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DNA modiﬁcation and visualization on an
origami-based enzyme nano-factory†

Published on 21 December 2020. Downloaded on 8/4/2021 6:11:01 PM.

Elmar Weinhold

a

and Banani Chakraborty

*b

The past decade has seen enormous progress in DNA nanotechnology through the advent of DNA
origami. Functionalizing the DNA origami for multiple applications is the recent focus of this ﬁeld. Here
we have constructed a novel DNA enzyme nano-factory, which modiﬁes target DNA embedded on a
DNA origami platform. The enzyme is programmed to reside in close proximity to the target DNA which
enhances signiﬁcantly the local concentration compared to solution-based DNA modiﬁcation. To
demonstrate this we have immobilized DNA methyltransferase M·TaqI next to the target DNA on the DNA
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origami and used this enzyme to sequence-speciﬁcally modify the target DNA with biotin using a cofactor
analogue. Streptavidin binding to biotin is applied as a topographic marker to follow the machine cycle of
this enzyme nano-factory using atomic force microscopy imaging. The nano-factory is demonstrated to
be recyclable and holds the potential to be expanded to a multi-enzyme, multi-substrate operating
system controlled by simple to complex molecules made of DNA, RNA or proteins.

Introduction
Progress in structural DNA nanotechnology1a,b has taken a
huge leap, especially in the last decade, upon the introduction
of DNA origami.2a,b Recently, DNA origami research has
shifted its gear from structural hierarchy3a–e to functional
intricacy.4a,b Precise structural modification to functionalize
the origami5a–g has opened new dimensions to solve existing
problems in cargo delivery,6a–c observing single molecule
integration7a,b on bio-surfaces, targeting various guests
through orientation of hosts8a–f on one platform and
beyond.9a–f Protein assemblies on DNA origami have been
studied for various enzymatic activities by single and multiple
embedded proteins.10a–g Here we show that the origami platform can host both DNA-modifying enzyme and its target DNA
for enzymatic activity and build an enzyme nano-factory using
bio-molecular interactions. We have chosen DNA methyltransferase (MTase) M·TaqI which can modify the doublestranded 5′-TCGA-3′ sequence with various chemical groups
using natural and synthetic cofactors.11a–c M·TaqI was conjugated with an oligodeoxynucleotide (ODN) for hybridization
with a complementary docking strand on the origami.
Conjugation was performed by maleimide chemistry using an

M·TaqI single cysteine mutant, in which the internal cysteine
at position 48 was replaced by serine (C48S) and an additional
cysteine residue was added to the C-terminal end (422C). This
double mutant was then covalently linked to maleimide-modified ODN without hampering the active site of the enzyme. In
addition, the DNA substrate containing the recognition
sequence was placed next to M·TaqI. We have chosen a biotinylated aziridine cofactor (6BAz)12 to couple biotin to the target
DNA sequence by the DNA MTase, so that biotin can further
interact with streptavidin and hence can be used as a topographic marker for tracking the eﬃciency of the enzyme nanofactory by atomic force microscopy (AFM).
Schematic representation of the enzyme nano-factory and
its machine cycle is shown in Fig. 1. Rectangular origami
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Fig. 1 Schematic ﬂow of the machine cycle for the enzyme nanofactory and product detection after the addition of streptavidin.
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shown in green is modified with orange docking strands to
hybridize partially with M·TaqI double mutant (shown in
pink) conjugated with ODN (X, orange). The DNA origami
surface has 4 binding positions for the M·TaqI-ODN conjugate
(as shown in Fig. S1†) but only 2 out of 4 are shown in the
schematics for simplicity (side view). In the next step target
DNA with a partial complementary sequence (Y) is hybridized
with the black docking strands in close proximity to the
M·TaqI-ODN docking site. Target DNA modification with
biotin by enzymatic modification with the 6BAz cofactor is represented with a green shape. Upon the addition of streptavidin
(topographic marker), biotin–streptavidin complexes can be
detected by a height marker of 5 nm next to the M·TaqI-ODN
conjugate (which also is 5 nm high). They are expected to look
like ‘twin-spots’ of 5 nm height next to each other. Finally,
addition of undocking strands fully complementary to the
target DNA (Y′) and M·TaqI-ODN conjugate (X′) removes the
modified DNA product and M·TaqI-ODN to regenerate the
origami surface through branch migration.

Results & discussion
The formation of rectangular DNA origami as programmed by
CaDNAno13 is shown in Fig. 2a. Spots on the DNA origami are

Fig. 2 AFM images of stepwise operation of a complete enzyme nanofactory cycle: (a) origami platform (I) only; (b) upon addition of the
M·TaqI-ODN conjugate (II + III); (c) upon addition of the M·TaqI-ODN
conjugate (II + III), target DNA (IV), 6BAz cofactor (V) and streptavidin
(VI); (d) upon addition of the M·TaqI-ODN conjugate (II + III), target DNA
(IV), 6BAz cofactor (V), undocking strands X’ and Y’ (VII). Control experiments: (e) M·TaqI is not embedded on the origami surface but free in
solution; (f ) M·TaqI and conjugated DNA both are missing; (g) cofactor
6BAz is missing. Schematic drawings next to AFM images show the
expected height proﬁle in (a)–(g). Schematic height proﬁles are shown
with color coding, orange 2 nm; yellow 5 nm height and spots observed
on individual origami are encircled.
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observed for bound M·TaqI-ODN conjugates in 1, 2, 3 or 4 out
of 4 programmed positions as pointed by white arrows in the
5 nm height profile and yellow arrows in the 10 nm height
profile (Fig. 2b). After complete addition of all components
required for the modification and visualization two closely
located spots (twin-spots) are detected on the programmed
positions on the origami surface. Fig. 2c shows AFM images of
both 5 nm and 10 nm height profiles. White double arrows
indicate the 5 nm twin-spots in 5 nm max. height profile and
yellow arrow pairs point to the twin-spots in 10 nm max.
height profiles. One spot originates from bound M·TaqI-ODN
conjugates and the other spot results from the topographically
marked modification product resulting from streptavidin
binding to successfully biotinylated target DNA. Observation
of twin-spots is expected due to the flexibility of the two
surface-bound proteins. Fig. 2d shows the AFM images for
completing a full nano-factory cycle after removal of the products from the origami platform. The twin-spots are removed
using fully complementary DNA strands X′ and Y′ to release
the DNA product and enzyme and regenerate the rectangular
origami surface. Fig. 2e shows a control experiment where
M·TaqI was not covalently conjugated with ODN and hence
not embedded in the origami surface. Here we do not see any
5 nm spots on the DNA origami indicating that the origamibound target DNA is not modified by free M·TaqI at a low nM
concentration, while keeping all other experimental conditions
the same. A comparable result is obtained in the absence of
the M·TaqI-ODN conjugate (Fig. 2f ). Fig. 2g shows that there
are no twin-spots when the 6BAz cofactor is missing. Only
5 nm spots resulting from origami-bound M·TaqI-ODN conjugates are visible.
The occurrence of twin-spots in Fig. 2c in the presence of
all components shows that our enzyme nano-factory is fully
functional. Sometimes twin-spots overlay and look like 10 nm
spot in 10 nm max height profile, which also indicates successful DNA modification. In all other scenarios the absence
of any of the components is marked by the absence of twinspots of 5 nm each or 10 nm overlaid spots on the origami
surface. Fig. 2e confirms that the modification of target DNA
happens through surface bound M·TaqI only, since M·TaqI in
solution does not lead to the modification of target DNA in the
presence of all other components under these conditions. The
surface-bound M·TaqI, due to programmed proximity and
orientation, experiences a very high local concentration at the
substrate site (target DNA) which leads to almost quantitative
modification, whereas the same amount of M·TaqI free in solution is not suﬃcient to give any visual yield. Furthermore, no
spots are observed in the absence of the M·TaqI-ODN conjugate (Fig. 2f ) and no twin-spots are found without cofactor
6BAz (Fig. 2g). The absence of twin-spots in these control
experiments demonstrates that the biotinylation of target DNA
critically depends on origami-bound enzymatic activity.
Statistics as described in Table 1 shows that 69% of the
four programmed reaction centers on each origami surface are
occupied by the M·TaqI-ODN conjugate and 54% of them lead
to a modified product on the surface. This gives an overall
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Calculated eﬃciency of the enzyme nano-factory

Total
origami
counted

Theoretical
maximum of M·TaqI
(max. 4 in each
origami)

Total M·TaqI
modificaion
counted

Total streptavidin
modification
counted

Percentage of
M·TaqI
modification
observed

Percentage of
streptavidin
modification
observed

Overall percentage of
streptavidin
modification
observed

50

200

138

75

69%

54%

37%

37% yield of conversion if all programmed positions are
regarded. Additional representative AFM images are shown in
Fig. S5† based on which the yields in Table 1 are calculated.
The absence of twin-spots is considered as failed modification.
However, these experiments will not report at which point the
modification failed. It could just be that the target DNA is not
present on the origami surface or one or more of the other
factors are missing on a particular reaction centre. However, if
we define only at least one twin-spot per origami as successful
modification, this enzyme nano-factory will show a much
higher yield. The enzyme nano-factory was designed to bring
the target DNA in close proximity to M·TaqI by doubly anchoring the target DNA on the origami. Our assumption was to
reduce the flexibility of the target DNA in the vicinity of the
enzyme active site to enhance the modification yield. In this
particular work, our plan was to maximise the yield of modification and hence we did not investigate whether a singly
anchored target DNA will work as well. For a more dynamic
system the modification yield could be tuned by muting one or
the other anchor.
The lower yield on the surface compared to almost quantitative modification when both M·TaqI and target duplex are in
solution (Fig. S4†), can not only be attributed to a slower enzymatic reaction caused by the shorter incubation time, lower
temperature, lower cofactor concentration and diﬀerent
buﬀers but also to two additional steps on the surface: first,
hybridization of the M·TaqI-ODN conjugate to the origami is
only 69%. Higher ratios of the conjugate to origami lead to
improved yields but the AFM quality of visualization became
poor. Second, the last step of streptavidin addition also had to
be optimized to achieve the best possible visualisation and
higher concentrations of streptavidin (above 2 µM) or longer
incubation times (more than 3–5 min) resulted in non-specific
deposition of the protein to the surface. Thus, keeping the
conditions below saturation, we have been able to prove successfully that the M·TaqI nano-factory is able to modify target
DNA on the origami surface with biotin at precisely programmed positions with the enzyme placed in near proximity
to the substrate. However the statistical count can be regarded
as a minimal eﬃciency of this enzyme nano-factory performance because it is optimized for best visualisation by AFM
without protein crowding on the surface. With streptavidin
nano-gold and visualization through TEM, which is independent of the topographic marker crowding, a more sensitive
and quantitative analysis could be possible. In addition, the
advantage of this generic origami platform is that the product
can be removed to regenerate the surface for the next set of
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enzymatic operations. In consecutive cycles various target DNA
sequences for diﬀerent DNA-modifying enzymes could be used
to modify target DNA with various cofactors and finally
observed with diﬀerent visual markers. This can be viewed as a
prototype for a multi-component device which can be logically
programmed to be applied in various nano-devices.

Experimental section
Design, preparation and purification of rectangular DNA origami
Rectangular DNA origami with a length of 92 nm and width of
52 nm was designed using CaDNAno13 software. This rectangular origami (Fig. S1†) has four positions with elongated
staple strands (docking strands shown in orange in Fig. 1a) to
hybridise with DNA X conjugated with M·TaqI (double mutant)
and four neighbouring pairs of elongated staple strands
(docking strands shown in purple in Fig. 1a) to hybridise with
partial DNA duplexes containing a target sequence of M·TaqI
and sticky ends Y. The designed 221 short DNA staple strands,
which help to fold the single-stranded M13mp18 viral plasmid
DNA in a rectangular shape, and the MTase-binding DNA X,
target DNA duplex Y and undocking DNA strands for the
release of M·TaqI (X′) and target DNA duplex (Y′) were ordered
from Sigma Aldrich, Germany. M13mp18 (0.4 nM) was mixed
with staple strands (20 nM) and docking strands (80 nM) in
origami buﬀer (40 mM Tris-HCl, 2 mM acetic acid, 2.5 mM
EDTA, 12.5 mM Mg(OAc)2, pH 8.0). Origami samples (typical
25–50 μL) were annealed in PCR tubes using an Eppendorf
PCR cycler with a two step cooling gradient: from 90 °C to
60 °C at a cooling rate of 2.36 min per °C and from 60 °C to
16 °C at a cooling rate of 16.36 min per °C and then at 16 °C
for a minimum of 30 min. Furthermore, the DNA origami
samples are purified with Millipore Microcon 50 kDa spin
columns with a speed of 14 000 rpm for 2–3 min and washed
with origami buﬀer to remove excess of staple strands.
Design, preparation and purification of the M·TaqI double mutant
M·TaqI was mutated at two positions to assure that thiolated
amino acid cysteine is present only at the C-terminal position
for coupling with maleimide-modified ODN. Hence the single
cysteine residue at position 48 was mutated to a serine residue
and one extra cysteine was added at the C-terminal end (the
422nd position). M·TaqI C48S422C was expressed in E. coli
and purified by cation exchange chromatography with salt gradient, concentrated using ultrafiltration upon centrifugation
and further purified by size exclusion chromatography. Wild
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type M·TaqI was also purified using the same procedure14 and
used for control experiments. Both enzyme preparations are protected from oxidation (dimerisation) using β-mercaptoethanol.
SDS-PAGE was used to analyse the purity of M·TaqI C48S422C
(Fig. S2a and S2b†). Less than 5% dimerisation was observed in
the gel, which ensures that the enzyme was ready to be modified
for immobilisation on the origami surface.
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Activity test of M·TaqI
The M·TaqI double mutant is expected to methylate λ DNA
within the double stranded 5′-TCGA-3′ target sequences and
once methylated those sequences are protected against fragmentation by the cognate restriction endonuclease R·TaqI. We
have performed such a modification-restriction assay by incubating decreasing amounts of M·TaqI double mutant ranging
from 10 ng to 20 pg (9 two-fold serial dilutions) with a constant amount of λ DNA (0.05 ng μL−1) and natural cofactor
S-adenosyl-L-methionine (80 μM) at 65 °C for 1 h followed by
the addition of R·TaqI. Agarose gel (1%) electrophoresis was
performed at 100 V for 40 min to analyse the degree of DNA
protection. Results from this activity assay are shown in
Fig. S2c.† It confirms that even sub-nanogram amounts of the
M·TaqI double mutant are enough to fully protect λ DNA (full
protection including lane 6) and this activity is very similar to
the activity of the wild type enzyme.18
Conjugation of M·TaqI double mutant with NH2-modifiedODN (X)
NH2-modified-ODN (20 μM, 5′-NH2-CGA CGA TAA GTC-3′, X)
was incubated with hetero-bifunctional crosslinker N(γ-maleimidobutyryloxy)succinimide (GMBS) (4 mM) at room
temperature for 2 h in a buﬀer consisting of 100 mM
NaH2PO4, 150 mM NaCl, 30% DMF at pH 7.4 (Fig. S3a†). The
GMBS-modified ODN was purified by reverse-phase HPLC. The
purified product was further incubated with M·TaqI double
mutant at 4 °C for 1 h in conjugation buﬀer made of 4.3 mM
Na2HPO4, 1.4 mM K2HPO4, 140 mM NaCl, 2.7 mM KCl, and
0.01% Triton X-100 at pH 7.2. The formation of the
M·TaqI-ODN conjugate was verified by SDS-PAGE.
Electrophoresis was performed at room temperature and 200 V
for 1.5 h with 10 pmol M·TaqI double mutant (Fig. S3b†). Over
50% conversion to the conjugate with lower mobility was
observed with stoichiometric amounts of both reaction partners (1 : 1) and could be increased to about 70% applying a
10-fold excess of GMBS-modified ODN (1 : 10).
Modification of target DNA with biotinylated cofactor 6BAz in
solution
The modification of target DNA with synthetic cofactor 6BAz
was demonstrated in solution using M·TaqI (wild type) with a
14 base pair hemi-methylated duplex DNA (5′-GCC GAT̲ C̲G̲A̲
TGC CG-3′//5′-CGG CAT̲ C̲G̲A̲(M̲e̲) TCG GC-3′, M·TaqI recognition sequence underlined). The DNA duplex was preannealed in reaction buﬀer (20 mM Tris-HOAc, 50 mM KOAc,
10 mM Mg(OAc)2, pH 6.0) by incubation at 95 °C for 2 min
and cooling to room temperature for 15 min. The modification
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reaction was performed with target DNA (10 µM), M·TaqI
(11 µM), 6BAz (80 µM) and incubation overnight at 37 °C. Half
of the SMILING10 reaction mixture was further incubated with
Proteinase K (3 mAu) at 37 °C for 1 h to fragment the DNA
MTase and release the modified duplex. Non-denaturing polyacrylamide gel (15%) electrophoresis was performed with 10
pmol samples at room temperature at 130 V for 1 h. The gel
was stained with GelRed in NaCl solution (0.1 mM) for 5 min
and visualisation of bands was done under UV irradiation
(312 nm). Fig. S4† shows the gel result of target DNA modification with 6BAz using M·TaqI. The formation of a low mobility band in lane 3 is almost quantitative and attributed to the
very stable complex between M·TaqI and 6BAz-modified DNA.
Lane 4 shows that upon treatment with Proteinase K the modified DNA runs with almost similar mobility as the unmodified
target DNA. A slightly slower mobility can be attributed to the
covalent biotin modification.
Operation of the nano-enzyme-factory
Experimental details for running the entire DNA-enzyme nanofactory, which is schematically depicted in Fig. 1, is tabulated
stepwise in Table S1.† The M·TaqI double mutant (800 nM)
was conjugated with GMBS-modified ODN (800 nM) in conjugation buﬀer for 1 h at 4 °C, added to pre-formed origami (0.4
nM) and incubated at 4 °C overnight. Pre-annealed target DNA
(800 nM) was added to the origami-enzyme complex and incubated again at 4 °C overnight. 6BAz (2 μM) was added to the
mixture above and incubation continued for 2 h. The sample
(5 μL) was deposited on freshly cleaved mica surface for 5 min,
washed with origami buﬀer (5 times 50 μL) and dried.
Streptavidin (2 μM) was dropcast on the mica surface for 5 min
followed by washing with origami buﬀer (5 times 50 μL),
drying and observation under AFM. Washing, drying and
observation were repeated up to 4 times to optimise quality of
the AFM pictures. In addition, samples were observed under
AFM after completion of various steps and in the absence of
various components as illustrated in Fig. 2.
Reversibility test of the enzyme nano-factory
To make this nano factory fully reversible we programmed to
remove the modified biotinylated target DNA and the
M·TaqI-ODN conjugate by adding undocking strands X′ and Y′
(8 μM each) and incubation at 4 °C overnight. Surface regeneration was verified by AFM.
Atomic force microscopy (AFM) visualisation
Imaging was performed with a Digital Instrument Nanoscope
IIIA Multimode AFM. The AFM was operated in the tapping in
air mode with a silicon nitride tip from Nano World
Pointprobe. Several 512 × 512 pixel AFM images were recorded
from separate locations across the mica surfaces to ensure
reproducibility of the results. All images were analysed using
Nanoscope software. AFM images were obtained after PCR
annealing and micro-filtration of origami samples [t = 24 h],
after hybridization of the M·TaqI mutant conjugated DNA and
target DNA with the DNA origami [t = 48 h], after adding the
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6BAz cofactor [t = 50 h], after adding the topographic marker
streptavidin on the surface [t = 51 h] and finally after adding
undocking strands [t = 74 h].
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We have successfully demonstrated the first cycle of an
enzyme nano-factory on a DNA origami surface. A double
mutant of M·TaqI is specifically conjugated with an ODN for
attaching the enzyme on the origami surface and modifying
nearby bound target DNA with biotin in the presence of a
cofactor analogue. Finally streptavidin is used as a topographic
marker to track the progress and eﬃciency of the enzyme
nano-factory using AFM. We have shown when M·TaqI on the
nano-factory successfully modifies target DNA on the origami
surface, it is very uniquely marked by twin-spots of 5 nm
height or with up to 10 nm height spots. Omitting any component resulted in the absence of such topographic signatures.
Another unique feature of this nano-factory is that it is being
run on a DNA-based platform (origami), DNA is the target and
DNA strands are used for product removal and recycling.
Coupling multiple of such controlled nano-devices one can
imagine to design much more complex circuits which can
mimic some of the fascinating systems in biology. This work
holds promise to be extended on DNA-nano-biochip platforms15 to design and demonstrate complex yet parallel biosensors for parallel target screening.16 Even further one can
incorporate such devices to control in vivo drug delivery machineries using DNA origami packaging technology.17
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