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ABSTRACT: Sticky-end cohesion plays a critical role in molecular biology and nucleic acid nanotechnology. Although free energy
calculations and molecular mechanics can predict these interactions, chemical modification would compromise such predictions.
Herein, we have used rationally designed 3D DNA crystals as a tool to experimentally investigate the modulation of 5′-
phosphorylation on sticky-end cohesions. We have found that 5′-phosphorylation strengthens the sticky-end cohesion: in a DNA
crystal self-assembled exclusively via sticky-end cohesions, 5′-phosphorylation not only promotes the crystallization process, in
general, but also accelerates the crystal growth along designed directions. Such a finding allows the fine-tuning of DNA crystallization
kinetics and the control of DNA crystal morphology. It also suggests a potential difference in self-assembly kinetics between natural
DNA (with 5′-phosphorylation) and synthetic DNA (without 5′-phosphorylation).

Sticky ends are overhung, unpaired nucleotides at DNA
duplex ends. Hybridization between sticky ends associates

two DNA duplexes together. Sticky-end cohesion not only is a
critical foundation for recombinant DNA technology but also
acts as one essential pillar for the fast-growing field of structural
DNA nanotechnology, where it functions as a programmable
DNA−DNA interface during the self-assembly of DNA
structural motifs.1,2 For both genetic engineering and DNA
nanotechnology, the strength of sticky-end cohesion is an
important parameter. The interaction should be cautiously
chosen in an appropriate window so that correct DNA self-
assembly can happen, and applications such as DNA
computing can be enabled.3,4 Though previous researchers
have used free energy calculations to predict the strength of
sticky-end cohesion,5,6 the results are compromised for subtle
changes in the DNA such as chemical modifications. The free
energy difference before and after such modifications can be on
the same scale of calculation errors. Additionally, computa-
tional methods always need to define and verify new
parameters to work for custom chemically modified DNA. In
this paper, we have established an experimental, qualitative
approach to study sticky-end cohesion. It is based on rationally
designed 3D DNA triangle crystals, whose self-assembly
process is solely driven by sticky-end cohesion.7,8 By observing
the changes of crystallization kinetics and crystal morphology,
we are able to inspect how 5′-phosphorylation modulates
sticky-end cohesion.
A rationally designed DNA crystal was assembled from DNA

tensegrity triangle motifs in 2009 (Figure 1a).7 In this crystal,
one DNA triangle motif connects with its neighboring motifs
along the three edges by sticky-end cohesion and extends into
a 3D, macroscopic crystal of rhombohedral symmetry. As
revealed by X-ray crystallography, all the crystal contacts
among triangle motifs are formed via sticky-end cohesion.
Therefore, the crystallization kinetics is sensitively dependent
on the strength of sticky-end cohesion. Experimental character-

ization of the crystallization kinetics of DNA triangle crystals
also reveals the strength of the sticky-end cohesion.
We focused on the modulation of 5′-phosphorylation on

sticky-end cohesion (Figure 1b). 5′-Phosphate often exists in
natural DNAs, while it is missing in synthetic DNAs. As DNA
materials can be generated by biological mass production,9,10 it
is necessary to understand how 5′-phosphorylation affects
DNA self-assembly. For tile-based DNA self-assembly, it is also
an important question how sticky-end cohesion is altered by
5′-phosphorylation. Though our previous study shows that 5′-
phosphorylation can increase the X-ray diffraction resolution of
DNA crystals and do not change the DNA crystal structure
(Figure S1),11 there is no report about the self-assembly
process itself. From experimental results, we surprisingly found
that 5′-phosphorylation can promote both DNA crystal
nucleation and growth (Figure 1c), which indicates that
sticky-end cohesion is strengthened by phosphorylation.
The self-assembly of DNA crystal was conducted according

to a previously reported hanging drop method.12 To compare
the effect of phosphorylation in parallel, DNA triangles with
different phosphorylation sites were assembled under identical
conditions. A series of reservoir buffers with different ionic
strength were used to explore the solubility boundary of the
crystallization diagrams.
5′-Phosphorylation was observed to substantially promote

the crystallization of DNA tensegrity triangles. We first tested
the crystallization of symmetric, 4-turn DNA triangle (sΔ4T)
motif, which has 4 helical turns of DNA duplex as each triangle
edge (Figure S2).13 Different phosphorylation combinations at
the sticky ends were screened: no phosphorylation (L+M+S),
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phosphorylation on only M strand (L+pM+S), phosphor-
ylation on only S strand (L+M+pS) and phosphorylation on
both M and S strands (L+pM+pS). p before any strand name
(L, M, or S) indicates phosphorylation of that strand. The
results of the screening were presented as crystallization
diagrams (Figure 2a), and optical images of DNA crystals were
shown in Figure 2b and Figure S3. Solubility lines were
sketched as the separations between clear drops and drops with
crystals. A trend appeared. With 5′-phosphorylated strands, the
solubility line moved toward low concentrations of DNA motif
and reservoir buffer. After phosphorylation of both M and S
strands, the crystallization can happen at 1/16 DNA
concentration and 1/8 lower buffer concentration, respectively.
Similar modulation results were also observed for 2-turn and 3-
turn DNA triangle (sΔ2T, sΔ3T) crystals (Figure S4). For
example, sΔ2T without 5′-phosphoryaltion remained com-
pletely soluble when the reservoir buffer concentration was
lower than 10×TAE/Mg2+, while 5′-phosphorylated sΔ2T

crystallize when the reservoir buffer was only 3×TAE/Mg2+.
Based on the observation of accelerated DNA crystallization

kinetics, we proposed that 5′-phosphorylation would strength-
en sticky-end cohesion. This hypothesis was further proved by
the observation that phosphorylation promoted crystal growth
in specific directions, thus modulating crystal morphology. An
asymmetric 4-turn DNA triangle (aΔ4T) was designed to have
three different pairs of sticky ends, GG/CC, GT/AC, and GA/
TC, along its three component helices, respectively (Figure
3a). Thus, interactions along the three crystallographic axes

could be modulated independently by phosphorylation. The
effects of 5′-phosphorylation on aΔ4T crystallization were
summarized in Figure 3b (and Figure S5). (i) Without any
phosphorylation, aΔ4T assembled into near isotropic, plate-
shaped crystals. (ii) When only one pair of sticky ends was
phosphorylated, the size along one dimension of the crystals
increased relative to the sizes of the other two dimensions.
Phosphorylation of the blue sticky end (GA/TC) thickened
crystal plates and phosphorylation of either the green (GG/
CC) or the orange sticky end (GT/AC) resulted in elongated,
plate-shaped crystals. (iii) Simultaneous phosphorylation of
two of the three pairs of sticky ends increased the sizes along
two of the three crystallographic dimensions. For example, the
phosphorylation of both GG/CC (green) and GA/TC (blue)
resulted in longer and thicker crystal plates. (iv) Phosphor-
ylation of all three pairs of sticky ends returned to the original
crystal morphology. We further verified the correspondence
between the sticky ends identity and the crystal dimensions by
both macro-seeding (Figure S6) and numerical fitting (Figure
S7). Both results were consistent with our interpretation, and
we concluded that 5′-phosphorylation promoted the crystal
growth rates along GG/CC (green) and GT/AC (orange)
sticky ends by 3.3 and 4.5 times, respectively (Figure S7). To
achieve finer tuning of crystal morphology, we phosphorylated
only one strand at a time, which generated in a finer, 6-step
morphology evolution (Figure S8). The growth rate along the
sticky-end direction with only one strand phosphorylated was
faster than nonphosphorylated sticky ends, but slower than
sticky ends with both stranded phosphorylated. For a given
strand, if a mixture of phosphorylated and nonphosphorylated

Figure 1. DNA tensegrity triangle crystals as an experimental tool to
study 5′-phosphorylation-modulated sticky-end cohesion. (a) Scheme
of the crystal contact between two DNA triangle motifs in the crystal.
The sticky-end cohesion is boxed and shown in a 3D model.
Symmetric 4-turn DNA triangle (sΔ4T) motif is used for
demonstration. (b) A putative atomic model of 5′-phosphorylation
of the sticky ends. The 5′ phosphate of interest is highlighted by a
light yellow oval. (c) Scheme of DNA crystal self-assembly modulated
by 5′-phosphorylation. The yellow circles represent 5′-phosphor-
ylation. Phosphorylation promotes both DNA crystal nucleation and
growth. I.S.: ionic strength. Phos.: phosphate.

Figure 2. 5′-Phosphorylation promoted the nucleation of DNA sΔ4T

crystals. (a) Crystallization diagram of DNA sΔ4T crystals in TAE/
Mg2+ buffer. L, M, and S are strands illustrated in Figure 1a. Prefix
“p”: 5′-phosphorylated. Crystallizations were set up for 18 days. DNA
and buffer concentrations were estimated from the initial drop
contents and the reservoir buffer concentrations. The red, dashed
solubility lines are sketched to discriminate the crystallization states.
(b) Optical images of two representative crystallization drops arrowed
point in (a).
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DNAs are used, the crystal growth along that direction
positively correlated with the relative percentage of the
phosphorylated DNA for this this strand (Figure S9).
Is such phosphorylation-enhanced crystal growth a general

phenomenon or specific to the tensegrity triangle? To answer
this question, we tested how 5′-phosphorylation affected the
crystallization of another previously reported DNA crystal with
sticky-end cohesion.14 The crystal was assembled from a DNA
decamer, CGACGATCGT. The DNA first formed an 8-base
pair (bp)-long duplex with a CG sticky end at either end. Via
axial sticky-end cohesion, the DNA duplex formed infinite,
continuous duplexes, which orientated themselves in parallel
into crystals. Crystals preferentially grew in the duplex
direction and had a rod shape. In all crystallization conditions,
phosphorylated DNA showed stronger intermolecular inter-
actions than nonphosphorylated DNA (Figure 4a, Figure S10).
In the same buffer where both DNAs formed crystals, crystals

of phosphorylated DNA exhibited a higher aspect ratio (3.8 ±
1.4) than that of nonphosphorylated DNA (2.3 ± 0.5)
(Figures 4b and 4c). It was consistent with the notion that 5′-
phosphorylation enhanced the sticky-end cohesion and
promoted the crystal growth along the duplex orientation.
Despite the success in the duplex crystal, another crystal

designed from DNA Holliday junctions didn′t crystallize well
after phosphorylation, even in the same buffer (Figure S11).15

Likely, the crystal contacts were altered in the presence of 5′-
phosphate. From this perspective, the DNA tensegrity triangle
crystals represent the best crystal model system to study sticky-
end cohesion, where all the crystal contacts are predictable,
specific, robust, and resistant to change after chemical
modifications.
There is a correlation between free energy calculations and

our experimental observations for nonphosphorylated DNA
molecules. For the original crystal without phosphorylation,
the free energy calculation results from the NUPACK server
(http://www.nupack.org/)16 was qualitatively consistent with
our observation of the crystal morphology (Figure S12). To
predict DNA with 5′-phosphorylation, we were not able to find
available theoretical methods. There are no DNA thermody-
namic parameters set up for phosphorylated DNA. As to
molecular mechanics, the parameters for 5′ terminal phosphate
in DNA were not present in any current force fields including
AMBER, CHARMM, etc., to the best of our knowledge.17,18

Our study represents experimental evidence that 5′-phosphor-
ylation can enhance sticky-end cohesion.
In this study, we have established an experimental approach

to study sticky-end cohesion, by using rationally designed
DNA triangle crystals as a model system. We have found that
5′-phosphorylation at the sticky ends substantially strengthens
sticky-end cohesion. Though the mechanism is not clear now,
we speculate that 5′ phosphate could form a H-bond with the
3′ hydroxyl group on the neighboring DNA molecule and
potentially other interactions (Figures S13 and S14). Future

Figure 3. Controlled morphology evolution of asymmetric aΔ4T DNA
crystals via 5′-phosphorylation. (a) Scheme of aΔ4T design including
the sequences of the three pairs of sticky ends. Circled “P”: 5′-
phosphorylation. The circle colors match the colors of the continuous
strands of the triangle edges. (b) Optical images of aΔ4T DNA crystals
with different combinations of 5′-phosphorylation on sticky-ends. The
colored circles on the image correspond to the phosphorylated sticky
ends in (a). One dimension of the crystal morphology elongates at
each stage of evolution. Scale bars: 100 μm.

Figure 4. Crystallization of DNA decamer duplex (309D) via sticky-
end cohesion. (a) Scheme of the DNA duplexes. (b) Optical images
of 309D and P309D crystals. (c) Box plot of the aspect ratios of the
rod-shaped crystals (from 100 crystals of 309D and 70 crystals of
P309D). All the data points were represented as small crosses. The
upper line, the top, middle and bottom line of the box, the lower line
represents the upper extreme, upper quartile, median, lower quartile,
and lower extreme of the data set, respectively. The data points
beyond the range are outliners.
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high-resolution crystallography study will answer this question.
Such strengthening can be readily used to fine-tune
crystallization behavior and crystal morphologies. For the
broad field of structural DNA nanotechnology, our conclusion
underlines an important but previously neglected factor when
designing DNA nanomaterials: phosphorylated DNA (from
restriction digestion, for example) can have faster self-assembly
kinetics than nonphosphorylated DNA (from chemical syn-
thesis, for example). Therefore, DNA designs may require
specific optimizations when the assembly materials are
advanced from synthetic DNA to biologically produced
DNA. Apart from the reported 5′-phosphorylation, we may
use such an engineered DNA crystal system to investigate the
effect of other DNA modifications (e.g., thiolation, biotinyla-
tion, fluorophore modifications, and modified bases) on DNA
assembly. Such knowledge is an essential consideration when
DNA nanodevices are chemically functionalized. While current
theoretical models and calculations are deficient to predict our
experimental results, we expect such experimental observations
to stimulate theoretical studies that can bring us a deeper
understanding of the biophysics behind sticky-end cohesion.
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