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Abstract: Nature has evolved replicable biological molecules, such as DNA, as genetic information carriers.
The replication process is tightly controlled by complicated cellular machinery. It is interesting to ask if
artificial DNA nano-objects with a complex secondary structure can be replicated in the same way as simple
DNA double helices. Here we demonstrate that paranemic crossover DNA, a structurally complicated multi-
crossover DNA molecule, can be replicated successfully using Rolling Circle Amplification (RCA). The
amplification efficiency is moderate with high fidelity, confirmed by native PAGE, thermal transition study,
and Ferguson analysis. The structural details of the DNA structure after the full replication circle are verified
by hydroxyl radical autofootprinting. We conclude that RCA can serve as a reliable method to replicate
complex DNA structures. We also discuss the possibility of using viruses and bacteria to clone artificial
DNA nano-objects. The findings that single stranded paranemic crossover DNA molecules can be replicated
by DNA polymerase will not only be useful in nanotechnology but also may have implications for the possible
existence of such complicated DNA structures in nature.

1. Introduction colleagues used a chemical method to replicate a three-branch
| star motif in which three DNA strands are connected by a

The central dogma of molecular biology depicts the biological . . X .
chemical linke® Shih et al. have designed a DNA octahedron

information flow that applies to all known forms of life. DNA )
replication is one of the most fundamental and important tat @ssembled from one clonable heavy chaif.{ kb) and

activities in the cell that ensures the correct transmission of V€ light (_:ham_s. The h(_aavy ch_a|n was ligated into a plasm|d
genetic information from generation to generation. Nowadays, and amplified in bacteria. Its single stranded form is obtained
DNA is regarded not only as the carrier of genetic codes for by insertion of a nick endonuclease recognition site and digested
life but also as a generic building material for nanostructures. PY restriction after amplification. Although the heavy chain can
Numerous artificial DNA nano-objects of various geometry and P€ folded into a loosely connected structure, it does not form a
topology have been built through DNA self-assembi¥ It is complete nano-object without the help of the light cha_lns. We
interesting to ask if such complicated structured artificial DNA hgve fecentl_y_ reported tr_'e r_epl|cat|01_1 of a DNA nappjuqctlon
nano-objects can be replicated. In living cells, a number of with high efﬂuency and fldell|ty by rolling-circle ampI|f|cat|on.
sophisticated molecular machines work cooperatively to facili- (RCA), which offers a potentially general method for enzymatic

tate the efficient and precise replication of each strand of linear @MPlification of DNA nanostructurés However, the DNA

duplex DNA. Many of the enzymes involved have been shown ju_nction (a 4-arm DNA junction) amplifie_d there had a relativ_ely
to work outside of the cellular environment. This fact suggests simple structure. Therefore, the following important questions

that it is possible to utilize enzymatic methods to replicate fémained olpen: [1] can RCA replicate DNA narr]lo-objelcts WitE
artificial DNA structures. The main challenge here for the non- MOre complex secondary structures, and [2] what would be the

natural system is to overcome the difficulties generated by the rePlication efficiency if it can? In this study, we set out to
complicated secondary structures of the DNA nano-objects, 2ddress these two questions by using RCA to replicate a

which are believed not to exist commonly in nature. paranemic cross_over (PX) DNA molecule.
Previous successes in replicating artificial DNA structures X DNAwas firstreported as a four-stranded DNA complex

have been very limited but inspirirfig® Von Kiedrowski and containing a central dyad axis that relates two flanking parallel
double helices$.It has had numerous applications in structural

T Arizona State University. DNA nanotechnology. For example, it has been utilized to
*New York University.
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Figure 1. Schematic of paranemic crossover DNA replication cycle.

construct a DNA octahedroiTaking advantage of the isomeric
transition between PX and JXnolecules, a number of robust
mechanical DNA devices have been produt&d! Here, we and primer 1, which is complementary to a part of the sense
choose PX DNA as our model replication target for the (+) PX sequence, the RCA reaction can proceed and produce
following two reasons: First, due to the molecule’s paranemic a long linear ssDNA containing tandem repeats of the sequence
nature, it could be produced from two closed dumbbells or even of the antisense«) PX strands. Restriction helper 1, a 15-mer
one single circular DNA&,making it a perfect template for RCA.  oligonucleotide, is then allowed to hybridize with the RCA
Second, and most importantly, the topology of PX is far more product to form cleavable restriction sites for the Pstl enzyme.
complex than the 4-arm branched DNA junction because it has The restriction digestion chops the long RCA product into
crossovers at every possible position between the two adjacenimultiple copies of the individual antisense )(PX, which is
double helices. Hence, it provides more challenges for the the end of the first phase of the replication cycle. To replicate
rolling-circle DNA polymerase to go through the molecule, PX molecules with the same sequence as the starting s¢hse (
because it must unwind the multiple closely positioned cross- PX, a second phase of replication is needed, similar in the
overs if it is to catalyze processive synthesis. This representsprocedure as the first phase, only with the replacement of primer
the key challenge in replicating artificial DNA nanostructures 1 and restriction helper 1 by their complementary strands, primer
using RCA. Our results demonstrate that this complicated 2 and restriction helper 2, respectively.

nanostructure can be efficiently replicated using RCA.

The design of the PX DNA replication cycle is schematically
illustrated in Figure 1. The initial PX DNA molecule, defined 2.1. Material. All DNA strands used (see Supporting Information
as senseK) PX, consists of two double helical domains with  for sequences) were purchased from Integrated DNA Technologies
five crossovers between them. Three ends of the helical domainsiwww.idtdna.com) and purifiedia denaturing PAGE. The concentra-
are capped by dilloops, and the fourth one is extended to have tions of the DNA molecules were measured by absorbance at 260 nm.
a nicked 20-mer |oop Containing a Pstl recognition region CircLigase and RepIiPHI Phi29 DNA polymerase were purchased from
[d(CTGCAG)] flanking the nick. Such a design allows the PX Epicentre Technologies Corp (Madison, MI). The rest_riction enzyme
molecule to be folded from a 160-mer single stranded DNA Pstl was purchased from New England Biolabs (Ipswich, MA).
(ssDNA) and ensures the accessibility of circle-ligase and 2.2.1. RCA Replication of the PX DNA. 2.1 Circularization of

s .. PX DNA. The sense strand DNA was diluted into @& in 10 uL
restriction enzyme to the molecule. The PX molecule is (or 50 4L for the second phase) of solution, containing;8@ ATP,

circularized by circle-ligase. The circular PX then serves as the
template for RCA. In the presence 29 DNA polymerase

2. Materials and Methods

(10) Yan, H.; Zhang, X.; Shen, Z.; Seeman, N.Nature 2002 415 62—65.
(11) Ding, B.; Seeman, N. CScience2006 314, 1583-1585.
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reaction was incubated at 8C for 8 h and terminated by heating to
80 °C for 10 min. The solution of the circularized sense DNA was
directly used in the following RCA reaction without further purification.

2.2.2. RCA Reaction.A 10 uL aliquot of the circularized sense
strand DNA (or 5QuL for the second phase) was mixed with 6 pmol
of primer 1 (30 pmol primer 2 for the second phase) irnu0of 1x
reaction buffer 2 (40 mM Tris-HCI, pH 7.5, 50 mM KCI, 10 mM
MgClz, 5 mM (NH,),SO4, and 4 mM DTT). To ensure the binding of
the primer to the template, an annealing procedure was performed by
stepwise cooling at 94C for 5 min, 60°C for 10 min, 45°C for 10
min, and 37°C for 10 min. After annealing, 2.4L of 25 mM dNTPs,
0.6 uL of 10 mg/mL BSA, and 500 U of RepliPHI Phi 29 DNA
polymerase were added. The RCA reaction was incubated ‘& 8t
4 h. The enzyme was then inactivated at°65for 10 min. The RCA
products were ethanol precipitated and redissolved in 4b.5f DI
water.

2.2.3 Restriction Enzyme Digestion.The RCA product was
hybridized with 15«L of 30 uM restriction helper strand 1 (2&4L of
30uM restriction helper 2 for the second phase) in 1x TAE-Mg buffer
(Tris-acetic acid 40 mM, pH 8.0, magnesium acetate 12.5 mM, EDTA
1 mM) following the stepwise annealing procedure. After annealing, 4
uL of 10x NE buffer 3 (1 M NaCl, 500 mM Tris-HCI, 100 mM Mggil
and 1 mM DTT, New England Biolabs), 0;/4 of 10 mg/mL BSA
and 1000 U of Pstl (100 W) were added. The restriction reaction
was carried out at 37C for 3 h and stopped by heating at 90 for
10 min. The digested product was ethanol precipitated and then
redissolved in 37.5L of DI water. This solution is used either for
denaturing PAGE analysis/purification or as the starting material for
the second phase of RCA without further purification.

2.2.4. Determination of Amplification Factor. Six parallel one-
pot reactions were carried out, each starting from 2 pmol of sehse (
PX. After the full replication cycle, the amplified sense)(PX product
was purified by denaturing PAGE. The major band at the expected
length was excised, and the DNA products were eluted from the gel,
ethanol precipitated, and redissolved in 40 of water. ODyo Of the
solution was measured. And the amplification factor is thus calculated
as ODgdExt. Coefficient * 40uL/12 pmol.

2.3. Characterization of the PX Molecules. 2.3.1. Nondenaturing
PAGE. 1 pmol each of the original sense-)X PX, the purified final
product of the senseH) PX, and a random-sequence 160-mer were
annealed separately in 10 of 1x TAE-Mg** buffer from 94°C to
25°C in 1 h. The annealed DNA species were resolved by electro-
phoresis to compare their mobility on an 18% nondenaturing poly-
acrylamide gel in ¥ TAE-Mg** buffer. The gel was run at a constant
voltage of 200 V for 10 h, stained by Stains-All (Sigma), and scanned
by a desktop scanner (HP scanjet 4670).

2.3.2. Melting Temperature Measurement.The melting of the
sense {) PX, both the original starting material and purified final
product (80QuL of 0.1 «M in 1x TAE-Mg?" buffer), was analyzed in
a Cary UV~vis spectrometer using a built-in Peltier temperature control.
The 1x TAE-Mg?" buffer was used as a blank. Both the samples and
the blank were covered and sealed. Absorbance at 260 nm of the sample
was measured while the temperature increased frofC2® 80 °C,
in 0.3 °C/min increments.

2.3.3. Ferguson AnalysisPreannealed sense ) PX, purified final
product of sense+) PX, and a four-stranded PX structure without
loops, together with a 25-bp DNA ladder (Invitrogen), were assayed
each using 8, 12, 15, 18% nondenaturing PAGE. The four gels with
different gel concentrations were simultaneously run for 3.6 h at a
constant voltage of 200 V. After staining, the mobility of bands was
measured manually using a millimeter-scaled ruler from the gel images.

2.4. Hydroxyl Radical Autofootprinting of PX Molecules. 2.4.1.
Dephosphorylation of 3-Phosphorylated End of DNA. The sense
(+) PX (final product) was 5dephosphorylated in 50L of solution
containing 20 mM Tris-HCI (pH 8.0), 10 mM Mggland mixed with
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Figure 2. Evaluation of the amplification efficiency by 10% denaturing
PAGE. (a) The first phase of the RCA cycle. Lane M: 20-bp DNA ladder;
lane 1: 2 pmol linear senset-f PX; lane 2: after circle-ligation; lane 3
and 4: after RCA using 60-mer primer and subsequent Pstl digestion; lane
5 and 6: after RCA using 20-mer primer and subsequent Pstl digestion.
Lanes 2-6 each contain products started from 2 pmol sergeRX. ~5-

Fold amplification (using 60-mer primer) was estimated from the gel image.
(b) The complete “one-pot” RCA cycle. Lane M: 10-nt ssDNA ladder;
lane 1: 2 pmol linear sense-f{ PX; lanes 2-4: final products after the

full “one-pot” replication cycle. These are parallel reactions: Each contains
products starting from 2 pmol sens¢)(PX, without PAGE purification
after any steps. An average o#0-fold amplification was estimated from
the gel image.

5 units of alkaline phosphataserfa h at 37°C. The reaction was
stopped by phenol extraction, and DNA was purified by ethanol
precipitation.

2.4.2. Radioactive Phosphorylation4 pmol of the replicated DNA
were dissolved in 2@L of a solution containing 50 mM Tris-HCI (pH
7.6), 10 mM MgC}, 10 mM 2-mercaptoethanol, and mixed withull
of 1.25 mMy32P-ATP (10 mCi/mL) and 2 unit of T4 polynucleotide
kinase (USB) fo 1 h at 37°C. The reaction was stopped by ethanol
precipitation of DNA.

2.4.3. Hydroxyl Radical Analysis. The purified final product of
sense{) PX was®?P labeled and additionally gel purified from a 10%
denaturing PAGE. The labeled strand (approximately 2 pmol inL10
1x TAE.Mg?" buffer) was subjected to three different treatmérits:
was annealed to an excess of the unlabeled complementary sitand;
was annealed by itself to form the PX motif;*dt was treated with
sequencing reagentdor a sizing ladder. The samples were annealed
by heating to 90C for 5 min and then stepwise cooled at®5for 10
min, 45°C for 10 min, 37°C for 10 min, room temperature for 10
min, and 4°C for 10 min. Hydroxyl radical cleavage of the double-
strand and PX motif samples took place af@ for 2 min}® with
modifications noted by Churchill et &.The reaction was stopped by
addition of thiourea. The samples were dried, dissolved in a formamide/

(12) Maxam, A. M.; Gilbert, WProc. Natl. Acad. Sci. U.S.A977, 74, 560—
564.
(13) Tullius, T. D.; Dombroski, BSciencel985 230, 679-681.

(14) Churchill, M. E. A.; Tullius, T. D.; Kallenbach, N. R.; Seeman, NRgoc.
Natl. Acad. Sci. U.S.A1988 85, 4653-4656.
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Figure 3. Characterization of the PX structures. (a) 18% Nondenaturing PAGE analysis. Lane M: 20-bp DNA ladder; lane 1: annealed startifg sense (
PX; lane 2: annealed purified final product after the full cycle; lane 3: annealed 160-mer oligonucleotide with a random sequence. (b) Diftdtiagtial m
curves. The senset) PXs, both starting material and final product, show similar thermal transition behavioilwith 69 °C. (c) Ferguson study of PX
structures. The plots of the sense) PX (red) and the final product (green) are compared with a PX molecule with the same core structure but without loop
(blue) and a 125-bp double stranded DNA (dsDNA, black). Slope8:0940 (sensetf) PX), —0.0938 (final product);-0.0922 (PX without loop), and
—0.0641 (dsDNA).

dye mixture, and loaded directly on a 12% polyacrylamide/8.3 M urea also observed. These byproducts are truncated versions of PX,

sequencing gel. Autoradiograms were quantitated using a Storm 860which are most likely generated during the RCA process by
Gel and Blot Imaging System (Amersham Pharmacia Biotech, Piscat- pypassing part of the PX template.

away, NJ). It is worth pointing out that all reactions involved in the RCA

3. Results cycle are sequentially carried out in a “one-pot” manner (i.e.,
no PAGE purification after any of the steps until the end of the
3.1. Enzymatic Replication of PX DNA.Properly designed  complete circle). Such a protocol eliminates the product loss
primer is crucial for an efficient replication for DNA nano- during DNA elution from gels, thereby leading to an increased
objects with complicated secondary structures. We tested theoverall yield. Figure 2b shows three complete RCA cycles in
replication efficiency of the first phase of the replication cycle parallel monitored by denaturing PAGE. While the main final
using two primers with 20 or 60 nucleotides. It is noted that product remains the intact sense) (PX, indicated by the major
the 60-mer primer provides a better yield of antisensgRX band with the same mobility as that of the starting material,
compared to that of the 20-mer primer (Figure 2a). This is significant amounts of truncated byproducts were produced as
expected because the complexity of the PX structure makes itwell. It is clear that the truncated products represent a higher
difficult for $29 polymerase to unwind it and, as a consequence, percentage in the full-cycle products than that in the first phase
increases the energy barrier of the RCA process. The shorterof RCA. This is expected, because the byproducts were not
primer hybridizes only with the 20-mer loop of the sensg ( purified away from the reaction mixture after the first RCA
PX, while the 60-mer primer was designed so that it can partially phase, and once circularized they, too, can serve as templates
unwrap the PX complex when hybridizing with the RCA for the second phase of RCA. Moreover, they could be amplified
template and thus make the RCA reaction more favorable more readily than the complete PX molecule, because of their
kinetically. After the first phase of the replication cycle, we shorter length and reduced structural complexity. Nevertheless,
can estimate from the gel that approximately five units of the 160-mer PX strand was efficiently amplified by about 40
antisense ) PX molecules were produced from one unit of times (estimated from the band intensities in the gel image) after
sense {) PX template. Besides the major product, noticeable one full cycle of RCA replication, and the existence of
quantities of DNA species with lower molecular weights were oligomeric versions of PX (ladder patterned bands with lower

14478 J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007
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(a) T

(b)

Figure 4. Hydroxyl radical autofootprinting of the structure produced by RCA. (a) Hydroxyl radical chemical attack patterns. Double stranded patterns are
labeled as “DS”, and the folded single strands are labeled as “PX". These plots are quantitative scans of gels showing the extent of cleavagatefithe indi
strands by hydroxyl radicals. The positions are numbered from'teeds, at every fifth position. The nucleotides flanking expected crossovers are indicated

by a pair of downward pointing arrows. Hairpins are labeled by upward pointing triplets of arrows. Each nucleotide expected to flank a junctiof in the P
pattern shows decreased cleavage relative to the same nucleotide in the DS pattern. (b) Schematics of the cleavafeepaftednawing shows the
positions of relative cleavage protection as triangles pointing at the nucleotide. The size of the triangle is a qualitative indication oftibe. frodéection

at the hairpins is not indicated. Strand numbering is shown and strand polarity is indicated by small arrows emanating from those numbers. &ote that th
cleavage protection positions all flank crossovers. The right drawing shows a schematic somewhat closer to the molecular structure, bexzdaseheindi

major and minor grooves.

mobility) suggests that the yield can be improved further by of replication, 146 pmols of sensé-Y PX was obtained from
optimizing the restriction digestion conditions. In another batch 12 pmol initial template after a complete replication cycle and

J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007 14479
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Replication

Mnbg Extraction (b% cel )(b% cel )
b bd (bdb Cell )(b% Cell )

Figure 5. Schematics showing the possible cloning of PX structure in cells.

following PAGE purification, leading to a net amplification chemistry involving Fe(I)EDTA~.2315This is a very powerful
factor of ~12. It is important that the amplification is not limited ~ technique, because it gives single-nucleotide resolution of
to one round of cycling. In fact, our replication strategy can be nucleotide susceptibility to the attack of hydroxyl radicals. A
regarded as an RCA chain reaction since there are cross-quantitative pattern of backbone cleavage at all possible sites
replications between the sense and antisense structures. I§an be produced. The strategy of such experiments is to compare

theory, the amplification factor increases exponentially when the chemical attack pattern of each strand when it is part of an
the number of replication cycles is increased. unconventional species, with the pattern obtained when the
strand is fully hybridized with its normal WatseiCrick
were performed to test the correct folding of the amplified PX complement? Experiments \.N'th 4-arm junctions indicate .that
the patterns of two noncontiguous strands are the same in both

structure. First, we assayed the purified final product using X -

nondenaturing PAGE (Figure 3a). The annealed PX strands bothenwronments, while the other two strands, those that cross over
. 9 gure ¥ ' at the branch point, exhibit protection at the site of the junction.

starting material and purified final product, and a random-

160 i leotid loaded i 18% From those experiments it was concluded that strands with the
sequence 1o9-mer oligonuc eotide were loaded into an ®same patterns in both pairing environments probably have
nondenaturing polyacrylamide gel and resolved by eIectrOphore'double helical conformations near the junction, while the other

sis. The replica_lt_ed PX structure and the starting PX have exactly ¢tyands form crossover structufdsSimilarly, the hydroxyl

the same mobility on the gel, each represented by a sharp cleanagical protection patterns of PX molecules have indicated that
band, indicating that they folded into the same well-behaved there are crossovers at the exact sites where they are designed
secondary structure. Furthermore, both migrated faster thanig pe?

random-sequence ssDNA of the same length, suggesting their Thys, the autofootprinting pattern of the purified product after
compactly folded structures. Second, thermal transition analysisthe full cycle of RCA was determined, to establish that the
(Figure 3b) indicates that the PX molecules after amplification molecule indeed forms the PX structure. Figure 4 shows the
show thermal transition behavior similar to that of the starting pattern of the single-stranded molecule (“PX”) compared with
material, with a melting temperature of approximately°€2 the pattern of the same strand in a duplex context (“DS”). The
Note that because the concentration of PX molecules used inraw patterns are illustrated in Figure 4a, and the results are
this experiment was low (0.AM), the premelting features are  summarized on a molecular schematic on the left side of Figure
slightly different, possibly due to noise during the measurement. 4b. The right side of Figure 4b shows an image that emphasizes
The third piece of evidence for the formation of PX structures the presence of major and minor grooves in the molecule.
comes from Ferguson analysis, which provides information Protection is noted for each of the nucleotides flanking the
about the molecular shape and surface area. As seen in the&xpected crossover points in the molecule. Sometimes, the
Ferguson plots (Figure 3c), the data points for the serige ( hucleotide 5to this pair is also protected, a result commonly
PXs, both before and after amplification, overlap in the plot Seen in branched specie: These data show clearly that the
and they display a similar slope to that of a PX molecule PX structure was conserved through the RCA reactions.
composed of the same core structure but lacking the loop. In 4 piscussion

contrast, the plot for a 125-bp double helical molecule exhibited ) o

a significantly different slope. Moreover, the slopes of the Px ~ We have succeeded in replicating a structurally complex DNA
molecules observed here are highly consistent with former Nanostructure using enzymatic methods. The strategy is con-
studies by Shen et a{—0.093)° These data strongly suggest ceptually straightforward and technically easy, yet provides

that we have correctly replicated the PX structure as deSigned_excellent replication efficiency. The correct replication of PX
. . . . DNA not only increases the complexity limit of DNA nano-
3.3. Hydroxyl Radical Analysis. Churchill et all* first

analyzed the structure of branched DNA species in solution by (15) Tullius, T. D.; Dombroski, BProc. Natl. Acad. Sci. U.S.A986 83, 5469-
73.

. . . . 54
means of hydroxyl radical autofootprinting experiments, in (16) Seeman, N. QCurrent Protocols in Nucleic Acid Chemistryohn Wiley

which the hydroxyl radicals have been generated by Fenton & Sons: New York, 2002; Unit 12.1.

3.2. Characterization of PX Molecules.Three experiments

14480 J. AM. CHEM. SOC. = VOL. 129, NO. 46, 2007
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structures that can be replicated by RCA but also suggests thewhen the virus infects its bacteria host. Thus, as the “PX
possibility of amplifying self-assembled DNA nanoarrays that engineered” viral DNA replicates, the PX molecule is cloned
contain multiple crossovers between double helical domains. as well. After simple postprocessing, including phage DNA
For example, by extending the PX molecule with half the PX extraction and restriction digestion, this strategy could ultimately
“sticky ends”, one could design replicable 2D nanoarrays lead to high copy numbers of PX molecules, produced from a
assembled from single stranded PX tiles. It is expected the onesingle one. Although the overall efficiency af vitro RCA
could use the strategy described here to scale up the constructiomeplication of a multi-crossover DNA structure is relatively low,
of DNA based nanoconstructions, which is now limited by the in vivo proteins such as helicases may facilitate this process.
chemical synthesis scale of oligonucleotides. In the future, it
would be also interesting to replicate DNA structures with more
complicated topologies such as single stranded kHots.

The success in enzymatically replicating DNA nanostructures
makes one wonder if it is possible to clone nanostructures using
viruses and cells. Evolution over billions of years has enabled
viruses to infect their host cells and then to replicate themselves.
Modern molecular biologists have exploited this elegant “natural
molecular assembly line” and developed recombinant DNA and
cloning techniques. For example, human DNA fragments can

be cloned within a viral vectd Moreover, a number of virus to N.C.S.: and C06 RR-16572-01 from NCRR to NYU. We

DNA m.oleculles are single stranded (e.g., M13),.maklngllt thank Prof. Jiunn-Liang Chen for helpful discussions and Mingyi
compatible with our one-stranded nanostructure design. Insplredxie for technical assistance in DNA purification

by this, we suggest that it is possible to clone complicated DNA
nanostructures vivo. Figure 5 illustrates one of the possible Supporting Information Available: DNA sequences used in
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