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DNA Four-ways junctions 
« Holliday junctions » 

•  These structures have been described in 1964 by Robin Holliday 
•  Key intermediatestructure in many types of genetic recombination, as well as in 

double-strand break repair 
•  Natural 4-ways junctions have a symmetrical sequence and are thus mobile, 

meaning that the four individual arms may slide through the junction 

The Holliday junction in an inverted repeat DNA
sequence: Sequence effects on the structure of
four-way junctions
Brandt F. Eichman, Jeffrey M. Vargason, Blaine H. M. Mooers, and P. Shing Ho*
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Holliday junctions are important structural intermediates in recom-
bination, viral integration, and DNA repair. We present here the
single-crystal structure of the inverted repeat sequence d(CCGG-
TACCGG) as a Holliday junction at the nominal resolution of 2.1 Å.
Unlike the previous crystal structures, this DNA junction has B-DNA
arms with all standard Watson–Crick base pairs; it therefore rep-
resents the intermediate proposed by Holliday as being involved in
homologous recombination. The junction is in the stacked-X con-
formation, with two interconnected duplexes formed by coaxially
stacked arms, and is crossed at an angle of 41.4° as a right-handed
X. A sequence comparison with previous B-DNA and junction
crystal structures shows that an ACC trinucleotide forms the core
of a stable junction in this system. The 3!-C"G base pair of this ACC
core forms direct and water-mediated hydrogen bonds to the
phosphates at the crossover strands. Interactions within this core
define the conformation of the Holliday junction, including the
angle relating the stacked duplexes and how the base pairs are
stacked in the stable form of the junction.

DNA structure ! recombination

When genetic information is exchanged, e.g., during recom-
bination between homologous regions of chromosomes or

integration of viral DNA into host genomes, the DNA double
helix is disrupted. Holliday proposed that the intermediate
formed during homologous recombination is a four-way junction
(Fig. 1) (1). Similar junctions form in cruciform DNAs extruded
from inverted repeat sequences. Recently, the crystal structures
of junctions in a DNA–RNA complex (2) and in the sequence
d(CCGGGACCGG) (3) have been reported. In the first struc-
ture, the DNA"RNA arms are in the A-conformation, whereas
in the latter, two G"A mismatched base pairs sit adjacent to the
crossover between the duplexes. Here, we present the structure
of a Holliday junction in a true inverted repeat DNA sequence
d(CCGGTACCGG) in which all of the nucleotides are in B-type
helices with Watson–Crick base pairs.

Studies on synthetic four-stranded complexes and DNA cru-
ciforms show that four-way junctions can adopt either an open
extended-X or the more compact stacked-X conformations (for
a recent review, see ref. 4). In the presence of monovalent
cations, the four arms of the junction are extended into a square
planar geometry (Fig. 1) to minimize electrostatic repulsion
between phosphates. Divalent cations and polyvalent polyamines
help shield the phosphate charges (5), allowing the junction to
adopt a more compact structure with pairs of arms coaxially
stacked as duplexes (Fig. 1) and the duplexes related by !60°
(6–9). A 63° angle is estimated from atomic force microscopy
studies on arrays of such junctions (10). During recombination,
four-way junctions are resolved by enzymes to complete the
process of strand exchange between duplexes. The junctions seen
in cocrystals with the resolving enzymes RuvA (11, 12) and Cre
(13) are in the extended-X form, whereas T4 endonuclease VII
(14, 15) and T7 endonuclease I (16, 17) seem to maintain the
relationship of the stacked-X arms.

Despite repeated efforts over the years to crystallize a four-way
DNA junction, the recent crystal structures have all been seren-
dipitous. The RNA"DNA junction resulting from studies on an
RNA-cleaving DNA motif, or DNAzyme, complexed with its RNA
substrate (2) have arms that adopt an A-RNA conformation. The
sequence d(CCGGGACCGG) designed to study tandem G"A
mismatched base pairs in B-DNA also crystallized as a junction (3);
however, the structure around the junction is perturbed by the
mismatches. Thus we are left asking what is the structure of a
Holliday junction with B-DNA arms and standard base pairs.

We had designed the sequence d(CCGGTACCGG) to study
the d(TA) dinucleotide in B-DNA that is a target for the
photochemotherapeutic drug psoralen. Surprisingly, four
strands of this DNA assembled to crystallize as a four-way
junction with all Watson–Crick base pairs. We can thus examine
the detailed structure and define the nucleotides and intramo-
lecular interactions that help to stabilize the Holliday junction.

Materials and Methods
Crystallization and X-Ray Data Collection. DNA sequences were
synthesized on an Applied Biosystems DNA synthesizer and

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org {PDB ID codes 1DCW [d(CCGGTACCGG)] and 1DCV [d(CCGCTAGCGG)]}.
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article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

Fig. 1. Conformations of four-way junctions. (Left) Association of DNA
strands A (blue), B (green), C (red), and D (yellow) to form a junction (Upper)
with four duplex arms extended in a square planar geometry (extended-X
form, Lower). (Right) These same strands (Upper) associated to form the
stacked-X structure of the junction, with pairs of arms coaxially stacked as
double helices related by 2-fold symmetry (Lower).
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DNA Four-ways junctions 
« Holliday junctions » 

•  These structures have been described in 1964 by Robin Holliday 
•  Key intermediatestructure in many types of genetic recombination, as well as in 

double-strand break repair 
•  Natural 4-ways junctions have a symmetrical sequence and are thus mobile, 

meaning that the four individual arms may slide through the junction 
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DNA six-ways junctions 

•  These structures have been designed and produced in the early 1980s by Nadrian 
Seeman, State Univ. New York 

•  Inspiration from 4-ways junctions and cristallograph issues 
•  He got the initial idea while he was drinking a beer in a bar and looking at this 

painting of flying fishes… 

Impossible d'afficher l'image. Votre ordinateur manque peut-être de mémoire pour ouvrir 
l'image ou l'image est endommagée. Redémarrez l'ordinateur, puis ouvrez à nouveau le 
fichier. Si le x rouge est toujours affiché, vous devrez peut-être supprimer l'image avant de la 
réinsérer.
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Mobile Holliday junction 

J. theor. Biol. (1982) 99,237-247 

Nucleic Acid Junctions and Lattices 

NADRIAN C. SEEMAN 

Center for Biological Macromolecules, State University of New York 
at Albany, Albany, New York 12222, U.S.A. 

(Received 21 July 1981, and in revised form 29 January 1982) 

It is possible to generate sequences of oligomeric nucleic acids which will 
preferentially associate to form migrationally immobile junctions, rather 
than linear duplexes, as they usually do. These structures are predicated 
on the maximization of Watson-Crick base pairing and the lack of 
sequence symmetry customarily found in their analogs in living systems. 
Criteria are presented which oligonucleotide sequences must fulfill in order 
to yield these junction structures. The generable junctions are nexi, from 
which 3 to 8 double helices may emanate. Each junction may be treated 
as a macromolecular “valence cluster”, and the individual clusters may 
be linked together directly, or with pieces of linear DNA interspersed 
between them. This covalent linkage can be done with enormous 
specificity, using the sticky-ended ligation techniques currently employed 
in genetic engineering studies. It appears to be possible to generate 
covalently joined three-dimensional networks of nucleic acids which are 
periodic in connectivity and perhaps in space. 

Introduction 

The proposal of the complementary double helical structure for nucleic 
acids (Watson & Crick, 1953) laid th’e cornerstone of molecular genetics, 
and it dominates current thinking about these molecules, which constitute 
the genetic material of all living organisms. The pre-eminent structural 
characteristic of double helical nucleic acids is that the positions of all 
atoms in the molecule bear a well-defined relationship to a linear (although 
not necessarily straight) axis which exhibits no junctions (branch points). 
Nevertheless, conformational variability (Kim et al., 1973) and backbone 
flexibility (Sarma, 1976) permit the formation of junctions which are crucial 
to the biological role played by nucleic acids. The replicational junction, 
shown in Fig. 1, was implicit in the original Watson-Crick prbposal for the 
mechanism of DNA replication. The Holliday (1964) structure, indicated 
in Fig. 2, is a critical intermediate in genetic recombination (Broker & 
Lehman, 1971), while the Platt (1955) and Gierer (1966) cruciform struc- 
tures, closely related to the Holliday structure, may play an important role 

0022-5193/82/220237+11$03.00/0 @ 1982 Academic Press Inc. (London) Ltd. 
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FIG. 2. The recombinational junction. (a) The Holliday [ 1964) structure as originally proposed. The shaded backbones were initially paired 
; 
m 

exclusively to each other, as were the unshaded backbones. The half-arrows indicate the 5 ‘+ 3’ directions of the strands. The full headed m 
arrows indicate the axis of two-fold symmetry. The place where the strands cross is the junction. Migration of the junction corresponds to 
the movement of this point up or down. This representation is identical to that shown in (b), in which the possible four-fold backbone 
symmetry originally suggested by Emerson (1969). Broker & Lehman (1971) and Sobell (1972) is more apparent. The two-fold sequence 
symmetry is indicated by the lens-shaped object in the middle of the structure. Migration of the branch point in either direction is indicated 
by reactions I and II in the transition to (CI. The eventual end product of the repetition of reaction I is a return to the original pairing. The g 
eventual end product of the repetition of reaction II is a newly hybridized pair of double helices. \o 
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Semi-mobile and immobile Holliday junction 

240 W C‘. fFFM.4N 

this discussion is couched primarily in terms of DNA oligomeric fragments. 
all arguments should be equally applicable to nligomeric RNA fragments 
and to mixtures of RNA and DNA oligomeric fragments. 

The Construction of Immobile and Semi-mobile Junctions 

The construction of immobile junctions relies on unique base pairing 
patterns, These, in turn, are a function of the free energy of association of 
the individual strands involved. Every strand which is chosen to participate 
in the formation of an immobile junction may be considered to be composed 
of a series of overlapping segments of a given criterion length, N,. For 
example, each hexadecameric strand in the immobile junction shown in 
Fig. 3 is a series of 13 overlapping segments of length 4. Each of these 
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FIG. 3. An immobile nucleic acid junction of rank 4. The directions of the backbones, 
5’+ 3’, are indicated by the half-arrowheads. The sequence fulfills all the rules listed in the 
text. Note that all the sets of base pairs are in accord with rule 4, not just the base pairs 
which flank the junction. This junction was generated with N, = 4. It has a predicted fidelity 
probability of 0.9999 at 30°C. 

segments is termed a “criton”, while the complement to a criton is termed 
its “anti-criton”. A given value of N, implies a diversity of 4” critons 
available with which to construct a given junction. Watson-Crick pairing 
arrangements which compete with the desired pairing must be considered 
from a thermodynamic point of view for lengths less that N,. However, if 
the rules indicated below are obeyed, there will be no competing Watson- 
Crick pairing interactions for segments of length N, or longer. Two 

242 N. (‘. SEEMAN 

the constraints applied to the generation of the immobile junction in 
Fig. 3 were incompatible with a value of N, less than 4. 

I have written a FORTRAN computer program to generate sequences 
which fulfill these criteria for junctions of any design by a rapid algorithm. 
The program also ranks generated sequences on the basis of pairing fidelity 
relative to competing interactions at lengths shorter than N,. The details 
of the algorithm and the way in which free.energy considerations are taken 
into account for competing Watson-Crick pairing interactions (at lengths 
shorter than NC) will be discussed elsewhere (Seeman & Kallenbach, in 
preparation). 

Immobile junctions of the sort described in this section will be enormously 
valuable in studying the structural characteristics of junctions. There are 
several questions associated with this system which crystallographic and 
solution studies of immobile junctions will answer: these pertain to the 
structure of the junction and the dynamics of its motion. It has been 
suggested by several authors that the dynamics of the junction structure 
are critically related to the process of branch point migration (Thompson, 
Camien & Warner, 1976; Warner, Fishel & Wheeler, 1978; Seeman & 
Robinson, 1981). However, in order to get a handle on the direct mechanism 
of the migratory event, it is necessary to go to a second class of molecules, 
the semi-mobile junctions; these complexes are capable of limited migration 
within the confines of a fundamentally immobile structure. An example of 
a semi-mobile junction is shown in Fig. 4. This junction is able to accomplish 

FIG. 4. A semi-mobile junction. This junction may undergo the reactions indicated, but 
may not go beyond them and resolve into two linear duplexes. Thus, it constitutes a simple 
flip-flop. The rules of migration are satisfied for the two states shown, but the rules for 
non-migration come into play for any further migratory events in either direction. 

a flip-flop, as indicated in the figure, but it is incapable of complete 
resolution. In order to generate such a junction, the mobile bases and the 
phosphates which flank them must be considered part of the bend. Thus, 
the base pairs which flank the mobile bases are now considered to abut 

Semi-mobile 

Immobile  
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Holliday junctions are important structural intermediates in recom-
bination, viral integration, and DNA repair. We present here the
single-crystal structure of the inverted repeat sequence d(CCGG-
TACCGG) as a Holliday junction at the nominal resolution of 2.1 Å.
Unlike the previous crystal structures, this DNA junction has B-DNA
arms with all standard Watson–Crick base pairs; it therefore rep-
resents the intermediate proposed by Holliday as being involved in
homologous recombination. The junction is in the stacked-X con-
formation, with two interconnected duplexes formed by coaxially
stacked arms, and is crossed at an angle of 41.4° as a right-handed
X. A sequence comparison with previous B-DNA and junction
crystal structures shows that an ACC trinucleotide forms the core
of a stable junction in this system. The 3!-C"G base pair of this ACC
core forms direct and water-mediated hydrogen bonds to the
phosphates at the crossover strands. Interactions within this core
define the conformation of the Holliday junction, including the
angle relating the stacked duplexes and how the base pairs are
stacked in the stable form of the junction.

DNA structure ! recombination

When genetic information is exchanged, e.g., during recom-
bination between homologous regions of chromosomes or

integration of viral DNA into host genomes, the DNA double
helix is disrupted. Holliday proposed that the intermediate
formed during homologous recombination is a four-way junction
(Fig. 1) (1). Similar junctions form in cruciform DNAs extruded
from inverted repeat sequences. Recently, the crystal structures
of junctions in a DNA–RNA complex (2) and in the sequence
d(CCGGGACCGG) (3) have been reported. In the first struc-
ture, the DNA"RNA arms are in the A-conformation, whereas
in the latter, two G"A mismatched base pairs sit adjacent to the
crossover between the duplexes. Here, we present the structure
of a Holliday junction in a true inverted repeat DNA sequence
d(CCGGTACCGG) in which all of the nucleotides are in B-type
helices with Watson–Crick base pairs.

Studies on synthetic four-stranded complexes and DNA cru-
ciforms show that four-way junctions can adopt either an open
extended-X or the more compact stacked-X conformations (for
a recent review, see ref. 4). In the presence of monovalent
cations, the four arms of the junction are extended into a square
planar geometry (Fig. 1) to minimize electrostatic repulsion
between phosphates. Divalent cations and polyvalent polyamines
help shield the phosphate charges (5), allowing the junction to
adopt a more compact structure with pairs of arms coaxially
stacked as duplexes (Fig. 1) and the duplexes related by !60°
(6–9). A 63° angle is estimated from atomic force microscopy
studies on arrays of such junctions (10). During recombination,
four-way junctions are resolved by enzymes to complete the
process of strand exchange between duplexes. The junctions seen
in cocrystals with the resolving enzymes RuvA (11, 12) and Cre
(13) are in the extended-X form, whereas T4 endonuclease VII
(14, 15) and T7 endonuclease I (16, 17) seem to maintain the
relationship of the stacked-X arms.

Despite repeated efforts over the years to crystallize a four-way
DNA junction, the recent crystal structures have all been seren-
dipitous. The RNA"DNA junction resulting from studies on an
RNA-cleaving DNA motif, or DNAzyme, complexed with its RNA
substrate (2) have arms that adopt an A-RNA conformation. The
sequence d(CCGGGACCGG) designed to study tandem G"A
mismatched base pairs in B-DNA also crystallized as a junction (3);
however, the structure around the junction is perturbed by the
mismatches. Thus we are left asking what is the structure of a
Holliday junction with B-DNA arms and standard base pairs.

We had designed the sequence d(CCGGTACCGG) to study
the d(TA) dinucleotide in B-DNA that is a target for the
photochemotherapeutic drug psoralen. Surprisingly, four
strands of this DNA assembled to crystallize as a four-way
junction with all Watson–Crick base pairs. We can thus examine
the detailed structure and define the nucleotides and intramo-
lecular interactions that help to stabilize the Holliday junction.

Materials and Methods
Crystallization and X-Ray Data Collection. DNA sequences were
synthesized on an Applied Biosystems DNA synthesizer and

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org {PDB ID codes 1DCW [d(CCGGTACCGG)] and 1DCV [d(CCGCTAGCGG)]}.
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Fig. 1. Conformations of four-way junctions. (Left) Association of DNA
strands A (blue), B (green), C (red), and D (yellow) to form a junction (Upper)
with four duplex arms extended in a square planar geometry (extended-X
form, Lower). (Right) These same strands (Upper) associated to form the
stacked-X structure of the junction, with pairs of arms coaxially stacked as
double helices related by 2-fold symmetry (Lower).
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lecular interactions that help to stabilize the Holliday junction.

Materials and Methods
Crystallization and X-Ray Data Collection. DNA sequences were
synthesized on an Applied Biosystems DNA synthesizer and

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org {PDB ID codes 1DCW [d(CCGGTACCGG)] and 1DCV [d(CCGCTAGCGG)]}.
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Fig. 1. Conformations of four-way junctions. (Left) Association of DNA
strands A (blue), B (green), C (red), and D (yellow) to form a junction (Upper)
with four duplex arms extended in a square planar geometry (extended-X
form, Lower). (Right) These same strands (Upper) associated to form the
stacked-X structure of the junction, with pairs of arms coaxially stacked as
double helices related by 2-fold symmetry (Lower).
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Mg2+

Fig. 9. Illustration of the ion-dependent folding equilibrium of the four-way DNA junction. At low salt
concentrations the junction exists in an extended, unstacked conformation. On addition of divalent
metal ions, such as & 100 µm magnesium ions, the junction folds into the stacked X-structure.
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Fig. 10. Folding of the four-way DNA junction; FRET titration with magnesium ions. Junction 3 was
prepared with donor and acceptor fluorophores attached to the termini of two arms (B and H) that
define one of the acute angles of the folded junction. The e�ciency of fluorescence resonance energy
transfer (E

FRET
) was measured as a function of magnesium ion concentration. The experimental data

are the plotted points. These were fitted to a simple two-state model for folding induced by ion binding,
such that the proportion of folded junction (a) is given by aØKapp

A
[Mg#+]n}(1≠Kapp

A
[Mg#+)n where

Kapp
A

is the apparent association constant for magnesium ion binding and n is the Hill coe�cient. The
best fit (the line shown) gives a value of nØ 1±1≥0±2. The simplest interpretation is that folding is
induced by the non-cooperative binding of a single magnesium ion. Original data from J. M. Fogg
(University of Dundee).

represents the apparent association constant for the binding of the metal ion(s) that induce

the folding. Typical data for the magnesium ion-induced folding of a junction are shown in

Fig. 10. The experimental data can be fitted with a Kapp
A

in the region of 10& m�" for divalent

ions, and a value of the Hill coe�cient of nØ 1. This is consistent with a model in which

folding is induced by the non-cooperative binding of one metal ion.
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The Holliday junction in an inverted repeat DNA
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four-way junctions
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Holliday junctions are important structural intermediates in recom-
bination, viral integration, and DNA repair. We present here the
single-crystal structure of the inverted repeat sequence d(CCGG-
TACCGG) as a Holliday junction at the nominal resolution of 2.1 Å.
Unlike the previous crystal structures, this DNA junction has B-DNA
arms with all standard Watson–Crick base pairs; it therefore rep-
resents the intermediate proposed by Holliday as being involved in
homologous recombination. The junction is in the stacked-X con-
formation, with two interconnected duplexes formed by coaxially
stacked arms, and is crossed at an angle of 41.4° as a right-handed
X. A sequence comparison with previous B-DNA and junction
crystal structures shows that an ACC trinucleotide forms the core
of a stable junction in this system. The 3!-C"G base pair of this ACC
core forms direct and water-mediated hydrogen bonds to the
phosphates at the crossover strands. Interactions within this core
define the conformation of the Holliday junction, including the
angle relating the stacked duplexes and how the base pairs are
stacked in the stable form of the junction.

DNA structure ! recombination

When genetic information is exchanged, e.g., during recom-
bination between homologous regions of chromosomes or

integration of viral DNA into host genomes, the DNA double
helix is disrupted. Holliday proposed that the intermediate
formed during homologous recombination is a four-way junction
(Fig. 1) (1). Similar junctions form in cruciform DNAs extruded
from inverted repeat sequences. Recently, the crystal structures
of junctions in a DNA–RNA complex (2) and in the sequence
d(CCGGGACCGG) (3) have been reported. In the first struc-
ture, the DNA"RNA arms are in the A-conformation, whereas
in the latter, two G"A mismatched base pairs sit adjacent to the
crossover between the duplexes. Here, we present the structure
of a Holliday junction in a true inverted repeat DNA sequence
d(CCGGTACCGG) in which all of the nucleotides are in B-type
helices with Watson–Crick base pairs.

Studies on synthetic four-stranded complexes and DNA cru-
ciforms show that four-way junctions can adopt either an open
extended-X or the more compact stacked-X conformations (for
a recent review, see ref. 4). In the presence of monovalent
cations, the four arms of the junction are extended into a square
planar geometry (Fig. 1) to minimize electrostatic repulsion
between phosphates. Divalent cations and polyvalent polyamines
help shield the phosphate charges (5), allowing the junction to
adopt a more compact structure with pairs of arms coaxially
stacked as duplexes (Fig. 1) and the duplexes related by !60°
(6–9). A 63° angle is estimated from atomic force microscopy
studies on arrays of such junctions (10). During recombination,
four-way junctions are resolved by enzymes to complete the
process of strand exchange between duplexes. The junctions seen
in cocrystals with the resolving enzymes RuvA (11, 12) and Cre
(13) are in the extended-X form, whereas T4 endonuclease VII
(14, 15) and T7 endonuclease I (16, 17) seem to maintain the
relationship of the stacked-X arms.

Despite repeated efforts over the years to crystallize a four-way
DNA junction, the recent crystal structures have all been seren-
dipitous. The RNA"DNA junction resulting from studies on an
RNA-cleaving DNA motif, or DNAzyme, complexed with its RNA
substrate (2) have arms that adopt an A-RNA conformation. The
sequence d(CCGGGACCGG) designed to study tandem G"A
mismatched base pairs in B-DNA also crystallized as a junction (3);
however, the structure around the junction is perturbed by the
mismatches. Thus we are left asking what is the structure of a
Holliday junction with B-DNA arms and standard base pairs.

We had designed the sequence d(CCGGTACCGG) to study
the d(TA) dinucleotide in B-DNA that is a target for the
photochemotherapeutic drug psoralen. Surprisingly, four
strands of this DNA assembled to crystallize as a four-way
junction with all Watson–Crick base pairs. We can thus examine
the detailed structure and define the nucleotides and intramo-
lecular interactions that help to stabilize the Holliday junction.

Materials and Methods
Crystallization and X-Ray Data Collection. DNA sequences were
synthesized on an Applied Biosystems DNA synthesizer and

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank,
www.rcsb.org {PDB ID codes 1DCW [d(CCGGTACCGG)] and 1DCV [d(CCGCTAGCGG)]}.
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Fig. 1. Conformations of four-way junctions. (Left) Association of DNA
strands A (blue), B (green), C (red), and D (yellow) to form a junction (Upper)
with four duplex arms extended in a square planar geometry (extended-X
form, Lower). (Right) These same strands (Upper) associated to form the
stacked-X structure of the junction, with pairs of arms coaxially stacked as
double helices related by 2-fold symmetry (Lower).

PNAS ! April 11, 2000 ! vol. 97 ! no. 8 ! 3971–3976

BI
O

PH
YS

IC
S

Parallel         Anti-parallel 

Holliday junction conformations 
117Helical junctions in nucleic acids

2 4

1 3

1 3

1 3

2

4

4 2

2 3

1 4

1 2

4 3

antiparallelantiparallel

Fig. 4. Possible stacked forms of a four-way helical junction. The centre shows the junction in an
unstacked, extended conformation, with the four arms directed towards the corners of a square. The
arms are labelled 1 to 4 in a circular manner. The junction may undergo pairwise coaxial stacking of
arms in two ways, characterised by 2 on 1 and 3 on 4 stacking (top) or 1 on 4 and 2 on 3 stacking
(bottom). Each of these might be rotated in either a parallel (left) or antiparallel (right) manner,
although these are clearly extremes. Intermediate rotation can generate either right- or left-handed
structures.

presence of a hexanucleotide with two-fold symmetry in the DNAzyme loop) to generate a

novel four-strand species containing two four-way junctions related by two-fold symmetry.

This rather strange form crystallised in a hexagonal space group, giving di�raction out to a

resolution of 3 A/ . These junctions were some way from being perfect four-way DNA

junctions in a number of respects. First, one component strand in each junction was RNA.

Second, one arm terminated with an A[G mismatch at the point of strand exchange. Lastly,

one ‘arm’ of each junction was e�ectively only a single basepair closed by a four-base loop.

Despite these imperfections, the structure is clearly a four-way helical junction (Fig. 7(a)),

with pairwise coaxial stacking of arms and a right-handed rotation of 55∞. Because of the

RNA strand, one of the two helices is A-form, while the other is B-form. The structure is

based upon an antiparallel orientation of the continuous strands, and thus the exchanging

strands do not cross (see Fig. 4).
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Fig. 2. The Holliday junction structure of d(CCGGTACCGG). (A) Four strands of the sequence assemble into the stacked-X conformation of a four-way junction.
The strands are numbered 1 to 10 from the 5! to the 3! termini. (B) View along the Holliday junction. Two duplexes, formed by stacking arms D-A over A-B and
C-D over B-C, are related by a right-handed twist of 41.4°. (C) Stereoview down the 2-fold axis of the junction. The B and D strands pass from one set of stacked
duplexes to the neighboring duplexes.

Table 1. Data collection and refinement statistics

d(CCGGTACCGG) d(CCGCTAGCGG)

Data collection
Resolution range, Å 30.16–2.10 33.81–2.49
Measured (unique) reflections 18370 (6322) 7532 (2009)
Completeness, %* 97.4 (96.7) 98.2 (91.6)
Rmerge, %*† 4.5 (21.8) 5.2 (41.8)
"I!!1#* 10.6 (2.7) 12.8 (3.1)

Refinement
Resolution range, Å 8–2.10 10–2.50
No. of reflections (F/!F cutoff) 5723 (3.0) 1943 (2.0)
Completeness* 88.9 (68.0) 98.6 (95.4)
R cryst (R free)‡ 23.0 (31.8) 20.7 (31.7)
DNA atoms (solvent molecules) 808 (92) 404 (23)
Average B-factors, Å2

DNA atoms (water atoms) 32.2 (44.6) 55.4 (63.3)
rms deviation from ideality

Bond lengths, Å (Bond angles, °) 0.017 (1.90) 0.005 (1.00)

*Values in parentheses refer to the highest resolution shell.
†Rmerge (I) $ %hkl%i"Ihkl, i & "I#hkl"!%hkl%i"Ihkl, i" where Ihkl is the intensity of a reflection and "I#hkl is the average of all
observations of this reflection and its symmetry equivalents.

‡R cryst $ %hkl"Fobs & kFcalc"!%hkl"Fobs". R free $ R cryst for 10% of reflections that were not used in refinement (19). The
minimum converged values of R free are reported.

3972 " www.pnas.org Eichman et al.
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(a)

(b)

(c)

Fig. 7. Three molecular structures of the four-way DNA junction. Stereoviews of the structures have
been generated from the coordinates of three di�erent junctions solved by X-ray crystallography. (a) The
DNA–RNA junctions of the DNAzyme (Nowakowski et al. 1999). The view presented is that of the
major groove side, from a rotated perspective that shows the angle between the helical axes. The helix
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Folding DNA to create nanoscale shapes
and patterns
Paul W. K. Rothemund1

‘Bottom-up fabrication’, which exploits the intrinsic properties of atoms and molecules to direct their self-organization, is
widely used to make relatively simple nanostructures. A key goal for this approach is to create nanostructures of high
complexity, matching that routinely achieved by ‘top-down’ methods. The self-assembly of DNA molecules provides an
attractive route towards this goal. Here I describe a simple method for folding long, single-stranded DNA molecules into
arbitrary two-dimensional shapes. The design for a desired shape is made by raster-filling the shape with a 7-kilobase
single-stranded scaffold and by choosing over 200 short oligonucleotide ‘staple strands’ to hold the scaffold in place.
Once synthesized and mixed, the staple and scaffold strands self-assemble in a single step. The resulting DNA
structures are roughly 100 nm in diameter and approximate desired shapes such as squares, disks and five-pointed stars
with a spatial resolution of 6 nm. Because each oligonucleotide can serve as a 6-nm pixel, the structures can be
programmed to bear complex patterns such as words and images on their surfaces. Finally, individual DNA structures
can be programmed to form larger assemblies, including extended periodic lattices and a hexamer of triangles (which
constitutes a 30-megadalton molecular complex).

In 1959, Richard Feynman put forward the challenge of writing the
Encyclopaedia Britannica on the head of a pin1, a task which he
calculated would require the use of dots 8 nm in size. Scanning probe
techniques have essentially answered this challenge: atomic force
microscopy2 (AFM) and scanning tunnelling microscopy3,4 (STM)
allow us to manipulate individual atoms. But these techniques create
patterns serially (one line or one pixel at a time) and tend to require
ultrahigh vacuum or cryogenic temperatures. As a result, methods
based on self-assembly are considered as promising alternatives that
offer inexpensive, parallel synthesis of nanostructures under mild
conditions5. Indeed, the power of these methods has been demon-
strated in systems based on components ranging from porphyrins6 to
whole viral particles7. However, the ability of such systems to yield
structures of high complexity remains to be demonstrated. In
particular, the difficulty of engineering diverse yet specific binding
interactions means that most self-assembled structures contain just a
few unique positions that may be addressed as ‘pixels’.
Nucleic acids can help overcome this problem: the exquisite

specificity of Watson–Crick base pairing allows a combinatorially
large set of nucleotide sequences to be used when designing binding
interactions. The field of ‘DNA nanotechnology’8,9 has exploited this
property to create a number of more complex nanostructures,
including two-dimensional arrays with 8–16 unique positions and
less than 20 nm spacing10,11, as well as three-dimensional shapes such
as a cube12 and truncated octahedron13. However, because the
synthesis of such nanostructures involves interactions between a
large number of short oligonucleotides, the yield of complete
structures is highly sensitive to stoichiometry (the relative ratios of
strands). The synthesis of relatively complex structures was thus
thought to require multiple reaction steps and purifications, with the
ultimate complexity of DNA nanostructures limited by necessarily
low yields. Recently, the controlled folding of a long single DNA
strand into an octahedron was reported14, an approach that may be
thought of as ‘single-strandedDNAorigami’. The success of this work

suggested that the folding of long strands could, in principle, proceed
without many misfoldings and avoid the problems of stoichiometry
and purification associated with methods that use many short DNA
strands.
I now present a versatile and simple ‘one-pot’ method for using

numerous short single strands of DNA to direct the folding of a long,
single strand of DNA into desired shapes that are roughly 100 nm in
diameter and have a spatial resolution of about 6 nm. I demonstrate
the generality of this method, which I term ‘scaffolded DNAorigami’,
by assembling six different shapes, such as squares, triangles and five-
pointed stars. I show that the method not only provides access to
structures that approximate the outline of any desired shape, but also
enables the creation of structures with arbitrarily shaped holes or
surface patterns composed of more than 200 individual pixels. The
patterns on the 100-nm-sized DNA shapes thus have a complexity
that is tenfold higher than that of any previously self-assembled
arbitrary pattern and comparable to that achieved using AFM and
STM surface manipulation4.

Design of scaffolded DNA origami
The design of a DNA origami is performed in five steps, the first two
by hand and the last three aided by computer (details in Supplemen-
tary Note S1). The first step is to build a geometric model of a DNA
structure that will approximate the desired shape. Figure 1a shows an
example shape (outlined in red) that is 33 nm wide and 35 nm tall.
The shape is filled from top to bottom by an even number of parallel
double helices, idealized as cylinders. The helices are cut to fit the
shape in sequential pairs and are constrained to be an integer number
of turns in length. To hold the helices together, a periodic array of
crossovers (indicated in Fig. 1a as small blue crosses) is incorporated;
these crossovers designate positions at which strands running along
one helix switch to an adjacent helix and continue there. The
resulting model approximates the shape within one turn (3.6 nm)
in the x-direction and roughly two helical widths (4 nm) in the
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patterns on the 100-nm-sized DNA shapes thus have a complexity
that is tenfold higher than that of any previously self-assembled
arbitrary pattern and comparable to that achieved using AFM and
STM surface manipulation4.
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The design of a DNA origami is performed in five steps, the first two
by hand and the last three aided by computer (details in Supplemen-
tary Note S1). The first step is to build a geometric model of a DNA
structure that will approximate the desired shape. Figure 1a shows an
example shape (outlined in red) that is 33 nm wide and 35 nm tall.
The shape is filled from top to bottom by an even number of parallel
double helices, idealized as cylinders. The helices are cut to fit the
shape in sequential pairs and are constrained to be an integer number
of turns in length. To hold the helices together, a periodic array of
crossovers (indicated in Fig. 1a as small blue crosses) is incorporated;
these crossovers designate positions at which strands running along
one helix switch to an adjacent helix and continue there. The
resulting model approximates the shape within one turn (3.6 nm)
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y-direction. As noticed before in DNA lattices15, parallel helices in
such structures are not close-packed, perhaps owing to electrostatic
repulsion. Thus the exact y-resolution depends on the gap between
helices. The gap, in turn, appears to depend on the spacing of
crossovers. In Fig. 1a crossovers occur every 1.5 turns along alter-
nating sides of a helix, but any odd number of half-turnsmay be used.
In this study, data are consistent with an inter-helix gap of 1 nm
for 1.5-turn spacing and 1.5 nm for 2.5-turn spacing, yielding a
y-resolution of 6 or 7 nm, respectively.
Conceptually, the second step (illustrated in Fig. 1b) proceeds by

folding a single long scaffold strand (900 nucleotides (nt) in Fig. 1b)
back and forth in a raster fill pattern so that it comprises one of the
two strands in every helix; progression of the scaffold from one helix
to another creates an additional set of crossovers, the ‘scaffold
crossovers’ (indicated by small red crosses in Fig. 1b). The funda-
mental constraint on a folding path is that the scaffold can form a
crossover only at those locations where the DNA twist places it at a

tangent point between helices. Thus for the scaffold to raster
progressively from one helix to another and onto a third, the distance
between successive scaffold crossoversmust be an odd number of half
turns. Conversely, where the raster reverses direction vertically and
returns to a previously visited helix, the distance between scaffold
crossovers must be an even number of half-turns. Note that the
folding path shown in Fig. 1b is compatible with a circular scaffold
and leaves a ‘seam’ (a contour which the path does not cross).
Once the geometric model and a folding path are designed, they

are represented as lists of DNA lengths and offsets in units of half-
turns. These lists, along with the DNA sequence of the actual scaffold
to be used, are input to a computer program. Rather than assuming
10.5 base pairs (bp) per turn (which corresponds to standard B-DNA
twist), the program uses an integer number of bases between periodic
crossovers (for example, 16 bp for 1.5 turns). It then performs the
third step, the design of a set of ‘staple strands’ (the coloured DNA
strands in Fig. 1c) that provide Watson–Crick complements for the

Figure 1 |Design of DNAorigami. a, A shape (red) approximated by parallel
double helices joined by periodic crossovers (blue). b, A scaffold (black) runs
through every helix and forms more crossovers (red). c, As first designed,
most staples bind two helices and are 16-mers. d, Similar to c with strands
drawn as helices. Red triangles point to scaffold crossovers, black triangles to
periodic crossovers with minor grooves on the top face of the shape, blue
triangles to periodic crossovers with minor grooves on bottom. Cross-
sections of crossovers (1, 2, viewed from left) indicate backbone positions

with coloured lines, andmajor/minor grooves by large/small angles between
them. Arrows in c point to nicks sealed to create green strands in d. Yellow
diamonds in c and d indicate a position at which staples may be cut and
resealed to bridge the seam. e, A finished design after merges and
rearrangements along the seam. Most staples are 32-mers spanning three
helices. Insets show a dumbbell hairpin (d) and a 4-T loop (e), modifications
used in Fig. 3.
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« M13 is a virus that infects the 
bacterium Escherichia coli. It is 
composed of a circular single-stranded 
DNA molecule encased in a thin flexible 
tube made up of about 2700 copies of a 
single protein called P8, the major coat 
protein. The ends of the tube are capped 
with minor coat proteins. » 
source: Wikipedia 
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scaffold and create the periodic crossovers. Staples reverse direction
at these crossovers; thus crossovers are antiparallel, a stable configu-
ration well characterized in DNA nanostructures16. Note that the
crossovers in Fig. 1c are drawn somewhatmisleadingly, in that single-
stranded regions appear to span the inter-helix gap even though the
design leaves no bases unpaired. In the assembled structures, helices
are likely to bend gently to meet at crossovers so that only a single
phosphate from each backbone occurs in the gap (as ref. 16 suggests
for similar structures). Such small-angle bending is not expected to
greatly affect the width of DNA origami (see also Supplementary
Note S2).
Theminimization and balancing of twist strain between crossovers

is complicated by the non-integer number of base pairs per half-turn
(5.25 in standard B-DNA) and the asymmetric nature of the helix (it
has major and minor grooves). Therefore, to balance the strain15

caused by representing 1.5 turns with 16 bp, periodic crossovers are
arranged with a glide symmetry, namely that the minor groove faces
alternating directions in alternating columns of periodic crossovers
(see Fig. 1d, especially cross-sections 1 and 2). Scaffold crossovers are
not balanced in this way. Thus in the fourth step, the twist of scaffold
crossovers is calculated and their position is changed (typically by a
single bp) to minimize strain; staple sequences are recomputed
accordingly. Along seams and some edges the minor groove angle
(1508) places scaffold crossovers in tension with adjacent periodic
crossovers (Fig. 1d, cross-section 2); such situations are left
unchanged.

Wherever two staples meet there is a nick in the backbone. Nicks
occur on the top and bottom faces of the helices, as depicted in
Fig. 1d. In the final step, to give the staples larger binding domains
with the scaffold (in order to achieve higher binding specificity and
higher binding energy which results in higher melting temperatures),
pairs of adjacent staples aremerged across nicks to yield fewer, longer,
staples (Fig. 1e). To strengthen a seam, an additional pattern of
breaks and merges may be imposed to yield staples that cross the
seam; a seam spanned by staples is termed ‘bridged’. The pattern of
merges is not unique; different choices yield different final patterns of
nicks and staples. All merge patterns create the same shape but, as
shown later, the merge pattern dictates the type of grid underlying
any pixel pattern later applied to the shape.

Folding M13mp18 genomic DNA into shapes
To test the method, circular genomic DNA from the virus M13mp18
was chosen as the scaffold. Its naturally single-stranded 7,249-nt
sequence was examined for secondary structure, and a hairpin with a
20-bp stemwas found.Whether staples could bind at this hairpinwas
unknown, so a 73-nt region containing it was avoided. When a linear
scaffold was required, M13mp18 was cut (in the 73-nt region) by
digestion with BsrBI restriction enzyme. While 7,176 nt remained
available for folding, most designs did not fold all 7,176 nt; short
(#25 nt) ‘remainder strands’ were added to complement unused
sequence. In general, a 100-fold excess of 200–250 staple and
remainder strands were mixed with scaffold and annealed from

Figure 2 | DNA origami shapes. Top row, folding paths. a, square;
b, rectangle; c, star; d, disk with three holes; e, triangle with rectangular
domains; f, sharp triangle with trapezoidal domains and bridges between
them (red lines in inset). Dangling curves and loops represent unfolded
sequence. Second row from top, diagrams showing the bend of helices at
crossovers (where helices touch) and away from crossovers (where helices
bend apart). Colour indicates the base-pair index along the folding path; red

is the 1st base, purple the 7,000th. Bottom two rows, AFM images. White
lines and arrows indicate blunt-end stacking. White brackets in a mark the
height of an unstretched square and that of a square stretched vertically (by a
factor.1.5) into an hourglass. White features in f are hairpins; the triangle
is labelled as in Fig. 3k but lies face down. All images and panels without scale
bars are the same size, 165 nm £ 165 nm. Scale bars for lower AFM images:
b, 1 mm; c–f, 100 nm.
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Self-assembly of DNA into nanoscale
three-dimensional shapes
Shawn M. Douglas1,2,3, Hendrik Dietz1,2, Tim Liedl1,2, Björn Högberg1,2, Franziska Graf1,2,3 & William M. Shih1,2,3

Molecular self-assembly offers a ‘bottom-up’ route to fabrication
with subnanometre precision of complex structures from simple
components1. DNA has proved to be a versatile building block2–5

for programmable construction of such objects, including two-
dimensional crystals6, nanotubes7–11, and three-dimensional wire-
frame nanopolyhedra12–17. Templated self-assembly of DNA18 into
custom two-dimensional shapes on the megadalton scale has
been demonstrated previously with a multiple-kilobase ‘scaffold
strand’ that is folded into a flat array of antiparallel helices by
interactions with hundreds of oligonucleotide ‘staple strands’19,20.
Here we extend this method to building custom three-dimensional
shapes formed as pleated layers of helices constrained to a
honeycomb lattice. We demonstrate the design and assembly of
nanostructures approximating six shapes—monolith, square nut,
railed bridge, genie bottle, stacked cross, slotted cross—with
precisely controlled dimensions ranging from 10 to 100 nm. We
also show hierarchical assembly of structures such as homomulti-
meric linear tracks and heterotrimeric wireframe icosahedra.
Proper assembly requires week-long folding times and calibrated
monovalent and divalent cation concentrations. We anticipate that
our strategy for self-assembling custom three-dimensional shapes
will provide a general route to the manufacture of sophisticated
devices bearing features on the nanometre scale.

The assembly of a target three-dimensional shape using the
honeycomb-pleat-based strategy described here can be conceptua-
lized as laying down the scaffold strand into an array of antiparallel
helices (Fig. 1a) where helix m 1 1 has a preferred attachment angle to
helix m of 6120udegrees with respect to the attachment of helix m 2 1
to helix m (Fig. 1b, c). This angle is determined by the relative register
along the helical axes of the Holliday-junction crossovers that connect
helix m 1 1 to helix m versus those that connect helix m 2 1 to helix m.
Branching flaps are allowed as well (Supplementary Note S1).

The design procedure is analogous to sculpture from a porous
crystalline block. Here the block is a honeycomb lattice of antiparallel
scaffold helices (Fig. 1d). Complementary staple strands wind in an
antiparallel direction around the scaffold strands to assemble B-form
double helices that are assigned initial geometrical parameters (that
can later be adjusted to account for interhelical repulsion) of 2.0 nm
diameter, 0.34 nm per base-pair rise, and 34.3u per base-pair mean
twist (or 21 base pairs every two turns). Crossovers between adjacent
staple helices are restricted to intersections between the block and
every third layer of a stack of planes orthogonal to the helical axes,
spaced apart at intervals of seven base pairs or two-thirds of a turn
(Fig. 1c). Crossovers between adjacent scaffold helices are permitted
at positions displaced upstream or downstream of the corresponding
staple-crossover points by five base pairs or a half-turn.

The first steps in the design process are carving away duplex seg-
ments from the block to define the target shape, and then introducing
scaffold crossovers at a subset of allowed positions so as to create a

singular scaffold path that visits all remaining duplex segments. Next,
staple crossovers are added at all permitted positions on the shape
that are not five base pairs away from a scaffold crossover; this excep-
tion maintains the local crossover density along any helix–helix inter-
face at roughly one per 21 base pairs. Nicks are introduced into staple
helices to define staple strands whose lengths are between 18 and 49
bases inclusive, with a mean between 30 and 42 bases. Sometimes
staple crossovers are removed at the edges of the shapes to allow
adjustment of staple lengths to preferred values. Unpaired scaffold
bases are often introduced at the ends of helices to minimize
undesired multimerization, or else to accommodate later addition
of connecting staple strands that mediate desired multimerization.
The final step is to thread the actual scaffold sequence on the target
scaffold path to determine the Watson–Crick-complementary
sequences of the staple strands.

Design steps and assignment of staple sequences for the shapes
presented here were aided by manual rendering of strand diagrams
in Adobe Illustrator and by writing ad hoc computer programs to
produce staple sequences corresponding to those diagrams. This
process was very time-consuming and error-prone even for trained
DNA nanotechnologists. More recently, we have developed caDNAno,
a graphical-interface-based computer-aided-design environment
for assisting in honeycomb-pleated-origami design21, and have ported
all the objects described in this article into this framework
(Supplementary Note S2). With caDNAno, an individual with no
prior knowledge of programming or DNA structure can complete a
short tutorial and then be capable of generating sequences within a day
for building a new shape comparable in complexity to the examples
demonstrated here.

As with flat DNA origami19, assembly of three-dimensional,
honeycomb-pleated DNA origami proceeds in a one-pot reaction,
after rapid heating followed by slow cooling, between a scaffold
strand and the hundreds of oligonucleotide staple strands that direct
its folding into the target shape. Successful folding was observed for a
panel of five structural targets (detailed schematics in Supplementary
Note S2) each produced by mixing 10 nM scaffold strands derived
from the single-stranded genome of the M13 bacteriophage (pre-
paration described in Supplementary Note S1), 50 nM of every oli-
gonucleotide staple strand, purified by reverse-phase cartridge
(Bioneer Inc.), buffer and salts including 5 mM Tris 1 1 mM
EDTA (pH 7.9 at 20 uC), 16 mM MgCl2, and subjecting the mixture
to a thermal-annealing ramp that cooled from 80 uC to 60 uC over the
course of 80 min and then cooled from 60 uC to 24 uC over the course
of 173 h. Objects were electrophoresed on a 2% agarose gel contain-
ing 45 mM Tris borate 1 1 mM EDTA (pH 8.3 at 20 uC), and 11 mM
MgCl2 at 70 V for four hours cooled by an ice-water bath, monomer
bands were excised, DNA was recovered by physical extraction from
the excised band, and the objects were imaged using transmission
electron microscopy after negative-staining by uranyl formate. The
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ABSTRACT

DNA nanotechnology exploits the programmable
specificity afforded by base-pairing to produce
self-assembling macromolecular objects of
custom shape. For building megadalton-scale DNA
nanostructures, a long ‘scaffold’ strand can be
employed to template the assembly of hundreds
of oligonucleotide ‘staple’ strands into a planar anti-
parallel array of cross-linked helices. We recently
adapted this ‘scaffolded DNA origami’ method to
producing 3D shapes formed as pleated layers
of double helices constrained to a honeycomb lat-
tice. However, completing the required design
steps can be cumbersome and time-consuming.
Here we present caDNAno, an open-source soft-
ware package with a graphical user interface that
aids in the design of DNA sequences for folding 3D
honeycomb-pleated shapes A series of rectangular-
block motifs were designed, assembled, and ana-
lyzed to identify a well-behaved motif that could
serve as a building block for future studies. The
use of caDNAno significantly reduces the effort
required to design 3D DNA-origami structures. The
software is available at http://cadnano.org/, along
with example designs and video tutorials demon-
strating their construction. The source code is
released under the MIT license.

INTRODUCTION

In 1982, Nadrian Seeman laid the theoretical framework
for the use of DNA as a nanoscale building material (1,2).
Subsequently, DNA has been used in the construction
of increasingly complex shapes and lattices (3–8). In
2006, Paul Rothemund introduced DNA origami, a ver-
satile method for constructing arbitrary 2D shapes and

patterns with dimensions of 100 nm in diameter and
6 nm spatial resolution (9). The method uses hundreds of
short oligonucleotide ‘staple’ strands to direct the folding
of a long, single ‘scaffold’ strand of DNA into a pro-
grammed arrangement.
Since its introduction, DNA origami has been used for

applications such as label-free RNA-hybridization probes
(10), seeds for algorithmic assembly (11,12), and liquid-
crystalline alignment media for NMR structure determi-
nation of membrane proteins (13). Toward increasing the
size of DNA-origami design space, we recently extended
DNA origami to construction of 3D shapes (14). While
implementing DNA-origami shapes, we found it useful to
develop computer-aided design (CAD) software to mini-
mize tedious and error-prone tasks; similar efforts have
been reported previously for oligonucleotide-based DNA
nanostructures (15) or for planar DNA origami similar to
Rothemund’s original designs (16).
Here we describe our open-source software package,

caDNAno, for use in the design of 3D DNA-origami
shapes constrained to a honeycomb framework (14). We
have used caDNAno to generate seven DNA-origami
designs of 3D rectangular blocks of varying cross-section
dimensions. Analysis of the folded blocks by agarose-gel
electrophoresis and negative-stain transmission electron
microscopy revealed that a block design specifying six-
helices-per-x-raster row yields the greatest fraction of
defect-free objects.

METHODS

Folding and purification of DNA-origami shapes

Each sample was prepared by combining 20 nM scaffold
(p7560 or p8064, derived fromM13mp18), 100 nM of each
staple oligonucleotide, buffer and salts including 5mM
Tris, 1mM EDTA (pH 7.9 at 208C), and 22mM MgCl2,
except for the 30-helix-per-x-raster block, which was
folded with 15mM MgCl2. Folding was carried out by

*To whom correspondence should be addressed. Tel: +1 617 632 5143; Fax: +1 617 632 4393; Email: william_shih@dfci.harvard.edu
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neighboring helices with Holliday-junction crossovers.
The goal is to complete a continuous raster-style traversal
of the target shape using a scaffold path (Figure 1d).

Once the scaffold path is complete, complementary
staple paths are assigned by clicking the ‘Auto-staple’
tool button beneath the Path panel. Staple paths are
created wherever scaffold is present, according to an
algorithm that follows the aforementioned rules for cross-
over spacing (Figure 1e). Staple paths that fall outside the
preferred length range (18–49 bases) are highlighted, and
the user is responsible for using the editing tools to break
the staple paths into shorter segments. After all staples are
edited into a satisfactory arrangement, the scaffold path is
populated with a DNA sequence using the ‘Add Sequence’
tool. Several default sequences are provided, or the user
can input his or her own. Additionally, a 3D model can be
exported in X3D format, with double helices represented
as cylinders of 2 nm diameter and 0.34 nm per base-pair
length (Figure 1f).

We used caDNAno to design seven different honey-
comb-pleated-origami rectangular blocks (Figure 2a, top

row), creating a simple scaffold-path trajectory that
followed the same approximate path through each struc-
ture: as viewed down the helical axes, close-packing rows
of helices were arrayed within the honeycomb framework
in an x-raster pattern (i.e. left to right, then down, then
right to left, then down, etc.); the connectivity of neigh-
boring scaffold helices is more apparent in partially folded
cylinder models (Figure 2b, top row). The x-raster rows
within the honeycomb framework are corrugated;
they stagger up and down and encompass helices that
are actually at two different y-positions. Similarly, virtual
y-oriented layers can be defined that stagger left and right
and encompass helices that are at two different x-posi-
tions. The shapes were folded either from a 7560-base
scaffold into 60 parallel helices or from an 8064-base scaf-
fold into 64 parallel helices to create number-of-rows
versus number-of-helices-per-x-raster-row combinations
of 15! 4, 10! 6 (analyzed independently in ref. 14),
8! 8, 6! 10, 4! 16, 3! 20, 2! 30. Each helix was allot-
ted 126 bases of scaffold. Of those 126 bases, 98 were
paired with complementary staples, and the remaining

Figure 1. caDNAno Interface and design pipeline. (a ) Screenshot of caDNAno interface. Left, Slice panel displays a cross-sectional view of the
honeycomb lattice where helices can be added to the design. Middle, Path panel provides an interface to edit an unrolled 2D schematic of the scaffold
and staple paths. Right, Render panel provides a real-time 3D model of the design. (b ) Exported SVG schematic of example design from a, with
scaffold (blue) and staple (multi-color) sequences. (c) Path panel snapshot during first step of the design process. Short stretches of scaffold are
inserted into the Path panel as helices are added via the Slice panel. (d) The Path panel editing tools are used to stitch together a continuous scaffold
path. (e) The auto-staple button is used to generate a default set of continuous staple paths, including crossovers. The breakpoint tool is subsequently
used to split the staple paths into lengths between 18 and 49 bases. Finally, the scaffold sequence is applied to generate the list of staple sequences.
(f) Exported X3D model from the Render panel.
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staple routing may counteract base-pairing. The goal of the assembly 
reaction is to reach a minimum energy state at conditions where the 
minimum corresponds to the target structure. A working assembly 
method is to mix scaffold and staples in a fixed stoichiometry in 
magnesium-containing aqueous buffer, followed by subjecting the 
mixture to a thermal denaturation and annealing procedure1,7.

Single-layer objects self-assemble faster than multilayer objects. 
The assembly of multilayer objects can proceed along a multitude 
of pathways that may not necessarily lead to the fully folded target 
structure but to partially folded dead ends (kinetic traps) in which 
parts of the structure need to dissolve before assembly can proceed. 
Single-layer objects can be assembled by briefly heating the mix-
ture of scaffold and staples to 80 °C, followed by annealing at room 
temperature during a few hours1. Multilayer structures have been 
observed to require annealing over several days7. Factors that affect 
assembly by thermal annealing of multilayer objects in honeycomb 
lattice packing have been discussed elsewhere7. Isothermal chemical 
denaturation and renaturation is an alternative to thermal anneal-
ing50. Folding DNA origami objects by sequential addition of staples 
to scaffold or by tuning the staple length or sequence composition 
remain unexplored methods by which the user may direct the system 
along assembly pathways devoid of substantial kinetic folding traps.

A folding reaction contains scaffold DNA, staple DNA, water, pH-
stabilizing buffer and additional ions. Scaffold and staple DNA are 
typically added such that each staple is present in a defined stoichi-
ometry relative to the scaffold in five- to tenfold excess. Different 
staple-scaffold stoichiometries may need to be tested. The yield of 
assembly of multilayer objects is sensitive to MgCl2 concentration. 
The exact MgCl2 requirements may depend on the staple manufac-
turer likely because of residuals from varying purification protocols. 
A detailed protocol for setting up folding reactions is available in 
Supplementary Protocol 2.

For the robot object, we prepared a combined staple pool in which 
all 199 staple oligonucleotides were present each at a 500 nM effec-
tive concentration. For the folding reaction, we filled each of eight 

typically offered with purification steps such as desalting (retains all 
truncated synthesis products), reverse-phase cartridge purification 
(vendors use different names for this process that removes truncated 
products to a certain extent), high-pressure liquid chromatography 
and polyacrylamide gel electrophoresis. Staples carrying critical 
modifications should be obtained with highest possible purity, but 
DNA origami works well with lower-purity staples (desalted or 
reverse-phase cartridge purified) that are used in stoichiometric 
excess over scaffold during assembly reactions.

Staples should be grouped in multiwell plates according to struc-
tural modules. For the robot object, we obtained staples in three 
96-well plates. Staples forming the different parts of the object were 
distributed in a compact fashion on the multiwell plates (Fig. 6).

Step 4: pool subsets of concentration-normalized oligonucle-
otides. Equal amounts of concentration-normalized staple oligonu-
cleotides belonging to a structural module are mixed to form a com-
mon pool. For the robot object, we prepared three pools that contain 
the staples forming the body, arms or legs. It is necessary to keep track 
of the number of different staples that go into each pool to combine 
the staple pools in volumetric ratios to form combined pools. For the 
robot object, combined pools could comprise all staples in the design 
or subsets forming, for example, only body and arms or body, legs 
and a second set of arm staples with fluorescent dyes. By default, the 
combined pools are prepared such that each staple is present at the 
same standard concentration of, for example, 500 nM.

Step 5: run molecular self-assembly reactions. The scaffold-staple 
layout specifies a structural solution for the mixture of scaffold DNA 
and staple molecules that minimizes energy through Watson-Crick 
base-pairing. Whether the target structure corresponds to a global 
energy minimum of the system depends on solvent conditions and 
design decisions taken in step 2. Electrostatic repulsion between 
close-packed double-helical domains at low salt concentrations and 
internal stresses arising from geometrically incompatible scaffold or 

Figure 6 | Step-by-step guide through 
molecular self-assembly with scaffolded DNA 
origami. Step 1 involves conceiving a target 
shape for the intended application. Our robot 
shape was divided into three modules: body 
(red), arms (blue) and legs (orange). Step 2 
covers designing a scaffold-staple layout for 
the target shape, evaluating the design and 
determining the set of staple sequences to 
build the design. Black vertical lines trace 
the scaffold strand (as in Fig. 2c,d), and 
colored lines indicate the staple paths. In 
step 3, scaffold DNA is prepared and staple 
oligonucleotide synthesis (typically in multiwell 
plates) is performed. Step 4 involves pooling 
staple oligonucleotides according to structural 
modules. In step 5 self-assembly reactions 
are prepared and subjected to a thermal 
annealing procedure. Step 6 covers an analysis 
of the overall folding quality by agarose gel 
electrophoresis, followed by purification 
of desired species. Shown is an example of 
increasing folding quality as evidenced by 
increasing migration speed of DNA origami 
folding products observed for longer thermal annealing left to right: annealing from 80 °C to 20 °C in 2 h, 5 h, 10 h, 1 d, 5 d and 7 d as well as scaffold 
without staples as reference). In step 7 purified objects are subjected to single-particle structural analysis. Scale bar, 70 nm.

Step 1 : conceive a target shape Step 2 : design scaffold-staple layout, evaluate
design and determine staple sequences

Step 3 : prepare scaffold
DNA and synthesize staple
oligonucleotides

Step 4 : pool staple oligonucleotides Step 5 : run molecular self-assembly reactions Step 6 : analyze folding quality
and purify

Step 7 : analyze structural 
details
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One elegant way to achieve a square lattice packing with constant 
cross-over spacing intervals is to assume B-form DNA has an aver-
age helicity of 10.67 bp per turn1,10. A fourfold symmetry emerges 
with the backbone of a strand rotating by 270° in intervals of 8 bp. 
Thus, cross-overs to four neighbors in fourfold symmetry may be 
placed in intervals of 8 bp, with cross-overs to one of the four neigh-
bors in 32-bp intervals.

A constant 8-bp cross-over spacing in square lattice packing 
causes underwinding of each of the double-helical domains from 
the native 10.5 bp to the imposed 10.67 bp per turn, resulting in 
twisting torques that are transmitted by cross-overs. The super-
position of internal torques can cause a global twist deformation 
of the entire object8,10. The global twist for objects in square- 
lattice packing can be eliminated by departing from a constant 
8-bp spacing between cross-overs10 to achieve effective double-
helical twist densities that are closer to the natural 10.5 bp per 
turn twist density. Elimination of global twist on the square lattice 
was found for effective double-helical twist densities around 10.4 
bp per turn10. Global twist in multilayer square lattice objects can 
also be minimized by creating objects with large torsional stiff-
ness in the helical direction10.

from the observer, 7 bp downstream the backbone of that strand 
will be at a position equivalent to 8 p.m., 14 bp downstream will 
be 4 a.m. the next day and 21 bp downstream it will again cor-
respond to the noon position. To constrain DNA double-helical 
domains to a honeycomb lattice, one can thus place cross-overs 
in constant intervals of 7 bp to each of three possible neighboring 
helical domains with connections between a particular pair of 
neighboring double-helical domains occurring every 21 bp.

Deviating from the constant 7-bp cross-over spacing rule in hon-
eycomb-lattice packing causes local undertwist or overtwist as well as 
axial strain8. The targeted creation of such local sources of mechani-
cal stress can be incorporated in the design to build objects that have 
global twist or global bending with tunable curvature (Fig. 1e–g)8.

Close-packing DNA double-helical domains onto a square lattice 
requires placing cross-overs to four nearest neighbors arranged in 
fourfold symmetry. Native B-form DNA geometry dictates a con-
stant cross-over spacing of 21 bp between a particular pair of neigh-
boring helical domains (Fig. 2a,b). It follows that cross-overs to the 
remaining three neighbors in the square lattice should be distributed 
with an average spacing of 21/4 = 5.25 bp. This can only be achieved 
by making use of nonconstant cross-over spacing intervals.

a
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~0.34 nm

21 bp

21 bp
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Figure 2 | The scaffolded DNA origami design concept. (a) In primitives of scaffolded DNA origami, DNA double helices are represented schematically either as 
two adjacent lines (left; the white line represents the scaffold strand in white and the staple strand in color) or solid cylinders (middle). A detailed rendering of a 
B-form double-helical domain is also shown (right). (b) Individual DNA double-helical domains may be connected to adjacent double-helical domains by interhelix 
cross-overs (arrows). The interhelix connections are formed by U-turns of the covalent phosphate backbone of either the staple or scaffold strand. Interhelix 
connections are depicted schematically as lines perpendicular to the lines that represent helices. In the cylinder representation, cross-overs are not drawn. (c) 
Examples of single- and multilayer scaffold routing solutions through DNA origami object. (d) Examples for complete scaffold-staple layouts, with staples colored 
differently to highlight their individual paths through the structures. (e) Single- and multilayer DNA origami objects in cylinder representation.
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multilayer honeycomb lattice objects8. The effective width of a square 
lattice object along the vertical or horizontal cross-sectional axis (Fig. 
3a) can be estimated as 2H + (H – 1)g in which H is the number of 
2-nm-wide double-helical domains along that axis and g is the interhe-
lical gap size in nanometers between cross-overs along the same axis1. 
The effective contribution of a single double-helical domain to the 
cross-sectional dimensions of multilayer honeycomb lattice objects 
has been found to range from 2.1 nm to 2.4 nm (refs. 7,8).

Computer-aided engineering for DNA origami
Computational tools for predicting 3D structure of DNA origami 
designs before initiating cost-intensive staple oligonucleotide 
synthesis are currently lacking. Such tools would be of particu-
lar value in designing complex objects that incorporate curved 
and twisted elements. To this end we developed the computa-
tional tool named computer-aided engineering for DNA ori-
gami (CanDo) that uses the finite element method to compute 
3D DNA origami shapes based on caDNAno design files (Fig. 
4). CanDo models base pairs as two-node beam finite elements 
that represent an elastic rod with effective geometric (length of 
0.34 nm and diameter of 2.25 nm; ref. 8) and material (stretch 
modulus of 1,100 pN, bend modulus of 230 pN nm2 and twist 
modulus of 460 pN nm; refs. 2,39) parameters. Sequence details 
are neglected at present, and users may specify custom geomet-
ric and mechanical parameters for double-helical DNA domains. 
Each finite element node has three translational degrees of 
freedom for the center position of the cross-section and three 
rotational degrees of freedom for the orientation of the cross-
section in torsion and bending40. Strand cross-overs defined in 
the caDNAno design file are modeled as rigid constraints that 
connect end nodes of base pairs that are coupled by interhelical 
cross-overs. To compute the 3D structure, CanDo first creates an 
initial configuration in which all double helices defined in the 
caDNAno source file are arranged linearly in space. This initial 
configuration is identical to the structure shown in one of the 
three design panels in caDNAno. CanDo then applies external 
forces to deform adjacent helices so that rigid cross-overs may 
be placed between helices based on the connectivity defined in 
the caDNAno design file. Subsequent release of these external 
forces followed by structural relaxation using nonlinear finite 
element analysis leads to deformation and internal strain when-
ever the connectivity imposed by cross-overs is not compatible 
with the default geometry of B-form DNA. CanDo performs the 
numerical analysis using the commercially available finite ele-
ment analysis software ADINA (automatic, dynamic, incremen-
tal linear analysis; Adina R&D). More information about CanDo 
is available in Supplementary Note 2.

caDNAno design files may be submitted for analysis at (http://
cando.dna-origami.org/). Users obtain the deformed shape of 
the relaxed structure as well as heatmaps of the local magnitude 
of thermally induced fluctuations, which indicate flexibility of 
the deformed structure. All output is provided in the .bild data 
format, which can be visualized using freely available 3D viewers 
such as University of California San Francisco Chimera41 (http://
www.cgl.ucsf.edu/chimera/).

CanDo currently does not model interhelical electrostatic 
repulsion and neglects major and minor groove details. We will 
address these features and the capability to model wireframe or 
tensegrity-like structures in a future version that is currently 

Single-layer square lattice DNA origami objects with a constant 
spacing of 16 bp between cross-overs to neighboring double-helical 
domains likely adopt a twisted shape in solution. Adhesion inter-
actions with surfaces may abolish the twist deformations resulting 
in objects that lay flat on a surface. For single-layer DNA origami 
objects twist deformations appear to vanish when surface deposition 
is achieved by electrostatic immobilization1,31.

Thus, the square lattice packing rule allows for creating densely 
packed objects with rectangular features but may require additional 
effort to eliminate potentially undesired global twist deformations. 
The honeycomb lattice packing rule by default creates straight albeit 
more porous structures.

In a DNA origami object both staple and scaffold strands can 
contribute cross-overs for connecting double-helical domains. To 
accommodate both scaffold and staple cross-overs one can define 
two cross-over reference frames that are shifted in the helical 
direction by 5 bp or 6 bp (corresponding to a backbone rotation 
of ~180°). This approach neglects the major and minor groove 
in B-form DNA but appears not to cause global shape deforma-
tions for multilayer objects with sufficient thickness (s3 layers) 
or cross-sectional aspect ratio close to 1. For thinner objects it 
may be critical to keep track of major and minor groove phos-
phate position to avoid unwanted rolling up38. An alternative is 
to work with high densities of staple cross-overs and avoid scaf-
fold cross-overs as much as possible.

Finally, to estimate the dimensions of a DNA origami object one 
may use the following rules of thumb. The length of double-helical 
domains may be estimated via N t0.34 nm in which N indicates 
the number of base pairs in the double-helical domain. The value 
of 0.34 nm per bp holds true for single-layer square lattice1 and for  

a

b
7 bp

240°

Figure 3 | Packing and cross-over spacing rules for multilayer DNA 
origami. (a) Cross-sectional view of multilayer DNA origami objects in 
square lattice (left) and honeycomb lattice (right) packing. (b) Cross-
overs in multilayer objects with honeycomb lattice packing, spaced in 
constant intervals of 7 bp along the helical axis to link double-helical 
domains to each of three possible neighbors. The cross-over spacing of 
7 bp complies with the natural B-form DNA twist density of 10.5 bp per 
turn, which corresponds to an average backbone rotation of 240° for a 
given strand in a DNA double-helical domain.
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1 turn = 10.67 bp 
Then, fourfold symetry with 
cross-overs every 8 bp (270°) 

1 turn = 10.67 bp 
Then,  every 7 bp 
correspond to a 240° 
rotation 


