
DNA BASE PAIRS

C C

N

C

C

O

NH

O R

H

CH
3

T

H

CC

NC

N C

N

N N

H

H
C

H

R

A

O

C C

N

N

C

C

R

H

HN

H

H

C

C

NC

C

N

N

C

O

C

H

N
R

H

N H

H

G

3.4 Å

~20 Å

N. Seeman



OBJECTIVES

DESIGN MOLECULES TO ASSEMBLE INTO ORDERED ARRAYS.

[A] SCAFFOLD MACROMOLECULAR CRYSTALLIZATION (PERIODIC).

[C] GENERATE ALGORITHMIC PATTERNS (APERIODIC).

[B] SCAFFOLD NANOELECTRONICS ASSEMBLY (PERIODIC).

Architectural Control[1]

[3] Self-Replicating Systems

[A] NANOROBOTICS.
[B] NANOFABRICATION.
[C] MOLECULAR PEGBOARDS.

[2] Nanomechanical Devices

N. Seeman
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NO

CRYSTALS?PRAY FOR CRYSTALSSET UP CRYSTALS

GUESS NEW CONDITIONS

GUESS CONDITIONS

CHANGE DEITIES

DO CRYSTALLOGRAPHY

YES

CURRENT CRYSTALLIZATION PROTOCOL

N. Seeman
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The Biological Problem
 The rate-limiting step in establishing

the 3D structures of large biological
macromolecules is their crystallization.

 Seeman group aims to solve this
problem by using 3D DNA arrays to
scaffold their organization into
crystalline arrays.
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A New Suggestion for Producing Macromolecular Crystals

N. Seeman
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OBJECTIVES
 Organizing DNA  in 3D Crystalline

Lattices.

 Organizing DNA in 3D to Scaffold
Biological Macromolecules,
Nanodevices and Nanoelectronic
Components in Crystalline Lattices.
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OBJECTIVES

DESIGN MOLECULES TO ASSEMBLE INTO ORDERED ARRAYS.

[A] SCAFFOLD MACROMOLECULAR CRYSTALLIZATION (PERIODIC).

[C] GENERATE ALGORITHMIC PATTERNS (APERIODIC).

[B] SCAFFOLD NANOELECTRONICS ASSEMBLY (PERIODIC).

Architectural Control[1]

[3] Self-Replicating Systems

[A] NANOROBOTICS.
[B] NANOFABRICATION.
[C] MOLECULAR PEGBOARDS.

[2] Nanomechanical Devices

N. Seeman
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Sticky-Ended Cohesion:  Affinity

N. Seeman



Qiu, H., Dewan, J.C. & Seeman, N.C. (1997) J. Mol. Biol. 267, 881-898.

Sticky-Ended Cohesion:  Structure

N. Seeman
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Linear vs branched junctions

dsDNS       3-arm Junction          4-arm Junction
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Design of Immobile Branched Junctions:
Minimize Sequence Symmetry
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The Central Concept:
Combine Branched DNA with Sticky Ends to 

Make Objects, Lattices and Devices
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N. Seeman



Robinson, B.H. & Seeman, N.C. (1987), Protein Eng. 1, 295-300..

A Method for Organizing Nano-Electronic Components

N. Seeman
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WHY DNA?

PREDICTABLE INTERMOLECULAR INTERACTIONS

CONVENIENT AUT OMATED CHEMISTRY

CONVENIENT MODIFYING ENZYMES

HIGH FUNCTIONAL GROUP DENSITY

EXTERNALLY READABLE CODE

LOCALLY STIFF POLYMER

PROTOTYPE FOR MANY DERIVATIVES

N. Seeman



REQUIREMENTS FOR LATTICE

DESIGN COMPONENTS

PREDICTABLE INTERACTIONS

PREDICTABLE LOCAL PRODUCT STRUCTURES

STRU CTURAL INTEGRITY

N. Seeman
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Some Methods
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Quadrilateral
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Quadrilateral, 2
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Quadrilateral, 3
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DNA Cube
Chen & Seeman (1991) Nature 350, 631-633.
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1991 review

~5 femtomoles produced
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5 and 6 arm branched junctions



5 and 6 arm branched junctions
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5 and 6 arm branched junctions
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Solid support
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octahedron
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octahedron
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octahedron
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octahedron

 Gel evidence of successful synthesis.
 Yield = 15 femtomoles (3X more than yield of cube using

solution phase chemistry!)
 Problems noted with restriction enzymes and ligase.
 Automation desirable.
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Bulged 3ABJ

Leontis and colleagues have shown that these molecules are
more stable than conventional 3-arm branched junctions. The
structural basis of this finding has been confirmed by NMR to
be a stacking arrangement between two of the arms of the
junction.
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Bulged 3ABJ
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Bulged 3ABJ
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Bulged 3ABJ
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Borromean rings
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Borromean rings
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DX tiles
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DX tiles



DX tiles
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DX tiles

 Longer ligation products (increase from 7 units to 17 units).
 No circular products.
 Nanocomponent at least as rigid as dsDNA.
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Review 1998
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5 arm junction
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Reciprocal Exchange in a
Double Helical Context
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DX+JDX

+

HP

Resolve

Reciprocal

Exchange

Seeman, N.C. (2001) NanoLetters 1, 22-26.

Derivation of DX+J Molecules
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2D DX crystals
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A B*

Schematic of a Lattice Containing
1 DX Tile and 1 DX+J Tile



Winfree, E., Liu, F., Wenzler, L.A. & Seeman, N.C. (1998), Nature 394, 539-544.

AFM of a Lattice Containing
1 DX Tile and 1 DX+J Tile



3/20/06 LaBean  COMPSCI 296.5

D*D*A CB

Schematic of a Lattice Containing 
3 DX Tiles and 1 DX+J Tile



Winfree, E., Liu, F., Wenzler, L.A. & Seeman, N.C. (1998), Nature 394, 539-544.

AFM of a Lattice Containing
3 DX Tiles and 1 DX+J Tile
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Modifying array features
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Bowtie junctions

Note: Cooper-Hagerman analysis involves attaching pairs of long helical segments to each possible
pair of arms flanking a junction.  Gel mobility increases with increasing junction angle.
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Bowtie junctions

Stability = OK
Axes = Parallel
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DNA Triangles

Three strands: 280, 90, 20 bases
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DNA Triangles
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Parallelogram tiles
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Parallelograms
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• Paranemic is a topological term for the joint that is made
by wrapping one circle around another without cutting either
circle. The two circles can always be pulled apart.
Paranemic is distinguished from plectonemic.

Paranemic XO

• Plectonemic joints are joints in which one molecule is
topologically wound around the other molecule.
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Paranemic XO



Seeman, N.C. (2001) NanoLetters 1, 22-26.
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Derivation of DX and TX Molecules
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TAO tile/array
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BA C C' D

AB Array

ABC'D Array

TX Array With Rotated Components
LaBean, T.H., Yan, H., Kopatsch, J., Liu, F., Winfree, E.,  Reif, J.H.
& Seeman, N.C (2000), J. Am. Chem. Soc. 122, 1848-1860.
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C. Mao, T.H. LaBean, J.H. Reif, N.C. Seeman, Logical
Computation Using Algorithmic Self-Assembly of DNA
Triple-Crossover Molecules, Nature 407, 493–495 (2000)

XOR Calculation by 
DNA Self-assembly



TAO35

TAE 44



3/20/06 LaBean  COMPSCI 296.5

A Single Tile TX Lattice
A A'

A Array -- 2D

AA' Array
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A-A'

A-A' Array

A Single Fused Tile TX Lattice
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A B'

A Array -- 2D

AB' Array

A Two Tile TX Lattice
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A-B' Array

A-B'

A Fused Two Tile TX Lattice
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A Trigonal Component...C. Mao



A Trigonal Component Lattice



Crystals from a Trigonal Lattice
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Triangular DX Design



3/20/06 LaBean  COMPSCI 296.5

 13 base oligo
 2.1 Å resolution



CHALLENGES FOR STRUCTURA L

DNA NANOTECHNOLOGY

TO EXTEND 2-D RESULTS TO 3-D WITH HIGH ORDER --
Crys ta llography.

[1]

[2] TO INCORPORATE DNA DEVICES IN 2-D AND 3-D ARRAYS
-- Nanorobotics.

[3] TO INCORPORATE HETEROLOGOUS GUESTS IN LATTICES
-- Nanoelectronics; Crystallography.

[4] TO EX TEN D ALG OR ITHMI C AS SEMB LY  TO HIG HER
DIMENSIONS -- Smart Materials; Computation.

[7] TO INTERFACE WITH TOP-DOWN METHOD S AND THE
MACROSCOPIC WORLD -- Nanoelectronic Reality.

[5] TO  A CHI EV E  A SS EM B LIE S  W I TH H IE RA RCHI CA L
CHARACTER -- Complex Materials.

[10] TO  A D V A NCE  F RO M  B IO K LE P T I C  SY STE M S TO
BIOMIMETIC  SYSTEMS -- Chemical Control.

[6] TO ACHIEVE FUNCTIONAL AS WELL AS STRUCTURAL
SYSTEMS -- Active Materials; Sensor Systems.

[8] TO INCORPORATE COMBINATORIAL APPROACHES IN TILE
DESIGN -- Diversity; Programmability.

[9] TO PRODUCE SYSTEMS CAPABLE OF SELF-REPLICATION --
Economy; Evolvabilit y.
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DNA tiles



Self-Assembly Strategies

 Unmediated (single step).
 Nucleated (scaffold strand).
 Serial or Sequential (multi stage).
 Hierarchical  (multi stage).
 Algorithmic.


