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E
fficient conjugation of DNA to poly-
mers, proteins, and other biomole-
cules is of particular importance in

the developing field of DNA nano-
technology,1�8 where the reliable and
predictable self-assembly of DNA is used
to produce well-defined nanoscale struc-
tures of arbitrary shapes.5,6 It has proven to
be a versatile platform with application in
such different fields as drug delivery and
therapeutics,9,10 semiconductor�biocomplex
interfaces,11 algorithmic self-assembly,3,12

and highly parallel computing,3,13 and it has
been applied as a research tool aiding char-
acterization of other biological systems by
NMR,14 AFM,15 and other techniques.16,17

Although structurally diverse, DNA nanoscale
structures lack the chemical and structural
diversity found in, for example, proteins and
their broader functional range of amino acids.
Therefore, functional applications for DNA
structures are facilitated by incorporation of
peptides or other polymers to augment the
properties andabilities of the system.Protein�
DNA hybrid systems4,18 are particularly
interesting, allowing engineers to combine
the specialized and highly optimized function

of a protein with the sequence-dependent
assembly of DNA, afforded by the specificity
of Watson�Crick base pairing. However, the
relatively lowefficiencybywhichproteins and
other polymers can be conjugated to DNA
and DNA-based structures provides a chal-
lenge for production of DNA-hybrid systems.
We have previously demonstrated a scheme
employing the enzyme terminal deoxynu-
cleotidyl transferase (TdT; alternatively known
as DNA nucleotidylexotransferase [EC 2.7.7.31])
to extend the 30 end of oligodeoxynucleotides
with nucleotide triphosphates (NTPs) contain-
ingsmall chemicalmodifications forproduction
of patterned DNA origami structures.19 This
scheme, however, relies on protein�ligand
interactions, attaching themacromoleculenon-
covalently after the initial origami assembly.
Here, we present a novel, versatile, and

efficient method for direct ligation of poly-
mers, proteins, and other biomolecules to
nativeDNA. It is basedon theobservation that
TdT can accept nucleoside triphosphates
tethered to large biomolecules as substrates
and direct the ligation of the biomolecules to
the 30 end of any native oligodeoxynucleo-
tide. The reaction proceeds rapidly and
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ABSTRACT The ability to synthesize, characterize, and manipulate DNA forms

the foundation of a range of advanced disciplines including genomics, molecular

biology, and biomolecular engineering. In particular for the latter field, DNA has

proven useful as a structural or functional component in nanoscale self-assembled

structures, antisense therapeutics, microarray diagnostics, and biosensors. Such

applications frequently require DNA to be modified and conjugated to other macromolecules, including proteins, polymers, or fatty acids, in order to equip

the system with properties required for a particular application. However, conjugation of DNA to large molecular components using classical chemistries

often suffers from suboptimal yields. Here, we report the use of terminal deoxynucleotidyl transferase (TdT) for direct enzymatic ligation of native DNA to

nucleotide triphosphates coupled to proteins and other large macromolecules. We demonstrate facile synthesis routes for a range of NTP-activated

macromolecules and subsequent ligation to the 30 hydroxyl group of oligodeoxynucleotides using TdT. The reaction is highly specific and proceeds rapidly

and essentially to completion at micromolar concentrations. As a proof of principle, parallelly labeled oligonucleotides were used to produce

nanopatterned DNA origami structures, demonstrating rapid and versatile incorporation of non-DNA components into DNA nanoarchitectures.

KEYWORDS: DNA nanotechnology . enzymatic ligation reaction . nucleotide triphosphate .
protein�oligodeoxynucleotide conjugation . terminal deoxynucleotidyl transferase
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quantitatively under mild, aqueous conditions even
using large macromolecules at micromolar concentra-
tions, generally eliminating tedious purification of the
conjugated product. TdT has previously been reported
to be substrate promiscuous, particularly in the pre-
sence of cacodylate buffer and cobalt ions,20 but
previous reports have focused on NTP analogues with
relatively small modifications.21

RESULTS AND DISCUSSION

To demonstrate the versatility of the enzymatic
ligation-based method reported herein, five different
macromolecules were NTP-functionalized, as outlined
in Figure 1, and then enzymatically ligated to an
oligodeoxynucleotide using TdT, as shown in Figure 2.
The chosen macromolecules belong to different struc-
tural classes but share their common application in the
fields of DNAnanotechnology and drug delivery. Cyclic
integrin targeting peptide c(RGDfK)22 was chosen as a
model for peptides, while two poly(ethylene glycol)
(PEG) polymers of different length served as model
compounds for the introduction of high molecular
weight linear polymers. A G3.5 PAMAM dendrimer,
frequently used in drug delivery and ligand presenta-
tion applications, served as a model for globular poly-
mers, and streptavidin (STV) was used as a model for
introduction of proteins. Deliberately avoiding the
notoriously difficult synthesis of customized NTPs,
we opted for conjugation strategies compatible with
commercially available NTPs. Polytriazole-catalyzed var-
iants of the azide�alkyne cycloaddition23 were em-
ployed for NTP activation of cRGD and the PAMAM

dendrimer. In both cases high conversion was observed
together with an acceptable isolated yield after purifica-
tion. NTP activation of STV was completed using a
copper-free DBCO-mediated click reaction,24 and a 2-fold
excess of ddUTP-DBCOwas found to produce an optimal
degree of STV activation. NTP activation of PEG deriva-
tives was performed using commercially available PEG-
NHS esters. Incubation of amino-modified dUTP (aa-
dUTP) with a 5-fold excess of PEG-NHS for 12 h at pH
8.0 produced the PEG-coupled nucleotide products in
90% and 40% yields for 5 and 20 kDa PEG, respectively.
Enzymatic ligation reactions of the synthesized NTP-

activated macromolecules to the 30 end of an oligo-
deoxynucleotide proceeded to quantitative or near-
quantitative conversion, as quantified by PAGE analysis
of unpurified reagents, cf. Figure 2 and Supporting
Information Figure S2. All reactions achieved a 99%
conversion or better except for streptavidin, which
yielded 93% STV-labeled product and 6% azido-ddUTP-
capped product. Surprisingly, multiple copies of cRGD-
dCTP were frequently added to the oligonucleotide
template by the TdT (one, two, or three cRGD peptides
added in conversions of 6%, 62%, and 32%, respectively),
demonstrating that cRGD-functionalized 30-nucleotides
also can function as an acceptor in the TdT-catalyzed
reaction. If a single cRGD addition is desired, a dideox-
ynucleotide should be used in place of dUTP. Using
this strategy full conversion to the single RGD-labeled
product was obtained (Supporting Figure S5). Enzymatic
ligation of a G3.5 PAMAM dendrimer to the oligodeox-
ynucleotide resulted in a quantitative conversion (99.9%)
but with a rather polydisperse ligation product. This

Figure 1. Synthesis routes for the four types of NTP-activated macromolecules: (a) cRGD peptide conjugation to dCTP, (b) 5
and 20 kDa PEG conjugation to dUTP, (c) G3.5 PAMAMdendrimer conjugation to dUTP, and (d) streptavidin (STV) conjugation
to ddUTP. The NTP-activated macromolecules are readily applicable to enzymatic ligation to the 30 end of an oligodeox-
ynucleotide, as illustrated to the right in each panel.
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correlates with the polydispersity observed by MS char-
acterization of the dendrimer (data not shown), but may
also be explained by ligation of several dendrimers to the
same oligonucleotide or ligation of several oligonucleo-
tides to polyfunctionalized dendrimers. Essentially full
conversion (100% and 99.3%) was also obtained for
ligation of 5 and 20 kDa PEG, respectively. The 5 kDa
PEG conjugation product shows a broad size distribution,
attributed to the polydispersity of the PEG chain. TdTwas
also capable of adding more than one 5 kDa PEG-
tethered deoxynucleotide to the oligonucleotide sub-
strate (Supporting Information Figure S1). Ligation of
NTP-activated STV to the 32-mer oligodeoxynucleotide
showed near-quantitative (93%) conversion, observed as
fourhigh-molecular-weightDNA�proteinbands, assumed
to be to mono-, di-, tri-, and tetrameric forms of STV.
One faint band (6% intensity) migrates, similar to the
ligation product with azido-ddUTP, indicating that a
small amount of azido-ddUTP was carried over from
the initial NTP activation of STV. Any dideoxynucleo-
tide impurity present in the ligation reaction will
effectively cap the oligodeoxynucleotide, rendering it
inaccessible for further enzymatic conjugation. This
can be mitigated by employing azido-dUTP in place
of azido-ddUTP. The faint band present 2 mm into the
gel in all TdT reactions is caused by the TdT reaction
buffer (Supporting Information Figure S4). The results
illustrate that TdT-catalyzed conjugation of large
macromolecules to DNA proceeds rapidly and quanti-
tatively using substrates markedly different from the
enzyme's natural substrate.

The elimination of an intermediate purification step
of conjugated products enables “one-pot” functionali-
zation of multiple DNA strands of heterogeneous
length, a feature particularly useful for DNA origami
functionalization. Demonstrating the application of
enzymatic ligation for rapid production of patterned
DNA origami structures, we produced STV- and den-
drimer-patterned tall rectangle5 DNA origami structures.
AFM imaging demonstrated successful incorporation of
STV into the origami structures upon annealingwith STV-
coupled staple strands (Figure 3a). Reliable registration of
STV on the patterned origami structures required a
higher probe set-point than for previously used biotin-
mediated STV binding,19 which could indicate extra
flexibility provided by the dPEG8 linker between nucleo-
tide and STV, as well as the expected exterior coupl-
ing point on STV (Supporting Information Figure S3).
Dendrimers were equally well incorporated (Figure 3b),
and theuseof biotin-functionalizeddendrimersprovided
good visualization of the dendrimer locations after in-
cubating the biotin-dendrimer-origami structures with
streptavidin.
The method presented here differs significantly

from previously published strategies for functionaliza-
tion of DNA nanostructures. First, batchwise function-
alization ofmultiple staple strands can be completed in
a short, one-step reaction, with a conversion efficiency
that frequently eliminates the need for postlabeling
purification. This enables high-throughput production
of a spectrum of nanopatterned structures, applicable,
for example, for screening of origami-based sensors,

Figure 2. Gel shift mobility assay of DNA conjugated to variousmacromolecules via enzymatic ligation. Lane 1: 10 bp ladder;
lane 2: DNA substrate; lanes 3�9: products of enzymatic labeling with different modified nucleotides (indicated by “þ” in
header). Changes in oligonucleotide mobility indicate ligation products with one or in some cases multiple NTP-activated
macromolecules to the 30 terminus of the oligonucleotide. No purification was performed after ligation reactions, clearly
demonstrating the efficacy of the reaction.
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drug-carriers, and novel enzymatic activities. Second, the
macromolecules are covalently conjugated to the staple
strands of the origami structure and do not require
hybridization to an external DNA handle nor is it depen-
dent on biotin�streptavidin or other noncovalent inter-
actions, rendering the scheme readily extendable for
incorporation of enzymes and other proteins without
the need for biomolecular engineering. The method has
several noteworthy advantages over traditional DNA�
protein conjugation schemes: The scheme can be ap-
plieddirectly tounmodifiedDNA, eliminating theneed to
synthesize or purchase DNA with non-natural functional
groups. The enzymatic ligationproceeds rapidly andwith
nearly 100% conversion, thus significantly reducing the
time required for reaction optimization and product
purification. The reaction provides a superior level of
specificity, thereby avoiding potential chemical side
reactions. The scheme can be employed using commer-
cially available nucleotides, eliminating the requirement
for expert chemical skills.
In our present work we have made no attempts to

conjugate the DNA to specific sites on the proteins;
howeverwe note that amajority of site-specific protein
labeling methods proceeds via incorporation of small
molecules, providing chemical handles for down-
stream reactions. Such site-specific labeling methods
should thus be readily extendable to introduction of a
ribo-triphosphate moiety, making the scheme amena-
ble to enzymatic ligation to DNA via the scheme
presented herein. Site-specific incorporation of triphos-
phates may be of particular use in protocols where
orthogonal chemistries are required for multiple con-
jugations. The NTP-activated ligation reaction pre-
sented here shares many traits with the popular

azide�alkyne “click reaction”, including reliable, quan-
titative conversion and relatively high stability toward
hydrolysis. In our hands, triphosphate-based conjuga-
tion has proven far superior to other widely used
alternatives, including NHS esters, maleimides, and
hydrazines, for conjugation of biomolecules to DNA.
The advent of synthetic biology may make production
and use of triphosphate-activated biomolecules even
more interesting. Enzymes could be engineered to
accept a diverse range of triphosphate-activated bio-
molecules for use in, for example, site-specific labeling
of proteins and other substrates, thereby making
triphosphate species a more broadly applicable sup-
plement to azides as a kinetically stable high-energy
functional group for aqueous bioconjugation. Since
triphosphate-coupled molecules are already ubiqui-
tous in natural systems, it might even be possible to
engineer organic systems that produce ready-to-use
triphosphate-activated biomolecules.
The crystal structure of terminal transferase25 visual-

ized in Supporting Information Figures S6 and S7
suggests why TdT is able to accept nucleotides with
very large modifications on the nucleobase. The nu-
cleobase is facing toward awide, open crevice nomore
than 2 nm from the outer sphere of the enzyme. This
could allow binding of the macromolecule-coupled
nucleotide at the active site without significant steric
interference between the enzyme and the macro-
molecule. Additionally, the substrate DNA strand is
situated away from the open crevice in a way that
would also not cause significant additional interference
(Supporting Information Figure S7). The results do call
for the currently accepted functional mechanism of the
enzyme to be slightly amended. The existing view

Figure 3. Application of the enzymatic labeling scheme for production of covalently patterned DNA origami. AFM images of
DNA origami structures with covalently attached proteins (a) and dendrimers (b). Structures were produced via enzymatic
ligation of NTP-activated streptavidin or G3.5 PAMAM to a selected subset of origami staple strands followed by direct
annealing to the M13 scaffold together with remaining unlabeled staple strands. Inset: Origami design and expected protein
locations for structures in panel a (not to scale). Thedesigned structure in panel b is similar, but the labeled strandswere offset
by two columns. Scale bars: 200 nm (panel a) and 500 nm (panel b).
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assumes that the nucleotide diffuses to the active site
through the central hole of the doughnut-shaped en-
zyme, where it is coupled to a DNA substrate situated on
the opposite side of the doughnut structure.21,25 As
evident from Supporting Information Figures S6 and
S7 and the accompanying Supplementary Discussion,
this would not be compatible with incorporation of
macromolecule-coupled nucleotides, arguing that nu-
cleotides also can approach the active site from the face
of the enzyme that binds the DNA substrate.

CONCLUSION

In conclusion, we have demonstrated efficient en-
zymatic ligation of DNA to macromolecules, produc-
ing DNA conjugates with polymers, proteins, and
other large biomolecules using the TdT enzyme. The
method enables rapid single-step conjugation of the

30-terminal hydroxyl group in native DNA to any type of
biomolecule or polymer with quantitative conversion,
with no apparent limit to the size of the macromole-
cule. This eliminates the need for synthesizing DNA
with special, non-native functional groups. Particularly
for applications requiring conjugation to a large num-
ber of different oligonucleotides, enzymatic ligation to
native DNA may reduce the total cost significantly. As
such, we expect this technique to be useful for a
number of applications in DNA nanotechnology, e.g.,
DNA microarray diagnostics and DNA-based high-
throughput screenings of therapeutics. As a proof of
concept, we displayed the use of enzymatic macro-
molecule labeling of DNA staple strands followed by
incorporation into a DNA origami structure, thereby
demonstrating the versatility of the method for func-
tionalization of DNA nanostructures.

METHODS
Materials. DNA oligodeoxynucleotides were acquired from

DNA Technology (Risskov, Denmark) or IDT (Coralville, IA, USA).
Unless stated otherwise, all ligations were done using a 32 nt
oligodeoxynucleotide with sequence AAC CTA CCG CGA ATT
ATT CAT TTC ACA TCA AG. Recombinant terminal transferase
was acquired from Roche Applied Science (Indianapolis, IN,
USA). Nucleotide triphosphates were acquired from Jena
Bioscience (Jena, Teltow, Germany). NHS- and azide-activated
PEG were acquired from IRIS Biotech GmbH (Marktredwitz,
Germany). Tris(3-hydroxypropyltriazolylmethyl)amine (THTA)
ligandwas synthesizedaspreviouslypublished.26G3.5carboxylate
PAMAMdendrimers (ethylenediaminecore)werepurchased from
Sigma-Aldrich (10% in methanol) and alkyne-functionalized using
a previously published procedure.27 Azido-dPEG8-NHSandDBCO-
NHS were obtained from Quanta Biodesign. Cyclic RGD peptide,
c(RGDfK), was acquired from Anaspec, while Cyclo(RGDfK)-PEG-
azide (used for Supporting Figure S5) was purchased from Pep-
tides International Inc. (Louisville, KY, USA). Streptavidin from
Streptomyces avidinii was acquired from Sigma-Aldrich and
SYBR Gold from Invitrogen. Unless specified otherwise, all water
was type 1 grade produced by a Milli-Q water purification
system (or equivalent), and all solvents were p.a. grade.

Nucleotide Synthesis. Nucleotide triphosphate derivatives
were synthesized as follows: ddUTP-5-propargylamino-dPEG8-
N3 (ap-ddUTP) was synthesized by mixing 150 nmol of 5-pro-
pargylamino-20 ,30-dideoxy-uridine-50-triphosphate (ddUTP) in
80 μL of HEPES buffer (50 mM, pH 7.8) with 600 nmol of
azido-dPEG8-NHS in 6 μL of DMSO, followed by stirring for
16 h at RT. The crude product was purified by RP-HPLC on an
analytical Phenomenex Kinetex XB-C18 column (150� 4.6 mm)
using a TEAA/MeCN gradient buffer system (buffer A: 50 mM
TEAA pH 7.0; buffer B: MeCN; 5% B to 40% in 20 min, 1 mL/min).
The product-containing fractions were pooled, freeze-dried,
and dissolved in water to a concentration of 5 mM, confirmed
by UV absorption at 289 nm. Isolated yield was 100 nmol (66%).
ddUTP-DBCO was synthesized by reacting 0.5 μmol of ddUTP in
200 μL of HEPES buffer (50 mM, pH 7.8) with 2.5 μmol of DBCO-
NHS in 250 μL of DMSO under stirring for 16 h at RT. The crude
product was purified by RP-HPLC on an analytical Phenomenex
Kinetex XB-C18 column (150 � 4.6 mm) using a TEAA/MeCN
gradient buffer system (buffer A: 50 mM TEAA pH 7.0; buffer B:
MeCN; 5% B to 80% in 24min, 1 mL/min). The product-containing
fractions were pooled, freeze-dried, and dissolved in water
to a concentration of 5 mM, confirmed by UV absorption at
310 nm (ε = 13.45� 103 cm�1 M�1). Isolated yield was 250 nmol
(50%). To synthesize ddUTP-5-propargylamino-pentyne,
5-propargylamino-20 ,30-dideoxy-uridine-50-triphosphate (1 equiv,

150 nmol) in 80 μL of HEPES buffer (50 mM, pH 7.8) was mixed
with a solution of pentynoic-NHS (4 equiv, 600 nmol, 6 μL) in
DMSO p.a. and stirred for 16 h at RT. The crude product was
purified by RP-HPLC on an analytical Phenomenex Kinetex
XB-C18 column (150 � 4.6 mm) using a TEAA/MeCN gradient
buffer system (buffer A: 50mM TEAA pH 7.0; buffer B: MeCN; 5%
B to 40% in 20min, 1mL/min). The product-containing fractions
were pooled and freeze-dried. The freeze-dried nucleotide was
dissolved in nuclease-free water to a concentration of 5 mM
(confirmed byUV absorption at 289 nm). Isolated yieldwas 75%.
To synthesize azido-functionalized cRGD peptide, 500 nmol of
c(RGDfK) in 90 μL of HEPES buffer (100 mM, pH 8.0) was mixed
with 2.5 μmol of azido-dPEG8-NHS in 25 μL of DMSO and stirred
for 16 h at RT. The crude product was purified by RP-HPLC on an
analytical Phenomenex C18 column (250 � 4.6 mm) using a
TFA/MeCN gradient buffer system (buffer A: 0.1% TFA pH 2.5;
buffer B: MeCN; 5% B to 40% in 33min, 1 mL/min). The product-
containing fractions were pooled, freeze-dried, and dissolved in
water to a concentration of approximately 5 mM, confirmed by
UV absorption at 255 nm (phenylalanine) using a cRGD standard
curve. Isolated yield was 225 nmol (45%). NTP activation was
performed by reaction of 100 nmol of c(RGDfK)-dPEG8-N3 with
50 nmol of 5-(octa-1,7-diynyl)-20-deoxycytidine 50-triphosphate
(alkyne-C8-dCTP) in a final volume of 75 μL of HEPES buffer
(10mM, pH 7.8). The reaction was initiated by addition of CuSO4

(472 μM), THTA (2.8mM), and sodium L-ascorbate (18.3mM) and
shaken at 450 rpm for 3 h at 37 �C. The product was purified on
reversed-phase HPLC, freeze-dried, and redissolved in 40 μL of
water. A dideoxynucleotide-activated cRGD (for Supporting
Figure S5) was synthesized by reaction of 100 nmol of c(RGDfK)-
PEG-PEG-N3 with 50 nmol of ddUTP-5-propargylaminopentyne
in a final volume of 90μL of DMSO/HEPES-buffer (1:1, 20mM, pH
7.8). The reaction was initiated by addition of CuSO4 (445 μM),
TBTA (890μM), and sodium L-ascorbate (16.7mM) and shaken at
450 rpm for 16 h at 24 �C. The product was purified on reversed-
phase HPLC (analytical Phenomenex Kinetex XB-C18 column,
150 � 4.6 mm) using a TEAA/MeCN gradient buffer system
(buffer A: 50 mM TEAA pH 7.0; buffer B: MeCN; 5% B to 40% in
20 min, 1 mL/min). The product-containing fractions were
pooled, freeze-dried, and redissolved in 50 μL of water. Isolated
yield was 80%. NTP-activated dendrimers were synthesized
by mixing 40 nmol of azido-PEG4-aminoallyl-dUTP (5-(15-azi-
do-4,7,10,13-tetraoxa-pentadecanoyl-aminoallyl)-20-deoxy-uri-
dine-50-triphosphate, apa-dUTP) with 200 nmol of G3.5 alkyne
dendrimer and DMSO (12% v/v), CuSO4 (200 μM), THTA
(1.6 mM), HEPES buffer (100 mM, pH 7.5), and sodium L-
ascorbate (20 mM) to a final volume of 1 mL. The mixture was
reacted for 75 min, and excess reagents were removed using a

A
RTIC

LE



SØRENSEN ET AL . VOL. 7 ’ NO. 9 ’ 8098–8104 ’ 2013

www.acsnano.org

8103

3 kDa MWCO Amicon Ultra spin-dialysis filter and washed three
times with water. The retentate was recovered, and UV-spectrum
analysis displayed characteristic dendrimer and NTP absor-
bance patterns. PEG of size 5 and 20 kDa was NTP-activated
by reacting 300 nmol of PEG-NHS with 50 nmol of 5-(3-
aminoallyl)-20-deoxy-uridine-50-triphosphate (aa-dUTP) in 100 μL
of HEPES buffer (80 mM, pH 8). The reactions were shaken at
500 rpm overnight. PEG5k-aa-dUTP was used without further
purification (>95% conversion), while the reaction with 20 kDa
PEG was shown to be incomplete (Supporting Information
Figure S1). Thus, the 20 kDa PEG-dUTP product was purified
using 10 kDa MWCO Amicon Ultra spin-dialysis filters (14000g,
30 min, 4 �C) and washed twice with water. Alternatively, for
applications requiring a pure product, the crude product was
purified by RP-HPLC on an analytical Phenomenex Kinetex XB-
C18 column as described above. For NTP activation of strepta-
vidin a copper-free click reaction was employed, as initial
activation studies using TBTA catalysis led to severe precipita-
tion problems. It was found that the DBCO-mediated reaction
provided reliable modification of biomolecules without the
additional complication of optimizing a multicomponent con-
jugation reaction. NTP activation of streptavidin used for
Figure 2 was done as follows: 24 nmol of STV and 600 nmol of
DBCO-NHS (dibenzylcyclooctyne-N-hydroxysuccinimide ester,
100 mM in DMSO) were mixed in 480 μL of HEPES buffer
(37.5 mM, pH 8.0) and DMSO (25% v/v) and left to react for
2 h at RT. The product was diluted 10-fold and purified using
10 kDa MWCO Amicon Ultra spin-dialysis (10000g, 20 min, 4 �C)
and washed three times with water. A 25 μL amount of
recovered product was diluted 1:1 with water, and 30 μL was
subsequently reacted with 7.5 nmol of ap-ddUTP in 55 μL of
HEPES buffer (36 mM, pH 7.8) for 16 h at RT. STV-ddUTP was
purified using 10 kDaMWCOAmicon Ultra spin-dialysis filters as
above, but washed with NaCl (250 mM) twice and finally in
water. It was found that no mixture of DMSO and aqueous
buffer could retain both STV and DBCO-NHS in solution. Thus,
the scheme for synthesizing STV-ddUTP used for Figure 3 was
adjusted slightly: 4.4 nmol of STV and 50 nmol of NHS-dPEG8-N3
were mixed with DMSO (12.5% v/v) and HEPES-KCl-buffer
(12.5 mM, pH 8.0) in a total volume of 40 μL and shaken at
900 rpm for 2 h at RT. Then 400 μL of HEPES buffer (10 mM, pH
8.0) with KCl (50mM)was added to reduceDMSO concentration
followed by purification on 3 kDa MWCO Amicon Ultra spin-
dialysis (14000g for 10 min) and washed five times with the
same buffer; 68% STV was recovered, confirmed by UV absorp-
tion at 280 nm. The 50 μL of collected retentate was mixed with
8 nmol of DBCO-ddUTP and incubated at 5 �C overnight, then
shaken at 950 rpm for 1 h at RT. Unreacted DBCO-ddUTP was
removed by diafiltration using 10 kDa MWCO Amicon Ultra
spin-dialysis filters (14000g for 10 min) and washed three times.

Enzymatic Ligation of NTP-Activated Biomolecules to DNA. Unless
stated otherwise, ligation reactions consisted of the following
components: DNA (2 μM), NTP-activated biomolecules (20 μM)
with terminal transferase enzyme (20 U/μL), cacodylate (0.2 M)
and Tris-HCl buffer (0.125 M, pH 6.6), CoCl2 (5 mM), and BSA
(0.25mg/mL). The reactionmixture further included 5%enzyme
storage buffer consisting of K2HPO4 (60 mM, pH 7.2), KCl
(150 mM), 2-mercaptoethanol (1 mM), Triton X-100 (0.5%),
and glycerol (50%). Ligation reactions were performed in a total
reaction volume of 8 μL and left at 37 �C for 20 min (25 min for
dendrimers). Reactions were terminated by addition of EDTA
(20 mM, pH 8.0). DNA�biomolecule conjugation products were
analyzed by denaturing polyacrylamide gel electrophoresis.
Gels were typically cast as 10% polyacrylamide with 7 M urea,
prerun for 30 min, and run with samples for 1 h in 1� TBE
running-buffer at 20 W (500 V, 17 cm in length). Gels were
stained with SYBR Gold and visualized on a GE Healthcare
Typhoon Trio gel scanning system with recommended filter
settings. GE Healthcare ImageQuant software was used for
image processing and band quantification.

Origami Annealing and AFM. Tall rectangle5 origami structures
were designed to have the nicks of the labeled staple strands
positioned on the opposite side relative to the original structure.
This side has previously been shown to be the side predomi-
nantly facing upward after adsorbing the origami to a mica

substrate.5,19 Staple strands for the DNA origami structure were
pooled from the plates using custom-written software and a
pipetting robot. Selected staple strands were efficiently ligated
to STV after 1.5 h, as confirmed by PAGE analysis. STV-patterned
origami was annealed using an M13mp18 scaffold (4 nM) and
staple strands (40 nM) with Mg(OAc)2 (10 mM) and 1� TAE
buffer using a 12 h thermal gradient going from 80 �C to 15 �C.
Dendrimer-modified staple strands were functionalized with a
biotin-azide prior to origami assembly by mixing biotin-azide
(120 μM), alkyne-dendrimer-dUTP (2 μM), CuSO4 (0.2 mM),
THTA-ligand (1.6 mM), sodium L-ascorbate (20 mM), HEPES
(100 mM, pH 7.5), and DMSO (12%) and incubating at RT for
30 min followed by purification via diafiltration with 3K MWCO
Amicon filters as previously described. Dendrimer-patterned
origami was annealed under conditions similar to STV-labeled
origami, but using a 10 nM scaffold and 60 nM staples, followed
by postassembly agarose purification to remove excess den-
drimers. Streptavidin was added during AFM imaging of biotin-
dendrimer-labeled origami structures to augment visualization
of the otherwise unstructured dendrimers. Liquid tapping
mode AFM imaging was done on an Agilent 5500 AFM using
a Bruker silicon nitride probe model OTR4-10 with a spring
constant of 0.02N/mwith parameters as previously described.19

Image processing was done with Scanning Probe Image Pro-
cessing software from Image Metrology.
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