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This communication measures the inter-helical angle of the 10-23
DNAzyme-substrate complex by atomic force microscopy (AFM).
specificity. Herein, we have devised a strategy to assemble the
DNAzyme-substrate complex into a periodic DNA 2D array, which
allows reliable study of the conformation of the 10-23 DNAzyme
by AFM imaging and fast Fourier transform (FFT). Specifically, the
angle between the two flanking helical domains of the catalytic
core has been determined via the repeating distance of 2D array.
We expect that the same strategy can generally be applicable for
studying other nucleic acid structures.

DNAzymes,2 since their discovery from in vitro selection
processes, have been explored in a wide variety of
applications3# including biosensors,>® nanomachines,®12 and
gene suppression.1315 Among them, 10-23 DNAzyme is one of
the most remarkable enzymes, which can efficiently cleave
RNA with sequence-specificity.1®17 It consists of two-variable
arms and a conserved, 15-base-long, catalytic core (Fig. 1a).
The two arms can hybridize with RNA substrates via Watson-
Click base-pairing and provide sequence specificity. It is of
great interest to determine the 3D structure of the enzyme-
substrate complex for understanding its catalytic mechanism.
Despite extensive efforts including crystallographic study,
determining its 3D structure remains a challenge. For example,
in an effort of crystallographic study, the 10-23 DNAzyme and
its substrate form four-strand complexes, which are not
catalytically relevant.181® While this manuscript was under
preparation, an NMR study was reported to deduct the 10-23
DNAzyme catalytic structure.?° Herein, we report a rapid and
convenient structural study of the global conformation of the
DNAzyme-substrate complex. The inter-helical angle (0)
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Fig. 1 Self-assembly of 10-23 DNAzyme into 2D arrays for conformational study. (a) A
complex of a 10-23 DNAzyme (bottom) and its RNA substrate (top). The DNAzyme
contains a 15-base-long catalytic core (sequence shown) and two recognition arms that
hybridize with the RNA substrate. [R: A or G; Y: U or C]. (b) Self-assembly of a 10-23
DNAzyme-substrate complex into 2D arrays. A 10-23 DNAzyme-substrate complex
(pink: catalytic core) is engineered into a two-stranded, C—shaped motif M1. The same
coloured (green or black) tail and internal loop are complementary to each other. Their
hybridization forms T-junctions, which arrange the motifs into brick-wall-like 2D arrays.
(c) The detailed structure of a T-junction.

between the two flanking duplex arms in the DNAzyme-
substrate complex has been directly measured by atomic force
microscopy (AFM). The same approach is expected to be
applicable to determine the bend angles of other biological
nucleic acids involved in various biological processes,?22
including transcription,?3-25> gene regulation,?6-2¢ and catalytic
nucleic acids.??:30

In this communication, we used atomic force microscopy
(AFM) imaging to directly measure the inter-helical angle (8)
between the two flanking duplex arms in the DNAzyme-
substrate complex. Since all RNA residues in the RNA substrate
can be replaced by DNA residues except the RNA residue 5’ to
the phosphodiester bond to be cleaved for the enzyme
activity, a non-cleavable DNA molecule with the same
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sequence was used as the substrate analog to study the
DNAzyme-substrate complex. The change is quite minimal
(one hydroxyl group) and is unlikely to significantly impact on
the complex structure. Indeed, similar modifications (changing
one 2’ —OH to 2’ —F or—OCHs3) were been used literature and
shown little impact on the complex structure.!® 20 In principle,
we could use AFM imaging to investigate the conformation of
individual DNAzyme-substrate complexes. However, the
conformation of the individual complex would be easily
deformed during AFM sample preparation by fluidic shearing
and sample-surface interactions. To overcome this problem,
we applied structural DNA nanotechnology332 to this study.
The complex was incorporated into periodic, brick-wall-like,
two-dimensional (2D) arrays as illustrated in Fig. 1. Such arrays
will be resistant to structural disturbs accompanying sample
handling and eliminate individual fluctuations in a similar
fashion as in studies of single crystals X-ray diffractions. The
building block for the arrays was a two-stranded, C-shaped
motif (M1). It contains multiple domains: four helical domains,
two internal, 6-nucleotide (nt)-long, single-stranded loops, the
10-23 DNAzyme catalytic core (pink), and two 6-nt-long, single-
stranded, tails at both ends. The tail and loop with the same
color are complementary to each other and their hybridization
leads to the formation of a T-junction.3336 In the presence of
MgZ*, T-junctions are stable, and the DNA motifs will associate
with each other to form 2D arrays. The outside, two, helical
domains will form the continuous horizontal, longitude
duplexes, while the central DNAzyme domain (including the
catalytic core and two flanking helical domains) will form
discrete, vertical, latitudinal duplexes. According to our motif
design, the 2D arrays will not impose any conformational
constraints onto the DNAzyme. Thus, The DNAzyme would be
in the native conformation.

The interhelical angle (8) can be determined by AFM
imaging of the assembled DNA arrays. Due to the resolution
limit of AFM imaging, it is impossible to accurately and directly
measure the 0 angle of each DNAzyme from the images.

(a)

w

230 nm

Fig. 2 FFT analysis of 2D array (a) Schematic drawing of FFT analysis, the red and blue
spots matched with repeating longitudinal and latitudinal duplexes, respectively. The
green and purple spots indicate the repeating feature of the green and purple dashed
lines, respectively. (b) Schematic model of DNA arrays overlapped with experimental,
atomic force microscopy (AFM) image. (c) FFT pattern of the AFM image (b), the circled
spots are related to the schematic FFT pattern in (a) in the same color.
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However, 6 could be accurately calculated from measured
experimental data (Fig. 2). In the 2D array, two sets of parallel
lines were drawn to fit the longitude lines (red) and the
latitude lines (blue). The repeating distances between the
longitude lines (W) and between the latitude lines (L) were
measured by fast Fourier transform (FFT). In the FFT pattern of
the 2D array (Fig. 2a), the long- (blue) and the short-distanced
(red) pairs of spots corresponded to the latitude (d = 0.5L) and
longitude (d = W) repeating lines, respectively. Note, another
pair of spots (green and purple) were also generated
(corresponding to the green and purple lines, respectively)
because of the periodic feature of array (Fig. 2a, green and
purple lines and spots). L is independent of DNAzyme
conformation. In the current design, it is three helical turns (32
base pairs, bps) long, or 10.56 nm long (assuming 0.33 nm/bp).
For each single-crystalline, the measured value of W could be
calibrated by the value of L to remove the experimental error
and obtain an accurate value. To be specific, the ratio between
real L and measured L” was used to calibrate the measured W
from 2D FFT. We can further obtain the edge-to-edge distance
(W') between longitude DNA duplexes:
W'=W/L'* 10.56 nm -2 nm

Note that the DNA duplex has a diameter of 2 nm.
According to the motif design and experimental conditions,
the longitude duplex will keep in B-DNA form and the diameter
was considered as a constant.3” The angle (8) can be therefore
calculated as:

W"2=d;2+ d,?- 2d;d,>cosO

W can be measured from AFM images; d; and d, are
designed to be 3.63 nm (11 bps) and 4.62 nm (14 bps) long,
respectively.

We have followed the previously reported substrate-
assisted self-assembly method to assemble the DNA 2D arrays.
Briefly, the two-component strands were mixed at an equal
molar ratio in an Mg2*-containing, neutral, aqueous buffer with
a freshly cleaved mica together and slowly cooled down from
95 °C to 4 °C over 48 hours. After assembly, the DNA samples
were directly visualized by fluid-mode AFM imaging. As shown
in the AFM images, brick wall-like 2D arrays were clearly visible
(Fig. 2b). A section profile was plotted along the continuous
duplexes of brick-like walls to determine the distance between
two adjacent DNAzyme domains, which resulted in an average
of 12.0 nm (Fig. S2a), agreeing well with the theoretical value
(10.56 nm). The schematic model of a DNA 2D array could fit
with the experimental AFM image nicely (Fig. 2b). To perform
a 2D FFT, the areas of AFM images were chosen so that each
area contains only one continuous single-crystalline 2D array.

Single-crystalline 2D arrays were measured to determine

Table 1 Calculated results and theoretical value

Motif di d> L Theoretical Measured
(nm)  (nm)  (nm) 6and W Bor W
M1 3.63 4.62 10.56 N. A. 6=125.3+27.3°
M2 4.29 4.29 10.56 6p = 180°
Wp=8.58 nm Wp=8.53+1.37 nm
M3 4.29 4.29 10.56
Oy =120° 04 =130.5+19.0°

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Self-assembly of control DNA structures. (a-c) The 2D array incorporated with a
DNA duplex. (d-f) The 2D array incorporated with a Holliday junction. (a and d) Motifs
design. (b and e) Scheme of assembled 2D arrays. (c and f) Corresponding AFM images.

the angle (8) between the two flanking duplexes of the
DNAzyme-substrate complex (Fig. S4, Tab. S1). From the
experimentally measured W' value, we calculated the angle 6
among each chosen array. Its value varies from 78° to 164° and
fits with the Gaussian distribution (Fig. S3a), suggesting that
the inter-duplex angle 6 is considerably flexible. The average
value and standard deviation were calculated as 125.3 + 27.3°
(Table 1).

To validate this method, we applied it to two known DNA
structures (Fig. 3): a simple duplex (64: 180°, Fig. 3a-3c) and a
Holliday junction (84: 120°, Fig. 3d-3e).373° Correspondingly,
two new C-shaped motifs were designed, in which, the vertical
DNAzyme domain was replaced by a 26-bp duplex (in M2) or a
Holliday junction domain (in M3). The 2D arrays were
assembled and measured in the same way as for arrays of M1
(containing the 10-23 DNAzyme). Section analysis was
performed for M2 and M3 array to determine the repeating
distances between the latitude features, and the results
agreed with theoretical values (Fig. S2b, S2c). For M2, 20
single-crystalline 2D arrays were measured (Fig. S5, Tab. S2).
The Wp was measured to be 8.53 + 1.37 nm, matching the
theoretical length 8.84 nm of a 26-bp duplex (Fig. S3b, Table
1), indicating the value of 64 is 180°. For M3, 11 single-
crystalline 2D arrays were measured (Fig. S6, Tab. S3) and the
deduced angle 84: 130.5 + 19.0°, consistent with the value
(120°) reported before (Fig. S3c, Table 1).37.38 The preserved
angle of Holliday junction indicates that our DNA 2D array
design doesn’t impose structural strain to target DNA
secondary structure. For these two known structures, the
values measured from this AFM-based method are consistent
with the values reported before. Thus, this method is valid.
Furthermore, these control experiments demonstrated that
this strategy is a general-applicable approach.

In summary, we applied the principle of structural DNA
nanotechnology to study the conformation of the 10-23
DNAzyme-substrate complex, specifically, measured the inter-
duplex angle (8) in the complex. At the final stage of the
preparation of this manuscript, we became aware of a recent
NMR study of 10-23 DNAzyme.?° The measured interhelical

This journal is © The Royal Society of Chemistry 20xx

angle (122°, supplementary information and Fig. S7) is well
consistent with our measurement. This work demonstrates
that programmed self-assembly can be used in biophysical
studies of other biomacromolecules. It complements other
biophysical techniques such as fluorescence resonant energy
transfer (FRET),*°© NMR,*? and X-ray crystallography.4243
However, it doesn’t require labeling or growing high-quality
crystals or complicated data interpretation in NMR. We expect
that this approach would greatly facilitate the structural study
of biomacromolecules, particularly those about DNAs and
RNAs.
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