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ABSTRACT

Controlling DNA nanostructure interaction with pro-
tein is essential in developing nanodevices with pro-
grammable function, reactivity, and stability for bi-
ological and medical applications. Here, we show
that the sequence-specific action of restriction en-
donucleases towards sharp triangular or rectangu-
lar DNA origami exhibits a novel, binary ‘on/off’ be-
haviour, as canonical recognition sites are either es-
sentially fully reactive, or strongly resistant to en-
zymatic cutting. Moreover, introduction of structural
defects in the sharp triangle can activate an other-
wise unreactive site, with a site-to-defect distance
of ~50 nm. We argue that site reactivity is dependent
upon programmable, mechanical coupling in the two-
dimensional DNA origami, with specific structural
elements, including DNA nicks and branches prox-
imal to the sites that can function as negative(anti)
determinants of reactivity. Empirically modelling the
constraints to DNA degrees of freedom associated
with each recognition site in the sharp triangle can
rationalize the pattern of suppressed reactivity to-
wards nine restriction endonucleases, in substantial
agreement with the experimental results. These re-
sults provide a basis for a predictive understand-
ing of structure-reactivity correlates of specific DNA
nanostructures, which will allow a better understand-
ing of the behaviour of nucleic acids under nanoscale
confinement, as well as in the rational design of func-

tional nanodevices based on self-assembling nucleic
acids.

INTRODUCTION

Structural DNA nanotechnology has achieved an unprece-
dented level of precision in the geometric positioning of di-
verse biomolecules on physical supports by using DNA hy-
bridization as a programmable scaffolding process (1-8).
The nanoscale spatial proximity of complementary, reac-
tive biomolecules can overcome limits imposed by diffusion
and chemical equilibrium (9-12), and in turn can support
reactions that are otherwise unachievable in solution (13).
Such an approach has spurred innovative directions in bio-
physics (14-16), optics (17,18), synthetic biology (11,19,20)
and nanomedicine (21-26).

While DNA nanostructures clearly provide a central
function as scaffolds, their potential to interact with other
biomolecular components, using a defined physicochemi-
cal lexicon, has yet to be fully realised (27-29). As one
aspect, it has been shown that soluble 2D and 3D DNA
origami nanostructures exhibit a generally higher resistance
to nucleolytic degradation than the corresponding linear
sequences (25,30). This is a fundamental requirement for
many if not most of the intended applications of DNA
nanotechnology (31). DNA nanostructures can function as
nanosensors for RNA detection in cell lysates (25), while
drug delivery (23) and in vivo imaging (32) studies in the
mouse showed that the half-life of a DNA nanostructure
in the bloodstream can be up to 4-fold greater than that of
the linear dsDNA counterpart. The enhanced bio-stability
may reflect the high molecular packing density in the DNA

*To whom correspondence should be addressed. Tel: +44 113 34 33814; Fax: +44 113 343 2982; Email: M.Castronovo@leeds.ac.uk

Present addresses:

Alex Stopar, Department of Biology, Temple University, Philadelphia, PA 19122-6078, USA.
Lucia Coral, Regional Referral Centre for Rare Diseases, Azienda Sanitaria Universitaria Integrata di Udine, 33100 Udine, Italy.
Stefano Di Giacomo, Institute of Life Sciences (ISV), Biochemistry, Biophysics and Genetics of Microorganisms (BBGM), Université catholique de Louvain,

Louvain-La-Neuve 1348, Belgium.

© The Author(s) 2017. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com



996 Nucleic Acids Research, 2018, Vol. 46, No. 2

nanostructures that significantly diminishes local accessibil-
ity of DNA (30), due to reduced electrostatic screening (25).

In this study, we assess the site-specific nucleolytic reac-
tivity of specific DNA nanostructures, which reveals unan-
ticipated structure-reactivity correlations. We provide evi-
dence that variation of localized structural features of a 2D
DNA origami nanostructure, but without alteration of ba-
sic molecular density, influences restriction enzyme (R Ease)
action in an unprecedented ‘on/off” fashion. An empiri-
cal model, incorporating structural elements that function
as negative(anti) determinants (33) of restriction site re-
activity, is used to rationalize the regulated interaction of
an REase with DNA nanostructures. These results demon-
strate nucleolytic reaction control, encompassing unreac-
tive and fully reactive states of specific sites, through pro-
grammable changes in physical parameters that reflect the
confinement and local features unique to DNA nanostruc-
tures.

MATERIALS AND METHODS
Preparation of DNA origami objects

DNA origami structures were designed using Cadnano
V0.2 (34), with M13mpl8 ssDNA (New England Bi-
oLabs, Ipswich, USA) used as scaffold. Oligodeoxynu-
cleotide staples were purchased in cartridge-purified form
from Biomers.net GmbH (Ulm, Germany). DNA origami
objects were produced in one-pot reaction mixtures, con-
taining staples (50 nM each) and scaffold DNA (10 nM)
in a final volume of 50 pl in 40 mM Tris—-HCI, 12.5 mM
MgCl, (pH 8.5). Self-assembly was initiated by heating the
solution at 95°C for 3 min, then decreasing the temperature
from 95°C to 20°C at a rate of 1°C/min in a thermal cy-
cler (Bio-rad, Hercules, CA, USA). The DNA origami ob-
jects were purified from excess staples using a PEG-based
method (35). Briefly, the solution with DNA origami ob-
jects at a concentration of 10 nM was mixed 1:1 (v/v) with
a precipitation solution containing 15% PEG8000 (w/v), 5
mM Tris, | mM EDTA and 500 mM NaCl at pH 8. The
solution was mixed by inversion then centrifuged at 16 000
x g for 25 min at 4°C in tabletop microcentrifuge (Thermo
Fisher Scientific, Waltham, Massachusetts, USA). The su-
pernatant was discarded and the DNA origami pellet re-
suspended in a 40 mM Tris (pH 8.5) solution to a volume
equivalent to the initial volume of DNA origami solution,
then incubated for ~15 h at room temperature. The DNA
origami objects were stored for maximum 1 day at 4°C be-
fore being used in experiments. If not otherwise stated, all
reagents were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Restriction endonuclease reactions

Reactions were prepared that contained either purified
DNA origami, or M13mp18 dsDNA plasmid at a concen-
tration of 5 nM, 10 units of the restriction enzyme in Tango
Buffer for Alul, BsuRI, Dral, HinlIl, Hhal, Mspl and
Rsal (ThermoFisher Scientific, Waltham, Massachusetts,
USA) or in CutSmart Buffer for BamHI, Haelll, Nlalll
and HpyCHA4IV enzymes (New England Biolabs). The reac-
tion was incubated at 37°C for 1 h, or for the indicated times

in time-course experiments in a water bath (Julabo GmbH,
Seelbach, Germany) and was stopped using a 20 min incu-
bation at —80°C.

Gel electrophoresis

TriTrack DNA Loading Dye (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) was added to the DNA
origami samples, then subjected to a thermal shock by heat-
ing the solution for 3 min at 95°C, followed by cooling on
ice. The GeneRuler 1 kb plus DNA ladder (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) was added to
one gel lane. Approximately 200 ng of the DNA was elec-
trophoresed in a 1% agarose gel in TAE buffer (pH 8) at
60V for ~3 h. Gels were stained with 0.5 wg/mL ethidium
bromide solution for 15 min and rinsed in ddH,O for 15
min. Gel images were generated using the Molecular Im-
ager Chemi Doc (Bio-Rad, Hercules, CA, USA). Images
were analysed using ImageJ V2.0. The intensity value of
each peak was determined by measuring the distance from
the peak apex to the peak base.

RESULTS

Restriction endonuclease action on DNA origami sharp tri-
angle and rectangle

REases remain a highly relevant as well as convenient
class of nucleases in understanding mechanisms of recog-
nition and catalysis in protein-DNA interactions (36), as
their action leaves a highly specific physical mark on DNA
molecules as a consequence of cleavage within or near a
short DNA recognition sequence (down to four bases, ~1.4
nm) (37). While little is known of protein—nanostructure
interactions, previous studies have shown the dependence
of REase action upon crowding conditions (38-40). In ad-
dition, due to their exquisite DNA sequence specificity,
REases are routinely used in DNA manipulation and anal-
ysis, with applications in biotechnology (41) and synthetic
biology (42). For this study, we selected a panel of eleven
REases (BamHI, Dral, HinlII, NIlalll, Haelll, BsuRI,
Mspl, Rsal, Hpy4CH4, Hhal and Alul) with restriction
sites represented in the bacteriophage M13mpl8 DNA
(M13 DNA) sequence (Supplementary Figure S1). REase
action was examined using two representative and well-
characterised DNA origami structures: the sharp triangle
(1), and the ‘twist-corrected’ rectangle (43). The REase
recognition site contents are identical for the two structures
since they have identical scaffold sequences.

The diagram in Figure 1A (top) shows the location of re-
striction sites within the sharp triangle, which was assem-
bled as described (1) using single-stranded(ss) M13 DNA
as scaffold. Figure 1B shows a representative structural mo-
tif in the triangle that carries an REase recognition site.
The nanostructures were purified from excess staples as de-
scribed (35) (see Methods), to avoid interference from unin-
corporated staples. The purified structures were incubated
with a selected REase, then disassembled by thermal treat-
ment (see Figure 1A bottom), allowing gel electrophoretic
separation of scaffold fragments generated by enzymatic
cleavage(s). As a reference, double-stranded(ds) M13 DNA
was reacted with the REases and the products fractionated
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Figure 1. REase reactivity of the DNA sharp triangle and rectangle. (A) Schematic illustration of DNA origami sharp triangle formation and REase
cleavage. (Top) the M 13 ssDNA (‘scaffold’, solid-black line in the triangle), naturally provided with restriction sites (yellow dots indicate Mspl sites), is
hybridised to a pool of oligodeoxynucleotides (‘staples’) (Supplementary Figures S5 and S6). The spatial positions of the REase sites are staple-dependent
(Supplementary Figure S7). (Bottom) after treatment with a REase (1 h at 37°C), the reaction products are separated by thermally denaturing the nanos-
tructure, which releases ssDNA scaffold fragments delimited by the cleaved restriction sites, along with ssDNA staples (not shown). (B) (Top) diagram
illustrating a restriction site (yellow) within a specific nanostructure element comprising several staple strands (grey arrow pointing to the 3), and a scaf-
fold strand (black arrow pointing to the 3’). (Centre) a double-helical model of the same nanostructure element (Supplementary Figure S18). (Bottom) the
same double-helical diagram, rotated by 90° to illustrate the dimensional constraints encountered by Mspl REase (53) acting on the nanoconfined site.
(C) Schematic illustration of REase cleavage of the double-stranded form of M13 DNA. After REase treatment (1 hour at 37°C) the products are specific
dsDNA fragments ending with cleaved restriction sites. (D) The products of (i) M13 dsDNA, (ii) sharp triangle, and (iii) rectangle reaction with several
REases, as analysed by 1% agarose gel electrophoresis followed by ethidium fluorescence visualization. The control experiment lacks enzyme. For each
REase, the bars flanking the gel indicate the molecular weight range of DNA fragments, and the presence of cleaved dsDNA in red (left) and partially
cleaved nanostructures in grey/red (right). The gel bands with lowest molecular weight in each lane correspond to the DNA staples carried by the reacted
DNA origami (absent for dsDNA). Experimental replicates are supplied in Supplementary Figure S2. Marker, 1 kb DNA molecular weight marker; dsM13,

M13 dsDNA; ssM13, M13 ssDNA.

by gel electrophoresis (Figure 1C). To ensure equivalent re-
action conditions, the number of enzyme units per mole
of restriction site was the same for all experiments. Figure
1D shows gel electropherograms of the fragments produced
by seven different R Eases with 4-bp recognition specificity:
HinlII, Haelll, Mspl, Rsal, Hpy4CHIV, Hhal and Alul,
on the circular M 13 dsDNA, sharp triangle, and rectangle.
Supplementary Figure S2 provides the results obtained with
the 6 bp recognition site enzymes BamHI and Dral, as well
as Nlalll and BsuRI that are isoschizomers of HinlII and
Haelll.

For both the sharp triangle and rectangle each REase
produced a limited set of fragments that have a higher
molecular weight than the products of cleavage of circu-
lar M13 dsDNA, the latter substrate exhibiting complete
cleavage of all the sites (Supplementary Figure S3). The re-
sults indicate that for each REase, only a subset of restric-
tion sites can be recognised and cleaved with high efficiency,
albeit with some variation (e.g. in Figure 1D the gel bands
produced by Rsal acting on the sharp triangle have differ-
ent intensities). This is to be contrasted with the scenario
in which the REases cleave each site with similar low effi-
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ciency, leaving the DNA nanostructure partially digested.
In such a case, a REase would produce a large number of
fragments, derived from all possible combinations of cleav-
age of the available sites. For instance, the stochastic action
of Hinl1II on its 15 sites would lead to 211 fragments of dif-
fering molecular weight, generated by ~30 000 combina-
tions of cutting (see Supplementary Figure S4). For each
REase this behaviour would lead to a continuum of bands
in the gel electropherograms, which is not observed.

Positional selectivity of Hhal REase action on DNA sharp
triangle and DNA rectangle

To characterise the structure-reactivity relationships under-
lying the results shown in Figure 1, and to gain a measure of
relative reactivity we determined the extent of Hhal cleav-
age of the folded forms of M13 DNA at specific reaction
times. Circular M13 dsDNA is completely cleaved within
0.3 h (Figure 2A), indicating that the conditions used, in-
cluding the amount of Hhal were optimal for full reaction.
For both the sharp triangle and rectangle there was a rela-
tively rapid appearance of defined fragments that remained
stable at extended reaction times (Figure 2B and C). After a
2 h incubation of the sharp triangle with enzyme, ~20% of
the DNA scaffold remained intact, while complete reaction
was achieved by fourteen hours (Figure 2B). In contrast,
the Hhal reaction with the rectangle (Figure 2C) does not
apparently reach completion by fourteen hours, with ~30%
of the starting DNA scaffold amount unreacted (see Figure
2C plot). The number of large scaffold fragments produced
in the gels shown in Figure 2B and C coincides with the
number of cleaved Hhal sites (bottom-left diagram, Figure
1A). With the sharp triangle, three major fragments were
generated as stable end products (Figure 2B), which shows
that this structure possesses only three significantly reac-
tive Hhal sites. For the DNA rectangle, despite the incom-
plete reaction, four large fragments are generated that cor-
respond to a different set of significantly reactive Hhal sites
(Figure 2C).

The selective reactivity of the sharp triangle and rectan-
gle is maintained at long incubation times. This indicates the
existence of only a limited set of restriction sites that can be
recognised and cleaved with high (albeit variable) efficiency
as compared to the reactivity of the circular dsDNA. In
summary, REase sites embedded in a DNA nanostructure
can exhibit a qualitative binary (‘on/off”) reactivity. In ad-
dition, for the same R Ease the pattern of product fragments
can differ between two different DNA structures having the
same scaffold, indicating that specific local structures, re-
flective of structurally intertwined DNA, rather than DNA
density per se, is a key determinant of REase recognition
sequence reactivity. We show below that long-range effects
also influence reactivity.

On/Off behaviour of Hhal recognition sites in the sharp tri-
angle

To provide a method for determining the reactivity of in-
dividual REase sites in a DNA nanostructure, we focused
on the action of Hhal towards the sharp triangle. The ap-
proach, depicted in Figure 3A, involved the generation of a

set of sharp triangle variants through separate self-assembly
reactions (Figure 3A, right top), each of which contains
only two reactive sites (hereafter termed ‘2 sites state’, or
2SS’), with one of them serving as a control site. The con-
trol site is in a short helical sequence protruding from the
triangle (portrayed by the loop in the diagram in Figure 3A,
bottom right). The remaining Hhal sites were masked by us-
ing staples that introduced base mismatches. Using this ap-
proach, the reactivity of each site in a DNA nanostructure
can be separately assessed through comparison with the
control site. Accordingly, a successful Hhal reaction with
a site in a 2SS triangle variant should provide two distinct
scaffold fragments as output (F; and F; in Figure 3A, bot-
tom left). In the case of a site that is resistant to Hhal cut-
ting, the reaction would provide as output a linearized form
of the circular scaffold (£, in Figure 3A, bottom left).

Each Hhal restriction site in the sharp triangle was iden-
tified and numbered (Figure 3A right top; and Supplemen-
tary Figures S7 and S8), with site 24 as the control site. Sta-
ples were identified that participate in each Hhal restriction
site, and were mutated when the site was masked. The staple
mutation changed the two central nucleotides in the Hhal
recognition sequence (5-GCGC-3') to a 5-GATC-3 se-
quence, creating a mismatched duplex with the scaffold se-
quence, that is not recognised by Hhal (44,45) (Supplemen-
tary Figures S9 and S10). Atomic force microscopy (AFM)
characterization of the modified 2SS triangles shows that
the structures are properly formed (Supplementary Figure
S11). The sharp triangle variant with all Hhal sites masked
was essentially completely resistant to Hhal cleavage (see
Supplementary Figure S12a).

Figure 3B displays the Hhal reactivity of the 2SS sharp
triangle variants. Strikingly, among the variants, only the re-
actions with triangles carrying site 7, 16 or 19 provide highly
visible product pairs (F; and F, fragments), thus indicating
high Hhal reactivity of the sites. 2SS variant carrying site 4,
instead, exhibits reduced reactivity. The molecular masses
of the DNAs in each product pair are consistent with the
predicted lengths of the F; and F, fragments (Supplemen-
tary Table S1), and are labelled with red rectangles in the
respective gel lanes in Figure 3B. In contrast, for all the
other 2SS sharp triangle variants, the reaction product cor-
responds to fragment F (see grey rectangles on top of the
respective gel lanes in Figure 3B). The diagram in Figure 3D
summarizes the results of three experimental repeats (Fig-
ure 3B, Supplementary Figure S12). We define three site re-
activities according to the reproducibility of F; and F; frag-
ments among the repeats. For reactive sites (‘on’), F) and F,
occur in all experiments; for unreactive sites (‘oft”), only the
Fy fragment occur in all experiments; the remaining sites
are defined to have ‘intermediate reactivity’ (‘int’), meaning
that, the Fy and F, pair occurs intermittently across the dif-
ferent experiments. The diagram in Figure 3D shows that
reactive and unreactive Hhal sites are broadly distributed
throughout the structure.

Of note, the DNA fragments associated with the three,
fully reactive sites evidenced in Figure 3B match the DNA
fragments produced by Hhal cleavage of the unmodified
sharp triangle (Figure 1D, Supplementary Figure S12a).
These results therefore indicate the absence of cross-talk be-
tween sites within the unmodified structure, meaning that
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circular and linear forms of M 13 ssDNA. Likely, the ss* form (also visible in the control in Figure 1B) is the product of non-specific brekage induced by

the thermal treatments depicted in Figure 1A.

the reactivity of each site is independent upon that of the
others. A closer examination of the precise placement of
the recognition sites (Supplementary Figure S7) reveals that
sites 10, 11 and 15 directly overlap crossover junctions (see
Figure 3E, middle). The major structural perturbation im-
posed by a crossover structure can rationalize why these
sites are unreactive, most likely reflecting an inability of
the enzyme to bind the sequence (46). In contrast, sites 7
(Figure 3E, top) and 17 (Figure 3E bottom) are contained
within similar, regular double-helical segments, but their re-
activities are completely opposite. Thus, the ‘on/off” be-
haviour of Hhal restriction sites can reflect subtle struc-
tural differences. In addition, for the unmodified sharp tri-
angle, a significant gel band corresponding to F is found
(Figure 1D, Supplementary Figure S12), meaning incom-
plete REase digestion. Conversely, Fy is absent for the 2SS
sharp triangle variants carrying sites 16 and 19 (Figure 3B,
Supplementary Figure S12), meaning full REase digestion.
These results therefore show that Hhal REase cleaves the
unmodified sharp triangle less efficiently than the sharp tri-
angle variants, thus suggesting absence of cooperativity in
the enzymatic action over the reactive sites.

Effect of sharp triangle structural defects on Hhal REase ac-
tion

To further define the role of structure on REase site reactiv-
ity, three sets of sharp triangle variants were prepared, with
each triangle exhibiting a large structural defect in one of
the three trapezoidal substructures (Figure 4A left in col-
umn). The defect was created by omitting from the self-
assembly reaction four staples that contribute to stabilizing
the structure of the central area of a trapezoid, in effect cre-
ating a square ‘hole’ (Figure 4A inset, and Supplementary
Figures S13-S15). The omitted staples do not directly par-
ticipate in the formation of Hhal restriction sites, and it was
anticipated that the large defect would introduce significant
changes to the mechano-structural behaviour of the sharp
triangle.

The 2SS sharp triangle variants were prepared and
treated with Hhal, with Figure 4A showing the results for
the unmodified triangle (top) and, in descending order, the
results for the triangles with the defect localised in trapezoid
L (left), R (right), or B (bottom). AFM characterization of
the R variant shows that the structure is properly formed
(Supplementary Figure S11). Figure 4b summarises the re-
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activity status (‘on/int/oft”) of the Hhal sites in the defec- Parameterization of REase recognition site reactivity in a
tive sharp triangles, as determined in two separate experi- DNA nanostructure

ments (see also Supplementary Figure S16). The high reac-
tivity of sites 7, 16 and 19 is unaffected by the defect (Figure
4A, top), while sites 8, 12 and 13 (see Supplementary Figure
S16, top) exhibit significant reactivity only in the presence
of the defect. Intriguingly, sites § and 12 become reactive
irrespective of the placement of the defect, while sites 4, 5
and 13 change their reactivity only when the defect is in a
separate trapezoid substructure, with sites 4 and 5 already
displaying a moderate reactivity in the unmodified trian-
gle (‘int’). In all cases, the activated site-to-defect distance
ranges from 15 to 50 nm. In summary, these results suggest
that a structural defect can increase the number of reactive
REase sites, while maintaining the overall binary behaviour
of Hhal action (Figure 3).

The Hhal reactivities of the sharp triangle structural vari-
ants suggest a capacity of DNA nanostructures for al-
losteric control of nuclease site reactivity. Allostery would
necessary reflect the mechano-structural properties, and the
specific form of allostery would reflect the basic structural
form, such as a sharp triangle, and would not necessarily
function in the same manner, across other nanostructures.
Predicting the mechanical properties of DNA nanostruc-
tures is challenging (47-51). For the sharp triangle the he-
lices are predicted to exhibit an average helical rise of 10.67
bp per turn (1), whereas for the twist-corrected rectangle
the average helical rise is of 10.44 bp per turn (43), with
position-dependent values varying between 10.00 and 10.67
bp per turn (see Supplementary Figure S17). In both cases
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Figure 4. Effect of sharp triangle structural defects on REase reactivity. (A) The single-site resolution analysis of Hhal reactivity (see also Figure 3A) was
repeated using sharp triangle variants with a defect in one of the three trapezoidal components (see the square hole in each diagram on the left). Variants
were generated by omitting four specific staples (see detailed diagram at the bottom). Agarose gel electrophoresis was used to analyse Hhal reaction products
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reactive sites in the defective sharp triangles, according to the analysis shown in A, and based on duplicate experiments (Supplementary Figure S16). ‘on’
(red), ‘int’ (pink), and ‘off” (grey) labels are defined by the legend in Figure 3D.

therefore the unnatural helical rise likely introduces confor-
mational stress that is not uniformly distributed throughout
the structure (30,52). It is therefore possible that helix con-
formational perturbations would contribute to restriction
site reactivity. Structural features proximal to the restriction
site also are expected to contribute to reactivity. Figure 5SA
displays sites 7, 20, 17 and 16 as representative sharp tri-
angle sites. Here, each 16-bp double-helical segment flank-

ing the restriction site is modelled as a spring (see corre-
sponding diagrams in Figure 5B) that either is ‘relaxed’
(with a ‘mechanical index’ = 1) or ‘tight’ (with a mechani-
cal index = 0), depending on whether the segment is nicked
(see nucleotides labelled in red in Figure SA diagrams) or
is fully intact, respectively. In addition, a crossover con-
necting adjacent dsDNA segments is represented as a rigid
spring orthogonal to the helical segments (Figure 5B). Us-
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ing this mechanical analogy, the Hhal sites can be classi-
fied in three different structural states: (1lsitell), (1lsitel0) or
(OIsitell), and (Olsitel0), with the digits as the mechanical in-
dexes assigned to the flanking segments. If a site is located
on a nanostructure edge (for instance, site 16; see Figure
SA, bottom), a mechanical index of ‘1’ is assigned to the
(absent) flanking segment (see also the corresponding di-
agram in Figure 5B). Finally, the model incorporates the
distance between the edge of a REase recognition site and
the nearest crossover junction (AXOy,,) as shown in Figure
SA. The graphs associate each Hhal site with an AXOy;,
value, and the inherent reactivity (Figure 5C). Pooling the
results for the sharp triangle with and without large defects,
the (1lsitell) and (1lsitel0)/(Olsitell) configurations include
nearly all Hhal sites that are reactive (either ‘on’or ‘int’),
whether or not the structure contains a large defect. In con-
trast, the configuration (0Olsitel0) includes only the unreac-
tive sites in the unmodified triangle, which (with the excep-
tion of site 8) also are unresponsive to the introduced de-
fects. The graphs also show that, in the absence of a sharp
triangle defect, Hhal highly efficiently cleaves sites with an
AXOpin value of at least 5 bp (i.e. site 7 in Figure 5C, top
and sites 16 and 19 in Figure 5C, bottom). When a defect is
introduced in the sharp triangle, the AXOp;, of the essen-
tially reactive (1lsitell) sites is reduced to 1 bp (Figure 5C,
top).

Additional local structural features shown in Figure SA
were examined as possible determinants of site reactivity.
These include (i) the relative angular orientation of a site
with respect to neighbouring structures (data not shown),
(i1) the presence of a nick (corresponding to juxtaposed sta-
ple termini), either near to or within the recognition se-
quence (Supplementary Figures S18 and S19), and (iii) the
distance between flanking crossover junctions, having the
same orientation (see also Supplementary Figures S18 and
S20). While the contributions of (i) and (ii) to site reactivity
would appear to be minimal, with respect to (iii), the ma-
jority of unreactive sites are in a 32 bp segment bounded
by crossover junctions, which is the standard helical seg-
ment length in the sharp triangle (Supplementary Figures
S18 and S20).

The similar behaviour of other REases with 4-bp recog-
nition sequences (Hin11I, Haelll, Mspl, Rsal, Hpy4CHIYV,
Hhal and Alul; Figure 1D), prompted the question whether
the mechanical model based on Hhal site reactivity could
be used to predict the reactivities for other REase sites. The
AXOp, value and the site configuration were determined
for every site for the listed REases (Supplementary Table
S2), providing a predicted percentage of reactive and un-
reactive sites. It was assumed that a site would be reac-
tive if it belongs to either of two configurations: (1lsitell)
or (1lsitel0)/(Olsitell), and having a AXOy,, > 5 bp. This
model, does not take into account the effect of structural
defects of the type presented above. The model also does
not take into account that different REases would most
likely have different AXOp,;, and steric requirements that
could influence site reactivity. Analysis of available REase
crystal structures indicates that REases often interact with
base pairs that flank the restriction site, and that the sizes
and shapes of REases vary, creating different steric volumes
(53,54).
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The percentage of unreactive sites for each REase (142
sites in total, see Figure 5D, left) was qualitatively deter-
mined by gel electrophoretic analysis (Supplementary Ta-
ble S3). Biases in the estimates include the possibility that
the number of the unreactive sites may be an underestimate,
due to the presence of uncharacterised, ‘background’ reac-
tion products. On the other hand, the number of the un-
reactive sites may be an overestimate if there are two, very
close and reactive sites on the scaffold, producing fragments
that are not distinguishable with the resolution provided by
the gel electrophoresis. The results of the analysis (see mid-
dle histogram of Figure 5D) reveal that an average of 86 +
7% of the sites are unreactive, while the model predicts a
slightly lower value of 82 4 8%. We also evaluated the ac-
curacy of the model in predicting REase site reactivity, on
a site-by-site basis. To this purpose, in addition to Hhal, we
examined the action of HinlII towards 2SS triangle vari-
ants, each of which contains only one of the inherent 15
sites (CATQG). The results (Supplementary Figures S21 and
S22) show that there is only a single reactive Hin111I site, that
has the configuration (1lsitell), and has a AXOp;, of 4 bp,
which is near but within the proposed threshold. All other
sites with the configurations (1lsitell), (1lsitel0) or (Olsitell),
and (Olsitel0) were unreactive. The histogram on the right
in Figure 5D presents the fraction of sites that are exper-
imentally determined to be reactive, with their prediction
as either ‘on’ (Ton) or ‘off” (Fogg) (in red), or are unreac-
tive, while predicted to be either ‘oft” (Topr) or ‘on’ (Fon)
(in grey). 92% and 94% of the unreactive sites of Hin1lII and
Hhal, respectively, are correctly accounted for by the empir-
ical model, while the accuracy is 86% for HinlII and 95%
for Hhal (see Supplementary Figure S23).

DISCUSSION

This study demonstrates the structure-dependent, pro-
grammable nucleolytic reactivity of model DNA nanostruc-
tures. We found that the sharp triangle and DNA rectangle
exhibit a high degree of selective reactivity towards REases,
compared to the corresponding linear M 13 dsDNA, in sub-
stantial agreement with the results of others (25,30). Sec-
ond, the REase sites in the sharp triangle are either essen-
tially highly reactive (‘on’), thus demonstrating full accessi-
bility, or are unreactive (‘off”), indicative of hindered recog-
nition. The data also show that protein recognition of mul-
tiple sites in a DNA nanostructure can occur in an indepen-
dent, non-interfering manner. Third, the presence of large
defects in the trapezoids that form the sharp triangle can se-
lectively activate otherwise unreactive sites, with a defect-to-
site distance of up to 50 nm, demonstrating an involvement
of long-range allostery in control of reactivity.

Recent studies examined the effect of DNA density on
REase reactivity, using 15 nm thick ‘brushes’ of surface-
immobilised dsDNA (39,40). It was shown that dsDNA
surface density directly impacts REase access to, as well
as diffusion within, the DNA brushes, indicating that
REase reactivity is controlled primarily by steric acces-
sibility at the DNA brush-solution interface (40). Since
three-dimensional DNA nanostructures can exhibit com-
plex solid-liquid interfaces, for which an understanding of
the functional impact remains a significant challenge, the
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study of two-dimensional nanostructures provides a signif-
icant simplification. With a thickness equal to the diameter
of a double helix (~2 nm), a 2D nanostructure maximises
the liquid interface contact area (48). This in turn implies
that a two-dimensionally confined and twisted DNA struc-
ture should exhibit comparable accessibility to protein in
solution as the corresponding unstructured (linear) form.
However, the differential reactivity of restriction sites shown
here, and the previously described behaviour of the surface-
arrayed DNA brushes, indicates that a simple relationship
between DNA density and REase action cannot fully ex-
plain the reactivity of soluble DNA nanostructures.

Keum and Bermudez investigated the site-specific action
of Ddel REase on a DNA tetrahedron with 20 bp edges
(55). The tetrahedron contained one Ddel site and several
nicks, and was prepared in two variant forms, with the site
located in two different positions along the same dsDNA
edge. Applying an enzymatic ligation reaction prior to Ddel
action caused an increased resistance to REase cleavage,
and it was suggested that the overall rigidity of the tetra-
hedron increases following ligation, thus impairing Ddel
binding, presumably reflecting specific features of the intact
3D structure.

Here, we argue that the predominant ‘on/off’ reac-
tivity of the cleavage sites in the sharp triangle re-
flects constrained DNA degrees of freedom near the
REase recognition sequences, in the absence of any con-
straints imposed by a three-dimensional structure. Such lo-
cal, structural/mechanical constraints downregulate REase
recognition and cleavage in an essentially digital fashion,
and can therefore be regarded as antideterminants (33) of
nucleolytic reactivity. The constraints include the distance
between an REase recognition sequence border and the
nearest DNA branch (crossover junction), and the presence
of one or more nicks in the double-helical segments flanking
a recognition sequence (Figure 5A). Intriguingly, the me-
chanical constraints can be relaxed as a consequence of dis-
tant structural defects in the nanostructure. Understanding
the emergence of allostery, reflecting the type of defect and
its distance from a recognition site will require further anal-
ysis. For instance, sites 4 and 5, which are partially reactive
(‘int’) when the other sites are inactivated by bp mismatches,
are localised in the region of the sharp triangle with the
highest density of sites (Figure 3D). It is therefore possible
that the presence of base mismatches in the nearby ‘masked’
sites can alter the structure and impair reactivity of a site.

While the empirical model was developed to specifically
rationalize the action of a specific REase towards a specific
DNA nanostructure, it is anticipated to be applicable to a
wider range of REases and DNA nanostructures. The latter
are formed and stabilized by similar hybridisation of mul-
tiple DNAs, forming branched motifs (e.g. crossover junc-
tions) and nicks. For instance, the model explains the re-
activity of a DNA tetrahedron towards Ddel REase (55).
Here, the observed reduction in Ddel reactivity follow-
ing nick ligation would change the REase site type from
(1isitell) (predicted as reactive) into a (Olsitel0) (predicted
as unreactive). A more complex model would be required,
however, to determine the reactivity of multilayer, 3D DNA
origami structures. Since the REase sites on the nanostruc-
ture surface will likely be more accessible to REases, ad-

ditional antideterminants may include the position of the
REase site with respect to the surface, and the nanostruc-
ture’s global mechanical rigidity, which can be much higher
than that of single-layer 2D DNA origami (30).

In addition, our empirical model largely reproduces the
behaviour of a total of nine REases investigated in this
study, and with an ascertained accuracy of >90% for two
REases in particular (Figure 5D). Further refinement of the
model should improve the accuracy.

This study opens the door to the opportunity of design-
ing soluble DNA nanostructures that exhibit controlled en-
zymatic reactivity through the deliberate programming of
physical parameters associated with nanoscale density and
local structural features. The study also shows that a de-
fined set of criteria could be applied to design functional
DNA nanostructures. The unprecedented, even counter-
intuitive results presented here, however, also underscore
the need for high-level computational modelling of DNA
nanostructures in order to understand nucleic acid nanos-
tructure structure-function correlates, as well as optimally
design nanodevices with biotechnological and medical ap-
plications (49,51). Studies are underway to model and ex-
perimentally evaluate the enzymatic and non-enzymatic in-
teractions of proteins with model nucleic acid nanostruc-
tures.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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