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ABSTRACT

Enzymatic ligation is a popular method in DNA nan-
otechnology for structural enforcement. When em-
ployed as stability switch for chosen components,
ligation can be applied to induce DNA nanostructure
reconfiguration. In this study, we investigate the re-
inforcement effect of ligation on addressable DNA
nanostructures assembled entirely from short syn-
thetic strands as the basis of structural reconfigu-
ration. A careful calibration of ligation efficiency is
performed on structures with programmable nicks.
Systematic investigation using comparative agarose
gel electrophoresis enables quantitative assessment
of enhanced survivability with ligation treatment on
a number of unique structures. The solid ligation
performance sets up the foundation for the ligation-
based structural reconfiguration. With the capability
of switching base pairing status between permanent
and transient (ON and OFF) by a simple round of en-
zymatic treatment, ligation induced reconfiguration
can be engineered for DNA nanostructures accord-

ingly.

INTRODUCTION

In the past four decades, the extraordinary power of DNA
self-assembly has been showcased in the construction of a
myriad of complex DNA nanostructures (1-7). Apart from
static structures with increasing complexity and diversity,
dynamic constructs driven by strand displacement have also
emerged as useful tools in computation and nanomechanics

(8-10). With similar design principles, dynamic constructs
composed of complex DNA origami units have also been
produced (10-15). Moreover, by carefully designing nucleic
acids-protein working interface, enzymes have been applied
to drive the structural reconfiguration of synthetic DNA
constructs (16-18). Enzymatic ligation to seal nicks with
phosphodiester bonds is a well-adopted method for the re-
inforcement of DNA nanostructures (19-24), but has rarely
been presented in dynamic DNA constructs (18,25). To uti-
lize the stability difference between the ligated and unligated
structural components, we demonstrate DNA nanostruc-
ture reconfiguration induced by ligation treatment in this
work.

The general goal of this work is to utilize the structural
stability enhancement from ligation treatment to enable
DNA nanostructure reconfiguration (Figure 1). We first hy-
pothesize that a substantial stability enhancement would be
achieved with a majority of nicks ligated for a certain ad-
dressable DNA nanostructure. Our secondary hypothesis is
that a substructure with key segments to be specifically lig-
ated would reconfigure from the original complete structure
based on the structural stability difference with and without
ligation treatment.

MATERIALS AND METHODS
Materials

DNA oligonucleotides were synthesized by Integrated
DNA Technology Incorporation or Bioneer Corporation
and were used without further purifications. Enzymes were
purchased from New England Biolabs (NEB), including T4
polynucleotide kinase (Catalog #M0201L), T4 ligase (Cat-
alog #M0202L), exonuclease 111 (Catalog #M0206L).
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Figure 1. DNA nanostructure stability enhancement and reconfiguration
based on enzymatic ligation treatment. (A) Schematics of ligation-based
stability enhancement. (B) Schematics of ligation-induced structural re-
configuration.

DNA sequence design

Structures shown in this study were adapted from previous
studies (26,27), including three 6 x 6 lattices from 4-arm
junction motifs (J4-1, J4-11 and J4-III), two 6 x 6 lattices
from DX motifs (DX-I and DX-II) and one 6 x 7 lattice
from 3-arm junction motifs (J3). The 2 x 2 and 3 x 3 lat-
tices were derived from lattice J4-1 with fewer motifs. All the
structures were designed by sequence generation software
Uniquimer (28).

Structural assembly

The structures with and without enzymatic ligation treat-
ment followed a typical self-assembly annealing protocol
described in previous studies (26,27). The unpurified com-
ponent strands were mixed roughly equimolar at a final
concentration of 100400 nM in 0.5x TE buffer (5 mM
Tris, pH 7.9, | mM EDTA) supplemented with 15 mM
MgCl, (not subjected to ligation) or 1x T4 DNA ligase
buffer (NEB) (subjected to ligation), respectively. The mix-
tures were annealed under a ‘ramp’ annealing protocol in
which samples were denatured at 85 °C for 15 min and then
cooled from 85°C to 61°C at 5 min per 1°C and from 60°C
to 10°C at 25 min per 1°C over a course of 24 h.

Ligation treatment

There were two additional steps for the structures with en-
zymatic ligation treatment, phosphorylation and ligation.
(1) Phosphorylation. The unpurified DNA strands of a cer-
tain structure were incubated with T4 polynucleotide kinase
(PNK) in 1x T4 DNA ligase buffer at 37 °C for 5 h to get
5" ends phosphorylated before structural assembly since the
5" phosphate group is not available for a typical synthetic
strand. (i) Ligation. T4 DNA ligase was applied to the post-
assembly samples to seal nicks over an incubation at 16 °C
for 17 h.

Agarose gel electrophoresis (AGE)

Samples were subjected to native AGE in an ice-water bath,
and gels were prepared in 0.5x TBE buffer (44.5 mM
Tris, 44.5 mM boric acid and 1 mM EDTA) supplemented
with 10 mM MgCl, and were pre-stained with SYBR Safe
(Thermo Fisher Scientific) unless indicated otherwise. AGE
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results were obtained using a Typhoon scanner (GE Health-
care) equipped with 488 nm laser and Cy?2 filter, and a Syn-
Gene G:Box F3 gel imager equipped with blue light tran-
silluminator (emission max ~450 nm) and a UV032 filter
(bandpass 572—-630 nm).

Denaturing polyacrylamide gel electrophoresis (PAGE)

Gels contained 10% acrylamide (29:1, acrylamide/bis-
acrylamide), 8 M urea and 1x TBE and were run at
50°C unless indicated otherwise. Samples were pre-mixed
with equal volume of 2x TBE—urea sample buffer (Sangon
Biotech) and denatured at 90°C for 10 min prior to loading.
Gels were stained with SYBR Safe and imaged with the Ty-
phoon scanner.

Thermal denaturation test

Aliquots of self-assembled structures were incubated at
temperatures ranging from 30°C to 95°C for 4 h. The prod-
ucts after thermal incubation were directly subjected to 2%
native agarose gel. A control sample (stored at 4°C) and 1-
kb DNA ladder (Thermo Scientific) were loaded as mobility
references.

Quantitative analysis of assembly yield and melting curves

Gel images were analyzed by Imagel (version 1.49). To
quantify the assembly yield, the intensity of the target band
was compared against a standard band (29) (e.g. 1500-bp
band from a 1-kb DNA ladder mixture). The mass value of
the target band was deduced from the intensity-mass corre-
lation based on the standard band, and was used to calcu-
late the yield of the desired structure. To quantify the sur-
vival rate, the intensity of the target band was normalized
by that of the control band. Average survival rates and stan-
dard deviations were calculated based on three independent
AGE results. Melting curves were obtained by SciDAVis
(version 0.2.4) and OriginPro (version 2018).

Atomic force microscopy (AFM) imaging

AFM images were obtained using a SPM Multimode
with Nanoscope V controller (Bruker). Normally 50 wl of
0.5x TE buffer with 15-20 mM MgCl, were applied to a
freshly cleaved mica surface, and then a 5 wl droplet of a
sample (2-10 nM) was added and incubated for ~2 min.
Supplementary 10-20 pl of 10 mM NiCl, was added to in-
crease the strength of DNA-mica binding (30). Additional
dilution of the sample was possibly performed to achieve
the desired sample density. Samples were imaged under
liquid ScanAsyst mode with C-type triangular tips (reso-
nant frequency, fo = 40-75 kHz; spring constant, k = 0.24
N m~!) from the SNL-10 silicon nitride cantilever chip
(Bruker).

RESULTS
Ligation-based stability enhancement

To verify our first hypothesis (Figure 1A), we applied liga-
tion treatment on addressable structures entirely from short
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synthetic strands for stability investigation (26,27). T4 lig-
ase, which catalyzes the sealing of a nick between 3’ hy-
droxyl group and 5 phosphate group to form a phospho-
diester bond with a high efficiency (>0.9 at 16°C) (31,32),
was adopted in our investigations. Because numbers and
positions of ligatable nicks are programmable in address-
able structures, a careful quantitative analysis of catalytic
efficiency leads to more mechanistic insights of ligation re-
action. The thermal stability of the ligated structures is
characterized by AGE and the corresponding morpholo-
gies of the treated samples are confirmed by AFM. Parallel
characterization of several unique structures over a broad
temperature range points to the general thermal stability
enhancement—melting temperatures of ligated structures
increase more than 15°C compared to the unligated coun-
terparts.

We first implemented a thermal denaturation test to study
the thermal stability of DNA nanostructures with and with-
out ligation treatment (Supplementary Figures S1-S15).
The samples were incubated in gradient temperatures rang-
ing from 30°C to 95°C (Supplementary Table S1) and then
directly subjected to AGE. The intensities of the target
bands were assessed and normalized by the control band
from an untreated sample. The normalized yields were de-
fined as the survival rates at specific temperatures (Supple-
mentary Figure S9). The average survival rate of triplicates
at a certain temperature was plotted as a function of tem-
perature, and a melting curve was obtained by fitting the
dataset to a Boltzmann sigmoid. The specific incubation
temperature corresponding to a survival rate of 0.5 was de-
fined as the melting temperature (7,) of the structure. We
took a 6 x 6 lattice assembled from 36 4-arm junction mo-
tifs (J4-I) as a case study (Figure 2; Supplementary Figures
S3 and S10). Each arm of the motif has an 11-bp root do-
main (double-stranded) and a 10-nt stem domain (single-
stranded) with a typical edge resulting from base pairing
of two complementary stem domains appended to the re-
spective root domains (Supplementary Figures S1 and S2).
There are 120 nicks in total for the entire lattice of 60 edges.
According to our AGE analysis, the Ty, of the ligated lattice
increased to 74°C compared to the Ty, of 53°C for the unli-
gated control (Figure 2B; Supplementary Figure S3; Sup-
plementary Table S2), which clearly shows a substantial
enhancement of thermal stability (AT, > 20°C). Sample
points of representative survival rates (1, 0.4, 0) were col-
lected for unligated controls (4°C, 35°C, 53°C and 66°C)
and ligated samples (4°C, 35°C, 55°C, 75°C and 89°C) for
AFM imaging respectively (Figure 2C; Supplementary Fig-
ure S10). Handsomely corroborating our AGE analysis,
AFM results showed intact morphologies below 7Ty, and a
deteriorating integrity around and above Ty,.

To calibrate the efficiency of enzymatic ligation on DNA
nanostructures, we took a 2 x 2 lattice of 4-arm junction
motifs in our specific investigation (Supplementary Figures
S16-S20). Since the non-circular ligation products were
generated regardless of the proper self-assembly of the des-
ignated structures, we focused on the circular product for
the yield analysis. According to our careful analysis and cal-
culation based on denaturing PAGE, the ligation efficiency
was estimated at 0.89 (Supplementary Figure S20; see the

Supplementary Information for details of the calculations).
Another 3 x 3 lattice from 4-arm junction motifs was de-
signed for the ligation performance investigation (Supple-
mentary Figures S21-S26). The pattern of the circular lig-
ated products on AGE was in nice agreement with the theo-
retical estimation based on the calibrated ligation efficiency
(Supplementary Figure S26).

The thermal stability enhancement of the ligated DNA
nanostructures could be explained by the Kinetically Inter-
locking Multi-Unit effect (33,34). After ligation treatment,
the short pairing domains would get buried in the inter-
locked longer ligated pairing domains and their dissocia-
tion would become less likely due to the unfavorable kinet-
ics (higher activation energy). As our simulation results also
revealed, an elevated temperature above the melting tem-
perature of a root/stem domain (10/11 bp) but below that
of the combined segment of a root domain and a stem do-
main (21 bp) would not affect the general integrity of the
ligated structure with a modest ligation efficiency (Figure
2D and E; Supplementary Figures S27-S29). Notably, the
simulated proportion of intact lattice shown in Figure 2E
might be an underestimation since some dissociation events
could be transient.

Because of the streamlined procedures of enzymatic lig-
ation treatment and parallel characterization for the unli-
gated and ligated structures, we then managed to investigate
the thermal stability enhancement of ligation treatment for
five other lattice species (Figure 3) to show the general stabi-
lizing effect on different types of DNA nanostructures. An-
other two 6 x 6 wireframe lattices from 4-arm junction mo-
tifs (13-bp root domains/6-bp stem domains for J4-II and
16-bp root domains/10-bp stem domains for J4-III) were
tested (Figure 3A and B). Besides, one 6 x 7 wireframe lat-
tice from 3-arm junction motifs (11-bp root domains/10-
bp stem domains) (Figure 3C) and two 6 x 6 lattices from
DX motifs (21-bp rigidity domains/10-bp sticky domains
for DX-I and 11-bp rigidity domains/11-bp sticky domains
for DX-II) (Figure 3D and E) were also prepared for lig-
ation treatment and thermal denaturation test. There are
120, 120, 108, 146 and 110 ligatable nicks for lattices J4-
I1, J4-111, J3, DX-I and DX-II respectively. According to
the melting curve shown in Figure 3A, a two-stage melt-
ing was presented for the unligated lattice J4-II. Presum-
ably, the denaturing of the 6-bp stem domains corresponds
to the first stage melting and the denaturing of the 13-bp
root domains to the second stage. Despite the similarity be-
tween lattices J4-11 and J4-111, the length difference between
the root and stem domains for the unligated lattice J4-I11
was not as significant, and a two-stage melting was not pre-
sented. In all six pairs of melting curves (unligated and lig-
ated), we observed a significant 7y, increment after ligation
(A Ty, of 9-38°C) (Figure 3, middle panels; Supplementary
Figures S4-S8; Supplementary Table S2). AFM images of
samples at chosen incubation temperatures also confirmed
the enhanced thermal stability from ligation treatment (Fig-
ure 3, bottom panels; Supplementary Figures S11-S15).
Likewise, substantial enhancement of thermal stability was
observed in DNA origami structures with ligatable nicks
(results not shown). On the contrary, another addressable
wireframe lattice without ligatable nicks showed no signif-
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Figure 2. Thermal stability analysis for a 6 x 6 lattice with and without ligation treatment. (A) Agarose gel electrophoresis results of unligated (top panels)
and ligated (bottom panels) lattices incubated at 35-75°C and 55-95°C respectively. (B) Melting curves based on the AGE analysis. Dashed melting curve
for the unligated lattice and solid melting curve for the ligated lattice. Arrows point at samples of representative survival rates for AFM imaging. (C) Lattice
morphologies after thermal denaturation test. AFM images of samples after thermal denaturation test at certain temperatures are highlighted in dashed
(unligated) and solid (ligated) boxes. Scale bars: 50 nm. (D) Schematics of representative ligation events to lock in a certain component strand (highlighted
in black). Full lock-in effect rendered for ligation events at nicks Xy or Xy and partial effect for that at nick Y. (E) Simulation results of intact lattice
proportion survived at an elevated temperature as a function of gradient levels of ligation efficiency.

icant enhancement of thermal stability after ligation treat-
ment (Supplementary Figure S30).

The AGE result did not necessarily reveal the mechan-
ical fragility of a certain structure (26). For example, al-
though gel bands of unligated lattice J4-II appeared sim-
ilar to the ligated counterparts below Ty,, our AFM re-
sults revealed that the unligated lattices with 6-bp stem do-
mains were mechanically fragile upon deposition on mica
surface. Instead of complete lattices with all the component
motifs, only partial lattices alongside with broken-off indi-
vidual motifs were observed below Ty, (Figure 3A). That
was also the case for the sample without ligation treatment
stored at 4°C (Supplementary Figure S31A). On the other
hand, samples after ligation treatment gained improved me-
chanical stability and the majority of structures shown un-
der AFM were complete lattices below Tj,.

Ligation-induced structural reconfiguration

Having the first hypothesis of substantial enhancement of
structural stability verified, we continued on for the sec-
ond hypothesis to implement ligation treatment on con-
structs with both ligatable and unligatable segments for dy-
namic structural reconfiguration. A thermal stability differ-
ence can be created between ligated segments and unligated
ones within a certain DNA nanostructure. In other words,
when the chosen edges were designed as ligatable and oth-
ers as unligatable, the ligation followed by heating treatment
resulted in reconfiguration of the complete lattice into a de-
sired shape, presenting the switch of base pairing status (per-
manent versus transient) from ON to OFF. Furthermore,
when the switch of base pairing status (transient versus per-
manent) was implemented from OFF to ON, reconfigura-
tion directly responsive to ligation treatment was accom-
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plished. In general, both thermal and mechanical stability
of the ligated structures were significantly enhanced, and
site specific ligation treatment on addressable DNA nanos-
tructures resulted in dynamic DNA self-assembly.

As such, a lattice adapted from J4-1 was used for the
investigation (Figure 4A-C; Supplementary Figures S32-

S35). Taking advantage of programmability and address-
ability of such a DNA construct, we applied phosphoryla-
tion (addition of 5'-phosphate groups by T4 polynucleotide
kinase) on the selective component strands for them to be
ligated in successive ligation treatment. Three different pat-
terns were implemented on this particular construct with
96, 96 and 108 ligatable nicks (out of 120) respectively (Fig-
ure 4A-C, left panels). After ligation treatment, the thermal
stability enhancement was established only for the ligatable
segments but not the unligatable ones. The following heat-
ing treatment above 50°C dissociated unligatable segments
and resulted in structural reconfiguration into desired pat-
terns from the original 6 x 6 lattice (Figure 4A—C, right pan-
els).

The carving out of certain sub-lattices from the com-
plete lattice by dissociation of certain unligated sites can be
viewed as reconfiguration engineered from the loss of liga-
tion function. We then sought to realize structural dynamics
based on the gain of ligation function (Figure 4D; Supple-
mentary Figures S36-S38). In another lattice adapted from
J4-1, the individual 3-nt overhangs on the east and west
sides of the lattice were designed as complementary respec-
tively. Because of the weak base pairing, such a structure
remained as a planar sheet after self-assembly (Figure 4D,
left). Upon ligation treatment, the transient binding of the
sticky ends became efficiently locked in, which collectively
transformed the planar lattice into a tubular shape (Figure
4D, right). As negative controls, when the side overhangs
were intentionally prepared as non-complementary or unli-
gatable, a planar configuration remained after ligation treat-
ment. Our positive controls of 10-bp sticky end side over-
hangs with and without ligation pointed to the similar tubu-
lar configuration in AGE and AFM results. The results of



negative and positive controls further validated the induc-
tion role of ligation treatment on the sheet-to-tube recon-
figuration (Supplementary Figures S37 and S38).

DISCUSSION

Enzymatic ligation is already a proven method to enhance
thermal and mechanical stability of DNA nanostructures
(19-24). In this study, addressable structures with pro-
grammable nicks serve as a desirable system to better in-
vestigate ligation performance quantitatively. Multiple ad-
dressable structures entirely from synthetic strands tested
under a series of environmental conditions are character-
ized by AGE in parallel. Most of the earlier investigations
of enzymatic ligation were based on structures of compact
helices. According to the conventional wisdom, the accessi-
bility issue for ligase to get a proper hold on the nicking sites
to form the phosphodiester bonds could lead to poor liga-
tion efficiency. The porous type of structures of wireframe
architecture provides a more workable interface with other
biomolecules such as enzymes. For example, the steric hin-
drance would be less of an issue for enzymatic ligation treat-
ment. In our investigations of various types of structures,
difference of ligation efficiency between compact structures
and wireframe structures is not significant (7}, of different
lattice species with ligation are similar; Supplementary Ta-
ble S2). Gaps between compact helices due to the electro-
static repulsion could presumably provide access of ligase
to seal nicks of the DNA nanostructures (35).

Because of the collective enforcement from the ligated
segments, the base pairing behavior and the enhanced struc-
tural stability of the chosen sub-lattice can be adjusted by
ligation treatment. Such a reliable base pairing status switch
based on collective ligation enforcement is believed to be
the enabler of our DNA nanostructure dynamic reconfig-
uration. According to our simulation, an enhanced struc-
tural stability is achievable even in a non-optimized ligation
efficiency (e.g. >0.7). Such a finding helps us better under-
stand the robust performance of stability enhancement and
dynamic reconfiguration by ligation treatment.

The reconfigured shape after ligation can be viewed as the
desired output masked by the original one, which indicates a
potential for our method to be used in biomolecular encryp-
tion (36-38). Ligation patterns are stochastic among differ-
ent lattice copies. When the number of sealed nicks of a lat-
tice copy reaches a certain threshold, the interlocked rings
can percolate through the entire structure as an interlocked
supermolecule with a chain mail topology. Percolated su-
permolecules can survive in stringent conditions and be
perfectly resistant to a number of DNA-digesting enzymes.
This special topology led to resistance to all kinds of ex-
treme denaturing conditions (e.g. 90°C incubation, 70% for-
mamide and 8 M urea) and exonuclease digestion (Supple-
mentary Figure S24). The resulting constructs could then
enable broad applications in material science and biology
research (39-41).
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