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Abstract

DNA switches that can change conformation in response to certain wavelengths of light could
enable rapid and non-invasive control of chemical processes for a wide range of applications.
However, most current photo-responsive DNA switches are limited either by irreversible
switching or reversible switching with impractically slow kinetics. Here, we report the design of
an intramolecular triplex photoswitch (TPS) design based on single-stranded DNA that undergoes
rapid and reversible photoswitching between folded and unfolded states through isomerization of
internal azobenzene modifications. After optimizing the performance of our photoswitch design,
we used molecular dynamics (MD) simulations to reveal how individual azobenzenes contribute
to the stabilization or destabilization of the triplex depending on their photoisomerization state. By
coupling our TPS to an existing aptamer, we can reversibly modulate its binding affinity with less
than 15 seconds of UV light exposure. We further demonstrate reproducible shifting in affinity
over multiple cycles of UV and blue light irradiation without substantial photobleaching. Given
that our TPS can introduce switching functionality to aptamers without manipulating the aptamer
sequence itself, we believe our design methodology should offer a versatile means for integrating

photo-responsive properties into DNA nanostructures.

Keywords: photo-responsive, DNA nanotechnology, stimuli-responsive materials, DNA triplex,
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Introduction

Nucleic acids offer a powerful and versatile building block for the construction of nanostructures
due to their ease of synthesis and highly specific and programmable molecular recognition.'
Recent advances in DNA nanotechnology have enabled the construction of molecular machines
that can respond to specific external triggers. These designs allow precise nanoscale control over
chemical processes in dynamic materials,> catalytic systems,> and controlled-release drug
delivery.* Most mechanisms use chemical ‘fuel’ (e.g., DNA, redox, pH) to exert stimulus-specific
control over DNA nanostructures.”'® However, these approaches require precise and repeated
addition of reagents directly into the system, which accumulate over many on-off cycles, leading
to contamination of the microenvironment that can potentially limit the lifetime of these devices.!!
As such, it is highly desirable to design nanostructures that can rapidly and reversibly respond to

non-invasive stimuli.

Photoresponsive DNA nanomaterials are an attractive alternative in this regard, as light can be
delivered instantaneously and non-invasively, enabling precise temporal and spatial control
without the need to add external reagents.’> The most common method for designing light-activated
nanostructures is through the insertion of photocleavable molecules or caging moieties within the
DNA strand.'?"!> However, these modifications undergo an irreversible structural change upon
irradiation, which limits their use in applications when reversibility is required — for example,
controlled catch-and-release of biomolecules or on-demand starting and stopping of chemical
reactions. Reversible light-based control of DNA nanostructures can be achieved using photo-
switchable molecules such as azobenzenes. Azobenzene is a photo-responsive organic molecule
that can isomerize from its planar ¢rans- form to the non-planar cis- form after UV light irradiation
(A = 300—400 nm), and vice versa following exposure to blue light (A > 400 nm).'® For example,
DNA duplex hybridization can be controlled through the photo-isomerization of internal
azobenzene modifications, where the molecules’ trans- and cis-conformation stabilizes or
destabilizes the duplex, respectively. However, the high stability of DNA duplexes leads to slow
isomerization rates and inefficient photoswitching.!” For example, Mao et al. designed a light-
controlled ATP-binding aptamer by incorporating azobenzene moieties within the binding
structure, but this design required up to 1 hour of ultraviolet (UV) irradiation to switch the aptamer

from a binding to a non-binding state.'® These slow switching kinetics are a clear limitation for
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most applications, where prolonged UV exposure can damage both the DNA nanostructure and
the underlying biological system. Liang et al. were able to achieve a faster response time with an
azobenzene-incorporating DNA intermolecular triplex structure, demonstrating switching within
only 10 min of illumination at high temperature (50 °C).'” However, their switch design was based
on three unlinked DNA strands and thus was only capable of a unidirectional, irreversible

response, limiting its utility.

Inspired by the latter work, we report an intramolecular DNA triplex-based motif composed of a
single continuous DNA strand that undergoes rapid, reversible azobenzene-mediated photo-
switching. Our triplex photo-switch (TPS) construct can be rapidly switched between folded and
unfolded states through the isomerization of azobenzene. This allows precise control of the TPS,
which opens in response to UV light and closes in response to blue light, with reversibility over
many on-off cycles. To understand its switching mechanism, we employed all-atom molecular
dynamics (MD) simulations and investigated the structural and energetic landscapes of the TPS
construct. Finally, we designed a photo-responsive aptamer switch by coupling the TPS to a well-
studied ATP aptamer.?’ Upon UV exposure, the aptamer’s binding affinity was enhanced by an
order of magnitude within approximately 13 seconds, and this effect could be rapidly reversed
upon exposure to blue light (A > 400 nm). This design achieved fast photo-switching response with
minimal photobleaching after each cycle. This is a significant improvement over previous work
that required multiple minutes of exposure. Finally, unlike the previous designs,'®*' our TPS acts
as an independent structural component that does not depend on the aptamer sequence, thus
allowing ready integration of photo response properties into wide range of DNA nanostructures.
These results demonstrate the potential usefulness of the TPS as a versatile and modular building

block for photo-responsive DNA nanotechnology.

Results and discussion

Design principle of the triplex photo-switch (TPS)

We hypothesized that by incorporating photoactive azobenzene molecules into one strand of an
intramolecular DNA triplex motif, it may be possible to reversibly modulate that triplex structure
via UV and blue light exposure. Intramolecular DNA triplexes are formed with three domains; the

first and second consist of stretches of homopurines and homopyrimidines, respectively, that form
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a canonical Watson-Crick duplex, while the third strand consists of homopyrimidines and binds
within the major groove of this duplex via non-canonical Hoogsteen base-pairing (Fig. 1).2> We
posited that photo-responsive structure-switching behavior could be introduced into such triplexes
by inserting a defined number of azobenzene moieties within the third strand. Briefly, when the
azobenzene is in its trans- state, the construct should form a stable intramolecular DNA triplex,
facilitated by the intercalation of the azobenzene group into the duplex structure. The UV-induced
transition to cis-azobenzene would then destabilize this structure by eliminating this intercalation

and creating steric hindrance that disrupts the Hoogsteen hydrogen bonding of neighboring bases.

To test this hypothesis, we designed a triplex comprising two poly-T strands and one poly-A
strand. This G-C-free sequence was chosen to ensure triplex folding at physiological pH (~7.4)
and eliminate any pH-dependent effects in folding that occur due to the protonation-dependence
of CGC triplex formation.® Each of the three domains consisted of 13 bases, with 5-nt loop
sequences connecting the domains together. The two ends of each loop were designed to weakly
hybridize to each other through a single base-pairing, thereby promoting intramolecular folding of

the structure.
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Figure 1 | Overall design and working principle of the triplex photo-switch (TPS). The TPS consists
of three intertwined helical domains that form an intramolecular DNA triplex. Azobenzene moieties are
incorporated into the third domain. UV/blue light exposure induces conformational changes in the
azobenzene moieties that cause the TPS to switch between folded and unfolded states. In the #rans state,
azobenzenes participate in stacking and can strengthen triplex formation. After isomerization with UV light,
cis-azobenzenes can no longer intercalate and sterically distort the third strand, causing it to dissociate. The

depicted structure represents the 13-3 TPS.

Tuning triplex stability and folding characterization

We first assessed how the number of azobenzenes introduced into this switch design influences its
stability and folding. We synthesized and tested several triplex constructs with zero to four
azobenzene moieties inserted into the third, Hoogsteen-paired strand (sequences in Table 1 and
Supporting Table S1). The ionic environment plays an important role in the stability of the overall
structure, and we performed our experiments in 1x PBS, pH 7.4 containing 1 mM Mg** to mimic

relevant physiological Na* and Mg?" concentrations (approximately 150 mM and 0.5 to 1 mM,



respectively).?*?> We used UV-vis spectrophotometry to evaluate the stability of these triplex
constructs by assessing melting-induced changes in light absorbance at 260 nm. Folded DNA
triplex structures exhibit a biphasic melting curve, wherein the less stable Hoogsteen strand
dissociates first, followed by denaturation of the underlying duplex into a random coil
(Supporting Fig. S1). By monitoring the change in the Hoogsteen melting point (Tm1), we can
gain insights into the triplex stability. Whereas the second, duplex-associated melting point (Tm2)
stayed constant for all four constructs tested, we observed changes in Tmi that indicated altered
stability of the triplex structure relative to the number of azobenzene groups incorporated (Table
1, Fig. 2a). Tm1 was greatest when a single azobenzene moiety was incorporated into the third
strand (Tm1 = 39—40 °C), suggesting that this single trans-azobenzene could intercalate between
neighboring bases and thereby stabilize the triplex structure (see Fig. 4 for molecular dynamics
simulation data). As the number of azobenzene moieties increased, we observed a gradual decrease
in triplex stability, with a ~1-3°C decrease in Tmi per added azobenzene. Interestingly, we
observed no triplex formation at room temperature after adding four azobenzenes (Supporting
Fig. S2). To achieve robust switching between the duplex and triplex conformations of the
construct, we aimed to select a triplex design with a Tmi only slightly higher than room
temperature, which should be fully folded in the frans- state but easily destabilized following
isomerization to the cis- state. We also hypothesized that maximizing the number of azobenzene
moieties would increase the probability of isomerizing at least one azobenzene immediately after
irradiation, leading to faster switching kinetics.?® Based on these criteria, we chose the 13-nt triplex

with three azobenzene moieties (termed 13-3) for further characterization.

Table 1 | Hoogsteen strand sequences of studied triplex constructs with their observed T

Construct Position of azobenzene motifs on the Observed Tm1 (°C)
name Hoogsteen strand (Hoogsteen melting)
13-0 ITTTTTTTTTTTT 393+ 1.7
13-1 I'TTTTT Azo TTTTTTT 43.7+£0.2
13-2 ITTTTT Azo TTTT Azo TTTT 419+1.5
13-3 TTTT Azo TTT Azo TTT Azo TTT 353+£2.6
13-4 I'TT Azo TTT Azo TTT Azo TT Azo TT < RT (no observed Tmi)




To confirm that the folded triplex structure of 13-3 was not distorted by the three azobenzene
moieties, we applied circular dichroism (CD) spectroscopy, a sensitive gold-standard technique
for studying DNA structural conformation.?” Triplex formation produces a characteristic peak at
wavelengths of ~210 nm,?® and we confirmed the existence of a triplex structure at 20 °C based on
a sharp negative peak at this wavelength (Fig. 2b). This peak was greatly diminished upon heating
to 55 °C, a temperature at which Hoogsteen interactions would be disrupted while still preserving
Watson-Crick base-pairing (Supporting Fig. S3). We then used Forster resonance energy transfer
(FRET) ratio to further characterize the folding behavior of 13-3. We incorporated a Cy3 dye at
the 5’ terminus and Atto 643 dye in the first loop domain, such that the two dyes were in close
proximity in the fully folded triplex conformation (Fig. 2¢; Supporting Fig. S4). This design
yielded a strong FRET signal in buffer compared to when the construct was in an unfolded state
due to treatment with formamide. These results confirmed that 13-3 forms a properly folded triplex
in our buffer conditions. We observed similar folding behavior in a control construct with no

azobenzene moieties (13-0).
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Figure 2 | Triplex formation of constructs containing different numbers of azobenzene moieties. a)
Melting temperature of the Hoogsteen base-paired third strand (Tmi) in a 13-nt triplex construct with 0—4
azobenzene groups in the third strand. b) Circular dichroism (CD) spectra of the 13-3 TPS, which
incorporates three azobenzene groups, at 20 °C and 55 °C. The arrow indicates the predicted peak associated
with dissociation of the third strand. ¢) A version of 13-3 modified with a pair of dyes to enable monitoring
of folding state based on Forster resonance energy transfer (FRET) (left). FRET-based characterization of
13-3 and an azobenzene-free triplex construct (13-0) in a physiological buffer (1x PBS/1 mM Mg?*") versus

after formamide-induced unfolding (right).

Characterization of reversible UV-dependent switching

We next tested whether 13-3 undergoes a similar conformational shift in response to stimulation
with light. To begin, we used UV-Vis spectrophotometry to monitor the melting profile of the
switch before and after UV exposure. After 30 seconds of irradiation with 365-nm UV light, we
no longer observed the Tm1 (Hoogsteen melting) transition that was apparent before light exposure,

indicating that this irradiation had effectively disrupted triplex formation (Fig. 3a). Similarly,
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when we used CD spectroscopy to compare the conformation of 13-3 before and after UV
irradiation, we observed a sharp reduction in the negative peak at 210 nm (Fig. 3b), confirming

disruption of the triplex structure.

Importantly, this UV-induced unfolding was fully reversible upon exposing the 13-3 switch to blue
light (A > 400 nm). Both melting curve data (Fig. 3a; Supporting Fig. S5) and CD spectra (Fig.
3b; Supporting Fig. S6) demonstrated that the triplex structure could be fully recovered from its
UV-induced unfolded state after just one minute of blue light exposure. In contrast, the
azobenzene-free control construct 13-0 showed no switching behavior in response to UV or blue
light exposure (Fig. 3b; Supporting Fig. S7, S8). We further confirmed the light-induced folding
and unfolding of the switch using the FRET-modified version of our 13-3 construct (Fig. 3¢;
Supporting Fig. S9). We observed a clear drop in the FRET ratio post-UV exposure, indicating
an increase in distance between the two dyes relative to the fully folded triple helix, whereas this
FRET ratio could be fully recovered after 1 min of blue light exposure. We could repeat this light-
induced switching over multiple cycles, whereas control experiments with 13-0 showed no
meaningful response to multiple cycles of UV and blue light in the absence of azobenzene
moieties. Importantly, we did not observe substantial dye photobleaching after 15 minutes of UV
exposure (Supporting Fig. S10). Furthermore, by monitoring the amplitude change at ~210 nm
using CD spectroscopy, we observed that our 13-3 TPS structure was able to rapidly respond to
both UV light (ti2 < Is) and blue light (ti2 ~ 20s) (Supporting Fig. S11 and S12). These results
collectively demonstrate that azobenzene isomerization can selectively trigger unfolding and

refolding of the triple helix DNA structure at a rapid rate.
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Figure 3 | Characterization of TPS switching behavior and reversibility. a) First-derivative melting
curve of the 13-3 triplex after sequential exposure to UV and blue light. b) Amplitude in the ~210 nm peak
from the CD spectra of 13-0 and 13-3 after several rounds of UV and blue light exposure. The experiment
was performed in triplicate ¢) FRET characterization of light-induced switching behavior for 13-3 and 13-
0 over multiple cycles of UV/blue light illumination. The experiment was performed in triplicate. Error

bars are too small to be seen in some data points.

MD simulations provide insight into the structural dynamics of the DNA photo-switches

To gain more insights into the mechanisms underlying these experimental observations, we
analyzed the behavior of the three-dimensional (3D) structure of the TPS using all-atom MD
simulations. We first simulated the 13-0 and 13-3 constructs for 500 ns at a constant pressure (1
atm) and temperature (27 or 52 °C) in aqueous solution (OPLS3e force field, ~23,000 atoms with
SPC water and counterions for neutralization). We measured the root-mean-square deviation
(RMSD) to evaluate the overall flexibility of 13-3 compared to the 13-0 control construct and
found that introducing azobenzene reduces the stability of packing and increases the global
flexibility of 13-3 compared to 13-0 (Fig. 4a). Simulations at higher temperature (52 °C) showed
a great increase in the RMSD value of 13-3 due to partial unfolding (Supporting Fig. S13), while
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that of 13-0 remained unchanged throughout the simulation. This decreased stability is consistent
with the trend we observed using UV-vis spectrophotometry, wherein the Tmi of 13-3 was
decreased by approximately 2—4 °C relative to 13-0 (Fig. 2a, Table 1). In contrast to RMSD
measurements, which provide an understanding of global structural flexibility, per-residue root-
mean square fluctuation (RMSF) measurements can be used to analyze how portions of the
structure fluctuate, as measured by the average deviation of a residue over time from that residue’s
time-averaged position. RMSF analysis showed that the core of the triplex remained stable at 27
°C, whereas the two loops were the most flexible regions, followed by the azobenzene residues
(Fig. 4b). Interestingly, the middle azobenzene in 13-3 was the most stable of the three due to its
ability to intercalate within neighboring bases (Supporting Fig. S14). This is in keeping with the
increased Tmi1 observed for 13-1 (Fig. 2a), where the subsequent addition of more azobenzenes in

13-2, -3, or -4 exhibited a net destabilizing effect by distorting the triplex structure.
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Figure 4 | Molecular dynamics (MD) simulations of TPS behavior. a) Time evolution of RMSD for 13-0
and 13-3 in 500-ns simulations at 27 and 52 °C. b) Per-residue RMSF of three 13-3 simulations at 27 °C
show consistent fluctuations. ¢) 2D metadynamics simulations of 13-3 where the middle azobenzene (azo-

2) is subject to rotation (as 0), showing changes in the packing of the domains (i.e., the distance from the
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azobenzene to the nearest first or second domain nucleotide backbone) and free energy (AG). Three

representative states (1-3) are labeled, with azobenzenes depicted as spheres in the cartoon and the

corresponding conformations as sticks on the right.

Finally, we carried out 2D metadynamics simulations for each azobenzene in 13-3 to study the
thermodynamic impact of the rotation of the azo bond and the packing of the third domain relative
to the duplex, which was measured as the backbone distance from the azobenzene to the nearest
residue in either the first or second domain.?” In our simulations, we used a Gaussian biasing force
to enhance sampling of the azo bond rotation of each individual azobenzene, with the other two
azobenzenes fixed in the trans- conformation. Upon convergence, we studied their free energy
(AG) over the full range of torsion angles spanning from 180° (¢rans-) to 0° (cis-). The second
azobenzene (azo-2) had the highest energetic barrier (45.2 + 2.1 kcal/mol) compared with azo-1
(44.0 + 1.4 kcal/mol) and azo-3 (42.9 + 1.5 kcal/mol) (Supporting Fig. S15). This is consistent
with the heightened stability of that central azobenzene (azo-2) revealed by RMSD and RMSF
measurements and UV-vis experimental data. Importantly, when rotating only azo-2, AG for 13-3
is about 16 kcal/mol lower (or more stable) when that azobenzene is in the trans- versus the cis-
conformation (Fig. 4c¢, states 1 and 3). This simulated AG estimate is substantially higher than
previously-reported AG measurements of trans-to-cis isomerization of free azobenzene in the
absence of a triplex structure (10-12 kcal/mol).>® This difference can be attributed to changes in
AG of the full triplex structure, which experiences destabilization through the disruption of
azobenzene stacking and triplex structure steric effects and agrees well with our experimental

findings in which azobenzene photoisomerization disrupts folding of the third strand.

Designing a photo-responsive aptamer switch using the TPS motif

We hypothesized that our TPS could be readily integrated into more complex DNA nanodevices
to achieve light-activated molecular control, and tested this approach by coupling the TPS with an
ATP aptamer that has been widely studied in the literature.?’ Briefly, we inserted the 13-3 TPS
into a linker domain connecting the ATP aptamer and a displacement strand that competitively
binds the aptamer sequence (Fig. 5a). Based on previous work on tuning aptamer switches,*' we
determined that an 8-nt displacement strand would achieve robust intramolecular switching while

still allowing the coupled aptamer to retain moderate (in this case, ~1 mM) ligand-binding affinity.
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We inserted short spacers of 4-5-nt between the aptamer, triplex switch, and displacement strand
to minimize the formation of unintended secondary structure between the three domains. Finally,
the resulting Apt-13-3 construct was functionalized with Atto 643 and Cy3 dyes at the 5° and 3’

ends, respectively, to enable FRET-based measurement of ATP binding and aptamer switching.
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Figure 5 | Employing the 13-3 TPS for light-induced modulation of ATP aptamer binding affinity. a)
Schematic of the Apt-13-3 construct and its predicted photo-switching behavior, wherein UV irradiation is
expected to greatly improve ATP binding by triggering triplex unfolding and subsequent destabilization of
the aptamer-bound displacement strand. b) FRET-based binding curves of Apt-13-3 show a reversible 10-

fold increase in binding affinity upon UV exposure. ¢) No such switching is apparent with control construct
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Apt-13-0. d) Measuring the shift in ATP binding affinity for Apt-13-3 over three cycles of UV/blue light-
induced switching. e) Kinetics of the binding affinity shift for Apt-13-3 upon UV exposure.

In this design, light-induced conformational changes in the triplex linker are predicted to modulate
competitive binding of the displacement strand and thereby influence aptamer folding and target
binding.* Prior to UV exposure, the TPS domain adopts a folded triplex state and acts as a compact
linker between the aptamer and displacement strand, producing confinement that leads to strong
intramolecular competition, resulting in low aptamer binding affinity (high Kp). Upon UV light
excitation, the triplex structure is disrupted, and the motif forms an extended and more flexible
linker, leading to weaker displacement strand competition and increased aptamer binding affinity

(low Kp).

To evaluate the photo-responsive properties of this switch construct, we measured its ATP binding
affinity through a FRET-based binding assay, comparing its binding properties before or after
excitation with UV or blue light. As the concentration of ATP increases, competitive ATP binding
causes displacement of the Cy3-labeled displacement strand domain within the switch, which leads
to decreased FRET signal. We found that aptamer affinity was robustly and reversibly increased
~10-fold upon UV exposure (Fig. Sb). Before illumination, the baseline affinity was Kp ~10 mM
(95% CI [2.5-56.3 mM]), which was reduced to ~700 uM after 30 s of UV excitation (95% CI
[0.5-1.3 mM]); this affinity could then be reset back to ~10 mM after exposure to blue light for 1
minute. In contrast, the same switch construct without azobenzene molecules (Apt-13-0) showed
no UV-induced shift in affinity (Fig. 5c¢). Importantly, this shift in Kp could be induced
consistently over several cycles of UV/blue light exposure (Fig. 5d). Finally, we quantified the
kinetics of UV-induced switching by measuring the binding affinity over a wide range of UV
illumination times and found the time constant of photo-responsive activation (7) to be 13 seconds
(95% CI [7-24 s] (Fig. Se). Interestingly, our approach uses TPS as an independent structure motif
that does not depend on the aptamer sequence, thus could be adapted to incorporate photo-

responsive properties into a wide range of DNA nanostructures.

Conclusion
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In this work, we have designed and characterized an azobenzene-modified photo-responsive
switch based on a single-stranded intramolecular DNA triplex structure that can rapidly and
reversibly respond to different wavelengths of light. By integrating azobenzene modifications
within the triplex Hoogsteen strand, we were able to photo-regulate folding between the opened
and closed state of our TPS motif with short-duration UV or blue light exposure. Importantly, we
showed that the TPS can undergo this structural change within 13 seconds and reversibly over
many on/off cycles. This is in striking contrast to previous designs for photo-responsive DNA
materials based on DNA duplexes, which have suffered from inefficient switching and slow
kinetics. This is attributable to the low quantum yield of azobenzene in a double-stranded context,
which is six times lower than that of azobenzene in a single-stranded context and nine times lower
than that of free azobenzene.!” By tuning the stability of our intramolecular triplex construct so
that Tmi1 is only marginally higher than room temperature, we were able to achieve more rapid
photoswitching. Among other assets, this design offers the advantages of enabling robust, repeated
cycling while only requiring short excitation times, minimizing the risk of UV-induced

photodamage or bleaching.

We propose that the TPS motif could be modularly incorporated as a functional element
within a variety of DNA designs to enable light control in various applications, including strand
displacement reactions,”® DNA nanostructures,”® and DNA hydrogels.>* As a proof of concept
demonstration, we integrated the TPS motif into an ATP-binding aptamer switch design and
achieved robust photo-regulated activation and inhibition of ligand binding, with a rapid and
reversible 10-fold shift in binding affinity upon UV or blue light exposure. This strategy uses the
TPS as an added component to the aptamer structure rather than directly modifying the aptamer
itself, and we believe a similar approach could be employed for the engineering of a wider range
of photo-responsive aptamers and nanodevices. Our photo-responsive aptamer design functions in
physiologically relevant buffer conditions, and thus could be well-suited for applications that
require precise spatiotemporal control over binding and release of biomolecular targets in patient
samples or other biofluids. Such TPS-based molecular nanodevices could be useful in the context

of drug delivery, real-time diagnostics, and a range of other molecular applications.
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Methods

UV-Vis measurement: UV-Vis experiments were performed with a Cary 300 Bio instrument from
Agilent Technology with temperature controller. Briefly, a 500 pL sample of DNA in 1 uM in 1x
PBS /1 mM Mg?* (pH 7.4) buffer was annealed from 95 to 4 °C over the course of 1 hour before
collecting UV-Vis measurements. The absorbance at 260 nm was monitored as the temperature
was increased from 25 to 95 °C at increments of 1 °C/min. The melting temperature (Tm) was

determined from the highest values of the first derivatives.

CD measurement: CD spectrometry was performed using a 1-mm path-length quartz cuvette on
a Jasco-815 spectropolarimeter equipped with a xenon lamp, a Peltier temperature control unit,
and a water recirculator. A 300 uL sample containing 5 pM TPS DNA was prepared in 1x PBS/1
mM Mg?* (pH 7.4) buffer. The sample was annealed from 95 °C to 4 °C over the course of 1 hour
before collecting CD measurements. CD spectra were obtained (200-340 nm range, 100 nm/min

scan rate, 1 nm bandwidth, 3 accumulations) at 20 °C.

FRET assay: Both 13-0 and 13-3 strands were first functionalized with a Cy3 dye at the 3’
terminus (using solid-phase synthesis) and Atto 643 dye in the first loop domain (through amino-

N-hydroxysuccinimide (NHS) conjugation) before the assay, as shown in Fig. 2c.

- For the experiment shown in Fig. 2¢: Two separate 13-3 samples (200 uL.) were prepared at 100
nM final concentration. The first sample was prepared in 1x PBS, pH 7.4 with 1 mM Mg>" buffer,
then annealed from 95 °C to 4 °C over the course of 1 hour. The second sample was prepared in a
solution of formamide: water (90:10 v/v). Both samples were exposed to 3 mins of UV exposure
using quartz cuvettes (A = 365 nm, UV intensity ~144-187 mW/cm?). Following the UV exposure,
both samples were allowed to equilibrate for 5 minutes to room temperature. Fluorescence was
measured on a Synergy H1 microplate reader (BioTeK) with Cy3 excitation (filter properties: 540
nm center wavelength, 25 nm bandpass width) and measurement of Cy3 emission (590 nm center
wavelength, 35 nm bandpass width) as well as Cy3-Cy5 FRET emission (680 nm center
wavelength, 30 nm bandpass width). All measurements were taken in triplicate. The FRET ratio

for each replicate was calculated as:
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- For the experiment shown in Fig. 3¢: 13-3 sample was prepared at 100 nM in 1x PBS, pH 7.4
with 1 mM Mg?* buffer, and then annealed from 95 °C to 4 °C over the course of 1 hour. The
sample was exposed to alternating cycles of 30 s UV exposure and 1 min blue light in a quartz
cuvette. The fluorescence intensity was measured, and the FRET ratio was then calculated using

the equation as described above.

Binding affinity measurements: All aptamer binding measurements were carried out in 1x PBS,
pH 7.4, with 1 mM Mg?*. Aptamer stocks were first diluted to 100 nM in buffer, then annealed
from 95 °C to 4 °C over the course of 1 hour. The aptamer stocks were exposed to 03 alternating
cycles of 30 s UV exposure and 1 min blue light exposure in a quartz cuvette for the reversibility
experiments, or to varying durations of UV light exposure for the aptamer kinetics experiment
(UV light intensity = ~144-187 mW/cm?). Following UV exposure during each cycle, the samples
were allowed to equilibrate for 5 minutes at room temperature. 20 pL. of 100 nM aptamer stock
was mixed with 20 puL of ATP at various concentrations in assay buffer to reach final
concentrations spanning 0—33 mM ATP. These ATP-aptamer mixtures were incubated at room
temperature for 30 min. Fluorescence was measured on a Synergy H1 microplate reader (BioTeK)
with Cy3 excitation (filter properties: 540 nm center wavelength, 25 nm bandpass width) and
measurement of Cy3 emission (590 nm center wavelength, 35 nm bandpass width) as well as Cy3-
Cy5 FRET emission (680 nm center wavelength, 30 nm bandpass width). All measurements were
taken in triplicate. Additionally, measurements were performed for a 40 pL. sample of assay buffer

to determine background signal for later subtraction.

Analysis of UV/blue light excitation-dependent aptamer binding affinity: All data analysis
was performed in Microsoft Excel and GraphPad Prism 8.0.2. First, raw triplicate Cy3 emission
(Fcy3) and Cy3-Cy5 FRET emission (Frggr) vs. ATP concentration ([ATP]) data were processed
by subtracting the background values obtained from buffer alone. Then, the FRET ratio for each

replicate was calculated as:
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To determine the binding affinity from each combination of aptamer sequence and UV/blue

exposure conditions, the FRET data were fitted to a Langmuir isotherm of the form:

[ATP] 2)
r =A +y
FRET ™ 7 10pKp + [ATP] ~ 7°

Where pKp = log;,(Kp) was used to extract the binding affinity (Kp) of the construct after
exposure, Y, is the background FRET ratio from the construct in the absence of ATP, and 4 is the
range of FRET ratio change upon ATP-induced switching. Binding affinities are reported as the

best fit value with 95% confidence interval upper and lower bounds from fitting.

To determine the kinetics of the aptamer photo-response, we analyzed the extracted K, vs UV
exposure time data from our binding curve fitting. We fitted this affinity vs. exposure time data

using a single-phase exponential decay model of the form:

KD - (KD,O - KD’f)e_t/T + KD,f (3)

Where Kp, o and K f are respectively the aptamer binding affinities before and after prolonged UV

exposure, and 7 is the time constant that characterizes the kinetics of aptamer photo-switching.

Molecular modeling: Our models were constructed visualized in Maestro (Schrodinger, Inc.) with
help of our in-house program DNA BACon (Building, Assembly, and Construct). All the
simulations were performed with the OPLS3e force field with the SPC water model in the
Desmond-GPU program (Schrddinger, Inc.), and analyzed with in-house Python and Tcl scripts.
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Supporting Information
All study data are included in the article and/or supporting information. The Supporting
Information is available free of charge online.

e Supporting Figure S1-S15 and Table S1 containing descriptions/data of: Synthesis and
purification of azobenzene-modified DNA strands, MD model construction, simulation set
up and analysis, table of DNA sequences, melting curve for 13-3 and a control DNA
duplex, melting curve of 13-4 triplex, CD spectra of 13-3 at different temperatures, raw
FRET data for 13-3 folding and unfolding in formamide treatment, UV-Vis melting curves
for 13-3 after several cycles of UV and blue light, CD spectra for 13-3 after several cycles
of UV and blue light, melting curves of the 13-0 control before and after UV exposure, CD
spectra of 13-0 after UV exposure, raw FRET data from light-induce 13-3
folding/unfolding, photobeaching studies of a DNA-Atto 643, UV switching kinetics of
13-1, 13-2 and 13-3, blue light kinetics of 13-3, comparison of the initial and final
snapshots from the simulation of 13-3 triplex at 52°C, illustration of the intercalation of
azobenzene within neighboring bases in 13-3, 2D metadynamics simulations of the 13-3

design for the rotation of each azobenzene in the folded triplex.
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