stopped-flow kinetic mixer to trigger conformational changes
by rapid changes in MgCl, concentration and a high-flux
synchrotron beamline for fast data acquisition,ZS we achieved a
time resolution of 25 ms (Figure la). We applied trSAXS to
study the dynamics of a DNA origami switch (switchD16)."
We have previously characterized the structure and equilibrium
conformations of switchD16."”%*° In brief, switchD16 consists
of two ~100 nm long rigid arms connected by a Holliday
junction at the center that allows for reversible transitions
between an open and a closed conformation (Figure 1). Shape-
complementary patterns of blunt-ended double helical
protrusions and recessions are arranged on both arms that
can form 16 basepair stacking interactions in the closed
conformation of the switch. Electrostatic repulsion counteracts

the stacking contacts, such that at low cation concentration the
open conformation is favored. We have previously demon-
strated that SAXS can monitor and quantify the MgCl,-
dependent unimolecular equilibrium of the switchD16 device™’
and determined the midpoint of the open-to-close transition at
~10 mM MgCl, (Figure 1b and Supporting Information). In
the trSAXS measurements, we started with DNA switch devices
in S mM MgCl, where the open conformation is predominantly
populated (fraction closed fo.q < 4%).”" Using the stopped-
flow mixer (see Supporting Information), we then rapidly
(within <1 ms) added MgCl, to final concentrations of 185, 25,
and 35 mM (where in equilibrium f;o..q = 90%, 98%, and 99%,
respectively) and monitored the subsequent conformational
changes. For the 15 mM MgCl, condition, the transition from
the open to the closed state is resolved and well described by a
first-order kinetic model (Figure 2 and Supporting Figure S2)
with a closing rate constant k. = 22 s~ and an opening rate
constant k.., = 2.4 s™'. For the 25 and 35 mM MgCl,
conditions, the transition to the closed state occurs essentially
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Figure 2. TrSAXS reveals conformational kinetics of a DNA origami
switch device. (a) SAXS profiles for switchD16 for selected time points
after increasing MgCl, concentration to 15 mM. The inset shows a
zoom of the data in Holzer representation (I(q)-q vs q). (b) Fraction
of switchD16 devices in the closed conformation versus time after
changing to MgCl, concentrations of S mM (black circles), 15 mM
(blue circles), 25 mM (orange circles), and 35 mM (red circles).
Symbols and error bars are the mean and standard deviation from two
independent repeats of each condition. The solid black line and dashed
black line represent a reversible unimolecular first-order reaction fit to
the data at 15 and 25 mM MgCl, (see Supporting Information).
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Figure 3. Time-resolved SAXS measurements on dimerization kinetics of DNA origami bricks. (a) (Top) Schematic of DNA origami brick
monomers with double helical protrusions and recessions (indicated in red and blue) allowing for the formation of a dimeric brick in the presence of
20 mM MgCl,. (Bottom) TEM micrographs of DNA origami monomers and dimers. Scale bar: 20 nm. (b) Experimental scattering profiles of DNA
origami monomers (blue circles) and dimers (red circles) at a sample concentration of 100 nM in 20 mM MgCl,. (c) Time evolution of scattering
profiles after 1:1 mixing of monomeric brick samples at an initial concentration of 100 nM. (d) Fraction of dimeric brick particles as a function of
time determined from a two-state model for initial monomer concentrations of 100 nM (dark brown circles) and 50 nM (light brown circles). Solid
lines represent fits of an irreversible bimolecular reaction rate model (see eq 9 Supporting Information) yielding an average association reaction rate
constant of 1.7 X 10* M~":s™". The inset shows a close up of the early time points.

within the dead time of our instrument (25 ms). Analysis of the
data suggests a lower limit on the closing rate constants of k.
=150 s~ (Figure 2b and Supporting Figure S3). The measured
closing times of T s = kgose * < 7 ms are at most 1—2 orders
of magnitude slower than a simple estimate of the time scale for
the diffusive motion of the two arms from the open into the
closed state of 74 ~ 100 us (Supporting Text and Supporting
Figure S4), suggesting that the DNA switch closes near the
diffusive speed limit. Residual energy barriers, if any, for closing
must be lower than In(7y./7g5) ~ 4 kT, where kyT is the
thermal energy.

Slow Dimerization of DNA Origami Bricks. As a
reference construct, we studied the kinetics of a bimolecular
reaction system consisting of two separate monomeric DNA
origami bricks that dimerize via shape-complementary basepair
stacking interactions, similar to the switch device (Figure 3a).
The SAXS profiles at 20 mM MgCl, show pronounced
differences between the monomer and dimer scattering
patterns (Figure 3b). In particular, the scattering profile of
the dimeric complex exhibits a clear peak at g ~ 0.28 nm™*
(Figure 3b), which corresponds to a length scale of 27/q ~ 23
nm that matches the cross-section of the dimer (22 nm X 24
nm) (Figure 3a). This strong interference peak is largely
missing in the monomeric profile due to the asymmetric cross

sectional area (11 nm X 24 nm) (Figure 3a). On the basis of a
two-state model, we determined the fraction of dimers at each
time point (Figure 3c,d, Supporting Figure SS, and Supporting
Information). As expected for a bimolecular system, we find
concentration-dependent assembly kinetics. From a fit of a
bimolecular reaction kinetics model to the data we obtain a
negligible dissociation rate constant k,s and an estimate of an
association rate constant ko, of 1.7 X 10* M~"s7". A simple
estimate for the time scale of diffusive reaction that takes into
account the global dimensions of the bricks yields a diffusion-
limited reaction rate constant kg of ~2.5 X 108 M~'.s™! (see
Supporting Information). Hence, the brick system reacts much
slower than the diffusive speed limit, which points to the
existence of additional barriers, likely to overcome electrostatic
repulsion and to achieve the correct alignment of the brick
monomers,” that slow down the reaction.

Taken together, these data suggest that the very rapid closing
transition of the DNA switch device is because the central
Holliday junction links the two arms and orients them favorably
to form the 16 basepair stacking interactions that stabilize the
closed state. Therefore, the central pivot link creates a high
effective concentration (estimated to be kgqg./kon ~ 1.4 mM) of
the two arms enabling them to interact on the millisecond time
scale.
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In conclusion, we have demonstrated that ~5 MDa DNA
origami devices can undergo very fast conformational dynamics
on the millisecond time scale, suggesting that such devices
could be employed for switching and sensing molecular
capabilities with rapid response times. Although the kinetics
for the DNA switch device are very fast and approach the
estimated diffusion controlled rate, assembly of the DNA bricks
at nanomolar—micromolar concentrations is much slower than
both the dynamics of the DNA switch, the estimated diffusion
controlled rate, and the maximal rate for toehold-mediated
strand exchange. In particular, because hierarchical assembly of
(various types of) DNA bricks forms the basis for creating
higher-order DNA structures reaching the approximate GDa-
range,”'? it is desirable to better understand and ultimately
optimize their assembly kinetics. Unforeseen barriers that could
slow down the dimerization dynamics could be caused by
deviations of the actual brick geometry from the designed one.
For example, residual twist in honeycomb structures® may make
it necessary that the bricks deform through thermal fluctuations
in order to satisfy the stacking bonds. The associated energetic
penalties will be likely on the order of multiple k3T and could
thus explain the slow binding rates that we have observed.
Thus, one approach for increasing the speed of DNA brick
association may consist in more precise design. Other
approaches might include optimized temperature and salt
conditions, introduction of confinement or molecular crowding
agents, chemical modifications to the DNA to reduce charge
repulsion, and a more symmetric design to facilitate correct
alignment.

Our work establishes trSAXS as a powerful tool to monitor
large-scale conformational changes and assembly of DNA
origami objects on time scales from milliseconds to hours
without the need for labeling or surface immobilization. The
ability of SAXS to directly probe the global conformation in
solution is advantageous, because it has recently been
demonstrated that inferring global conformations from local
distance measurements, for example, by Forster resonance
energy transfer (FRET), can be problematic’>*' and that the
addition of dyes can bias the conformational ensemble.”” In the
future, a combination of continuous-flow mixing in appropriate
microfluidics with microfocus X-ray sources has the potential to
push the time-resolution even into the microsecond-regime,*”
which would allow us to directly probe conformational
transitions at the molecular speed limit.
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