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DN A-templated assembly
and electrode attachment
of a conducting silver wwire

Erez Braun®*, Yoav Eichenti, Uri Sivan*f
8 Gdalyahu Ben-Yoseph™i
o Deparrmenr of Physics, T Departrmernt of Chernistry, % Solid State Institure,
7 Israel Insti of Technorogy Harfa 32000, Israel
has
focused on two fi the opentmg principles of
small-scale devices, and schemes that lead to their realization and
eventual i.ntesr-non into usefu.l circuits. Experimental studies on
lar' to dots and on the electrical
transport in carbon na.notubes“ % have firmed th ical
predictions®*® of an mcmsmg role for charging effects as the
device size di ishes. Neve: the construction of nano-
metre-scale circuits from such devices remains problematic,
largely owing to the difficulties of a:hlevmg mter—elelnent
wiring and electrical interfacing to macr The
use of lar 8T on P and the sel.t’ —assembly of
1 les into supr 1 str e ight help over
these difficulties. In this context, DNA has the appropriate
molecular-recognition'' and mechanical'*>"'® properties, but poor
electrical characteristics prevent its direct use in electrical cir-
cuits. Here we d ibe a t p procedure that may allow the
application of DNA to the construction of functional circuits. Im
our scheme, hybrldlzauon of the DINA molecule with surface-
tides is first used to stretch it between two gold
electrodes; the DINA molecule is then used as a template for the
wvectorial of a 12 ppm long, 100 nm wide conductive silver
wire. The experiment confirms that the recognition capabilities of
DNA can be exploited for the targeted attachment of functional
wires.

The first step in the construction of the silver wire involves the
self-assembly of a DNA template connecting two gold electrodes
12—16 pom apart (see Fig. 1 for an outline of the procedure). First,
12-base oligonucleotides, derivatized with a disulphide group at
their 3" end, are attached to the electrodes through sulphur—gold
interactions. The electrodes are each marked with specific but
different oligonucleotide sequences. A connection is then made by
hybridizing two distant surface-bound oligonucleotides with a
16 pm long and fluorescently labelled A-DNA that contains two
12-base sticky ends, where each of the ends is complementary to one
of the two different sequences attached to the gold electrodes.
Hybridization on both ends is facilitated by covering the electrodes
with an agueocus solution containing the A-DNA and inducing a
flow perpendicular to the electrodes, thereby stretching the A-DNA
molecules in the flow direction (other stretching methods can be
used; for application of an electric field, see ref. 17). The flow is
terminated when a single DNA bridge is observed by fluorescence
microscopy (see Fig. 2), usually after a few minutes. Curving of the
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DINA bridge under a flow parallel to the electrodes shows it to be
attached solely to the electrodes. The method does not guarantee a
single DNA bridge. However, in situ video microscopy and imaging
of the resulting silver wire by atomic force microscopy (AFM; see
below) reveal a silver bridge only in places where DNA was
previously fluorescently imaged. We also tried stretching the DINA
between two electrodes in the reverse order, performing hybridiza-
tion and ligation of the disulphide-derivatized oligonucleotides to
the long DINA molecule before it was applied to the sample (see
Methods section). The binding of the derivatized A-DINA in this
case was again aided by an induced perpendicular flow. Both
methods work equally well.

To instill electrical functionality, silver metal is vectorially depos~
ited along the DNA molecule. The three-step chemical n
process (see Fig. 1 and Methods) is based on 1 ive localization of
silver ions along the DNA through Ag'/Na" ion-exchange'® and
formation of complexes between the silver and the DNA bases'® 2!,
The Ag'/Na"* ion-exchange process is monitored by following the
almost instantaneous quenching of the fluorescence signal of the
labelled DINA. The ion-exchange process, which is highly selective
and restricted to the DINA template only, is terminated when the
fluorescence signal drops to 1—5%b of its initial value (the quenching
is much faster than normal bleaching of the fluorescent dye). The
silver ion-exchanged DINA is then reduced to form nanometre-sized
metallic silver aggregates bound to the DNA skeleton. These silver
aggregates are subsequently further ‘developed’ much as in the
standard photographic procedure, using an acidic solution of
hydroquinone and silver ions under low light conditions®***. Such

Conductive silver
wire

Figure 1 Construction of a silver wire connecting two gold electrodes. The top left
image shows the electrode pattern (0.5 x 0.5 mm) used in the experiments. The
two 50 wm long. parallel electrodes are connected to four (100 x 100 um) bonding
pads. a. Oligonucleotides with two different sequences attached to the
electrodes. b, A-DNA bridge connecting the two electrodes. ¢, Silver-ion-loaded
DNA bridge. d. Metallic silver aggregates bound to the DNA skeleton. e. Fully
dewveloped silver wire. A full description of the preparation steps can be found in
the Methods section.
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The New Biochemistry: Macromolecular Machines {7;,'
2V
1998 Welch Conference, Houston, TX, October 26 & 27,1998 Pl
' T3
Joseph L. Goldstein, Program Chairman Atk
Machines That Control Cell Division ‘ ﬁ
Ira Herskowitz — Discussion Leader /i
® Robert Weinberg — Oncogenes and Tumor Suppressors
® Steve Elledge — Cyclin Kinase Complexes Z’f;
® Nikola Pavletich — Cell Cycle Regulatory Proteins ’78

® Robert Huber — Proteasome :

Machines That Produce DNA, RNA, and Protein
Steve McKnight — Discussion Leader
® Mike O’Donnell - DNA Replicase
® Tom Cech — Telomerase
® Robert Tjian — Basal Transcription Complex
® Cynthia Wolberger — Multimeric DNA-Binding Proteins

Machines That Transduce Signals
Susan Taylor — Discussion Leader
® Tony Pawson — Protein Modules
® Al Gilman — Heterotrimeric G Proteins
® Pierre Chambon — Nuclear Receptor Superfamily
® Michael Brown — SREBP Pathway

Machines That Move Molecules
Hans Deisenhofer — Discussion Leader
® Ulrich Hartl — Molecular Chaperones
® Peter Walter — Unfolded Protein Response Pathway
® Rod McKinnon - Ion Channels
® Thomas Sudhof - Synaptic Vesicle Cycle
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convert to mechanical energy.
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Bundle of
muscle fibers
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Myofibril

Zdisk M line

Figure 7-31 (a) Structure of . Muscle fibers consist of
single, elongated, multinucleated cells that arise from the fusion of
many precursor cells.
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Figure 7-31 (b) ~ (c) Structure of skeletal muscle.
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G-actin
subunits

Figure 7-30 (b) The major components of muscle.




Thick filament:
(@) 5ssembly from

Figure 7-30 (a) The major components of muscle.
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Figure 7-29 (a) Myesin. Two heavy chain.




Figure 7-29 (c) Myosin. Ribboen representation of the
myosin S1 fragment.




Kinesin/dynein




Cyvtoplasmiec organelle
or vesicle

Microtubule

o, 3-Tubulin dimer

Fligure 2-19:: and cyteplasmic are ATP-driven
that can attach to cytoplasmic organelles or
vesicles and dirag aleng micretubular = rails™ at a rate of aneul
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MATERIALS SCIENCE

Biomolecular motors can be usedin

Tuward De“ices PﬂwerEd by nanometer-scale devices to perform

mechanical work. This approach will assist

B i Um UI ec UIa r M Utu rs the development of active nanostructures,

Einesin mator
L -
- Miigrotubule 1

Eb=cires Taeld
icrotu Bbale

Manofluidics with molecular motors. In van den Hewwel e oL "s weork
(2}, an electdc field is used to steer the microtubules into one of two
armmns of &% junction: the mviorotu’bules move perpendicular to the field
The mvicrotubules are transported by kKinesin motor proteins.

12 MEY 2006 VOL 312 SCIENCE  www.sciencemag.org
Published by AAAS




NMolecular Sorting by Elecitrical
Steering of Microtubules In
Kinesin-Coated Channels

Martimn . L. van den Hewuwsel, Martigne P de Graaftff, Cees Dekker™

C  100%(180)  100% (110)
25% 10%

2% 3% 12% 68%

910 12 MaAY 20046 VOL 312 SCIENCE
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Bacterial flagella: a rotatory motor




The ATP synthase




The Eukaryotic cell
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Double duty. Green quantum dots cling to mitochondria in the cyto-

plasim; orangs ones label proteins imn the same Cells nuclei.




E, and E, Proteins in Mitechondria

Early studies were done with
(SMP, )

They
. or In the absence of

substrates

Both respiration and ATP hydrolysis generate a - - in the
lumen =

ATP synthase can be visualized under EM in negatively.
stained SMP (with phosphotungstate)




Negatively stained SMP,
withi knebs facing outside

Tightly coupled and
sensitive to

Wash with urea/chelating
agents, knobs were lost

SMP became uncoupled,
that is inhibited by
oligomycin

The Was
termed F, (fraction
oligomycin)
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coupling was back




The assembly of FO and F1




spinach llyobacter

10 copies 14 copies 11 copies

in yeast in spinach in llyobacter
chloroplasts




Rolor sites

e The F, motor is
made up of a
transmembrane

cylinder of 10-14 i N
c subunits, Statar charge

depending on the
species




ATP

ADP + P,

stator stalk _ rotor stalk

L 2

H

E.Coli ATP synthase
c, y and g are rotor, a, b, a, B and ¢ are stator




Visualize the rotation

A complex from bacteria

N terminus of 5 had
polyhistidine tag attached,
which enabled the anchoring
of the complex to microscopic
slide coated with

All'the naturally occurring
cysteine residues were
removed, and insert one in y at
a position distant from the af3
core

A long and
was attached to
the

—

Actin filamen

Coverslip coated with Ni-NTA
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[HOW, 10 prepare your
nano-materials?

1. 0)Y
genetic engineering
2. 0)Y,
nanofibricated technology
IHow! to these materials?




Recombinant protein
production

Genetic engineering
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Trimming down. Mice that can't respond to the appetite-requlating hormone leptin grow obese (right). Mice
lacking the perilipin protein that coats lipid droplets bum of f the excess fat and become almost as slender

(middale) as normal mice (ieft).




- (Belgian blue)




Mutation in Myostadin

Matural boost. A Berlin child who carries a mutation in the myo-
statin gene has had bodybuilder muscles since birth.
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Hydrogen bond

(a) Key features of DNA structure (b) Partial chemical structure (c) Space-filling model

FIGURE 16.5 The double helix.




Adenine (A)

Guanine (G) Cytosine (C)

FIGURE 16.6 Base pairing in DNA.
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reading direction for sequence of top DNA strand —

[3 N-ile leu phearg val ile arg pro thr arg asnphe thr g arg -C
2 N-tyr phe ile ser ser asn ser thr leu asn ala lys leu his leu thr -C

"1 N-leu phe tyr phe glujpheasp leu lys arg glu thr ser leu asn -C

5 TTATTTTATTTCGAGTAATTCGACCTTAAACGCGAAACTTCACTTAAC
3" AATAAAATAAAGCTCATTAAGCTGGAATTTGCGCTTTGAAGTGAATTG 5

—1 CJ lys ile glu leu leu glu val lys phe ala phe ser il lys val -N
-2 C-ile lys asnarg thr ile arg gly 8 val arg phe lys val il arg -N

-3 C-asnj lys ser thr asn ser arg leu arg ser val glu ser leu ser -N

-— reading direction for sequence of bottom DNA strand

Figure 8-38 part 1 of 2. Molecular Biology of the Cell, 4th Edition.




@ Synthesis of
mRNA in the nucleus |

CYTOPLASM

@ Movement of
mMRNA into cytoplasm Ribosome
via nuclear pore

€ Synthesis
of protein

Amino
Polypeptide acids

FIGURE 5.28 DNA — RNA — protein: a diagrammatic
overview of information flow in a cell.
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mRNA

TRANSLATION

v

Protein

Amino acid

FIGURE 17.3 The triplet code.




FIGURE 17.5 A tobacco plant
expressing a firefly gene.
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Powering an Inorganic
Nanodevice with a
Biomolecular Motor

Ricky K. Soong,'* George D. Bachand,'* Hercules P. Neves,'?
Anatoli G. Olkhovets,”? Harold G. Craighead,’?
Carlo D. Montemagno'%*

Biomolecular motors such as F —adenosine triphosphate synthase (F,-ATPase) and
myoasin are similar in size, and they generate forces compatible with currently
producible nancengineered structures. We have engineered individual biomolecular
motors and nanoscale inorganic systems, and we describe their integration in
a hybrid nanomechanical device powered by a biomolecular motor. The device
consisted of three components: an engineered substrate, an F,-ATPase bio-
molecular motor, and fabricated nanopropellers. Retation of the nanopropeller
was initiated with 2 mM adenosine triphosphate and inhibited by sodium azide.




Cloning the ATPase from
thermophilic Bacillus

F1-ATPas=-PCR
1LY am

ATRFRFase pSERM 222
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7310 bp
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Protein analysis by SDS-PAGE
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Nanofibricated technology

Biotinylated cwysteine

B - Histidine tags

Fig. 1. Schematic diagram of the F_ -ATPase biomolacular motor—poweraed nanomechanical device. The
Eh:—:ight 200 nm, diameter 50 nm), (B) the F,-ATPase biomolecular

device consisted of (A) a MNi post
motor, and (C) a nanopropellar (length 750 to 1400 nm, diameter 150 nm). The device (D) was

assembled using sequential additions of individual components and differential attachiment chemistries
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Biotinvylated cvysteine

B - Histidine tags

Fig. 1. Schematic diagram of the F_ -ATPase biomolacular motor—poweraed nanomechanical device. The
Eh:—:ight 200 nm, diameter 50 nm), (B) the F,-ATPase biomolecular

device consisted of (A) a MNi post
motor, and (C) a nanopropellar (length 750 to 1400 nm, diameter 150 nm). The device (D) was

assembled using sequential additions of individual components and differential attachiment chemistries




tabhle 71
Some Protein Dissociation Constants
Protein Ligand Ky (M)*

| Avidin (egg white)’ Biotin 1 x 10 |
Insulin receptor (human) Insulin 1= 10 ™

Anti-HIV immunoglobulin gpdl (HIV-1 surface 4 % 10°W
(human) protein)

Mickel-binding protein (E. coli) Ni“* 1710
Calmodulin (rat)® Ca”’ 3x10°

2 X107~

*A reported dissociation constant is valid only for the particular solution conditions under which
it was measured, K, values for a protein-ligand interaction can be altered, sometimes by several
orders of magnitude, by changes in solution salt concentration, pH, or other variables.

'Interaction of avidin with the enzymatic cofactor biotin is among the strongest noncovalent
Bicchemical interactions known.

This immunoglobulin was 1solated as part of an effort to develop a vaccine against HIV.
Immunoglobulins {described later in the chapter) are highly variable, and the K, reported here
should not be considered characteristic of all immunoglobulins.

*Calmodulin has four binding sites for caleium, The values shown reflect the highest- and
lowest-affinity binding sites observed in one set of measurements.
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T'he observation of nanomotor Work

rps (A) and 7.7 rps (B) by the F,-ATP biomolecular motor. Observations were made using 1C
immersion or 6 water immersion and were captured with a CCD video camera (frame rate
30 Hz). The rotational velocity ranged from — 0.8 to 8.3 rps, depending on propeller length. Data
were recorded for up to 30 min; however, propellers rotated for almost 2.5 hours while ATP was
maintained in the flow cell These sequences can be viewed as movies at the Manoscale Biological

Engineering and Transport Group Web site (http//falcon.aben.cormell. edu/Mews2 htm).

Fig. 2. Image sequence (viewed left to right) of nanopropellers being rotated anticlockwise at




Fig. 3. Time course of F,-ATPase v sub-
unit rotation. Each line represents data
from a rotating nanopropeller, Solid lines,
propellers 750 nm long; dashed lines, pro-
pellers 1400 nm long, dotted lines, pro-
pellers 1400 nm long in the presence of
Mal,

Cumulative angle {degrees)
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