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Abstract: Development of preprogrammable conductive nanowires is a requisite for the future fabrication
of nanoscale electronics based on molecular assembly. Here, we report the synthesis of conductive metal
nanowires from nucleoprotein filaments, complexes of single- or double-stranded DNA and RecA protein.
A genetically engineered RecA derivative possessing a reactive and surface accessible cysteine residue
was reacted with functionalized gold patrticles, resulting in nucleoprotein filaments with gold particles attached.
The template-based gold particles were enlarged by chemical deposition to form uniformly metallized
nanowires. The programming information can be encoded in DNA sequences so that an intricate electrical
circuit can be constructed through self-assembly of each component. As the RecA filament has higher
degree of stiffness than double-stranded DNA, it provides a robust scaffold that allows us to fabricate
more reliable and well-organized electrical circuitry at the nanoscale. Furthermore, the function of
homologous pairing provides sequence-specific junction formation as well as sequence-specific patterning
metallization.

Introduction platinumi4 palladium®® or coppet® have been formed by
chemical modification and metal deposition onto DNA tem-
plates. Recently, Keren et al. realized a carbon nanotube field-
effect transistor operating at room temperature by using DNA-
based metal nanowires as interconnections and RecA protein
as resist8. While DNA self-assembly provides a promising
approach for constructing complex networks, molecular elec-
tronics requires robust wiring systems, and the physical and
chemical instability and flexible properties of DNA molecules
may hamper the formation of functional electronic circuitry. In
the construction of molecular electronics using DNA, high

The next challenging goal targeted in the recent development
of molecular-scale devices is integrating them into functional
circuitry 2 New approaches based on molecular recognition and
self-assembly in biological systems have been explored as
promising routes in fabricating nanometer-scale electrical
devices>® The remarkable ability of DNA to self-assemble
offers a creative approach in constructing nanoscale inter-
connectiond® 12 Metal nanowires consisting of silvégold 313

TERATO, Japan Science and Technology Agency.

* Graduate School of Engineering, Nagoya University. temperatures, short wavelengths of light, and other harsh

S Institute for Advanced Research, Nagoya University. manufacturing conditions must be avoided to prevent decom-
(1) Bachtold, A.; Hadley, P.; Nakanishi, T.; Dekker, Science2001, 294, L . .

1317-1320. position, and interconnections should be much smaller than the

@ 3322%5865332’ i(é;lg_uié\{#auhona L. J;; Kim, K-H.; Lieber, C. M. persistence length of DNA™1° (50 nm, about 150 base pairs)

(3) Braun, E.; Eichen, Y.; Sivan, U.: Ben-Yoseph,Nature1998 391, 75— to satisfy the linear connection requirements of each component.
778. i i ; il E-actir?0

(4) Niemeyer, C. MAngew. Chem., Int. EQ001 40, 4128-4158. Fiber protem; such as polymerized amyfodd F-actirf® have

(5) Keren, K.; Krueger, M.; Gilad, R.; Ben-Yoseph, G.; Sivan, U.; Braun, E. greater stability and stiffness than DNA and have been used as
Science2002, 297, 72—75.

(6) Keren, K.; Berman, R. S.; Buchstab, E.; Sivan, U.; Braursdience2003

302 1380-1382. (14) Richter, J.; Mertig, M.; Pompe, W.; Monch, |.; Schackert, HA§pl. Phys.
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(8) Braun, E.; Keren, KAdv. Phys.2004 53, 441-496. 2002 2, 841—-844.
(9) Katz, E.; Willner, 1. Angew. Chem., Int. ER004 43, 6042-6108. (16) Monson, C. F.; Woolley, A. TNano Lett.2003 3, 359-363.
(10) Storhoff, J. J.; Mirkin, C. AChem. Re. 1999 99, 1849-1862. 17) Hagerman, P. Biopolymers1981 20, 1503-1535.
(11) Seeman, N. C.; Belcher, A. MProc. Natl. Acad. Sci. U.S.£002 99, (18) Leger, J. F.; Robert, J.; Bourdieu, L.; Chatenay, D.; Marko, PrBc.
6451-6455. Natl. Acad. Sci. U.S.A1998 95, 12295-12299.
(12) Seeman, N. CChem. Biol.2003 10, 1151-1159. (19) Hegner, M.; Smith, S. B.; Bustamante, roc. Natl. Acad. Sci. U.S.A.
(13) Patolsky, F.; Weizmann, Y.; Lioubashevski, O.; WillneAhgew. Chem., 1999 96, 10109-10114.
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Figure 1. Metallic nanowire formation from nucleoprotein filaments. (a) Atomic force microscopy (AFM) image of the wild-type RecA protein polymerizing
on A dsDNA. Note the difference in flexibility between the RecA-DNA filament and a bare dsDNA. Scale bar: 250 nm. The filament formation reaction
was interrupted after 2 min incubation at 32, and then the AFM image was observed. (b) AFM image of cysteine derivative RecA protein (Cys/RecA)-
dsDNA filaments. Scale bar: 100 nm. Helical stripes of the Cys RecA-DNA filameh® (1m) can be seen clearly. (c) TEM image of aligned gold particles

after short-period gold enhancement. The Cys RecA-DNA filaments were gold-enhanced for 30 s on a carbon-coated electron microscopy grid before TEM
measurements. Scale bar: 200 nm. (d) Scanning electron microscopy (SEM) image of a gold nanowire. The Cys RecA-DNA filaments were enhanced with
GoldEnhance EM for 2 min on silicon. Scale baruth. () SEM image of a silver nanowire. The Cys RecA-DNA filaments were silver-enhanced for 45

min on silicon. Scale bar: 600 nm. (f) Scheme for the synthesis of the metallic nanowires. The red line and filled circles (green) represent ssDNA (or
dsDNA) and Cys RecA protein, respectively. The small protuberances on the second and third images are 1.4 nm-sized gold particles covalently linked t
the sulfhydryl group of the Cys RecA. The shading on the final image indicates the continuous metal nanowire.

alternative template materials for the construction of metal RecA protein and DNA substrates. With the function of
nanowires. As compared to DNA, however, difficulties in homologous pairing, a three-way junction and an insulating gap
programming wiring information and tailoring the nano- were also formed sequence-specifically on the target DNA
structured complex remain with fiber proteins. substrates.

A promising approach to circumvent these problems is the
use of homologous recombination proteins, such as the RecAResults and Discussion
protein of Escherichia coli for selective metal deposition and To produce metal nanowires, we first attached gold particles
reinforcement of DNA molecules. In the presence of ATP or to the RecA filaments that had been genetically engineered to
its poorly hydrolyzable analogue, adenosirés(thiotriphos- allow for chemical labeling, and then gold was deposited onto
phate) (ATPy-S), RecA protein polymerizes around single- the gold particles. One additional cysteine residue was intro-
stranded DNA (ssDNA) or double-stranded DNA (dsDNA) to  duced to the C-terminus of a wild-type RecA protein (WT RecA)
form a right-handed helical filamentous comptéxé*It contains  through site-directed mutagenesis to form cysteine derivative
about 19 bases or base pairs and about 6 RecA monomers pef353C, Cys RecA). Because the C-terminus is located far from
turn 226 The ability of RecA protein to wrap around DNA and  the functional site of the RecA protein and is supposed to be
to self-assemble into a filamentous structure substitutes for accessible to exogenous reactant reagents, we expected the Cys
recently developed DNA-templated metal nanowire technology. RecA to have a high label efficiency and little effect on the
The RecA-DNA filaments have the advantage of greater stability specific RecA reaction. The purified Cys RecA protein ex-
and stiffness than that of DNA'925(Figure 1a), and the protein  pressed activity for the filament formation equivalent to that of
provides an array of functionalities on the surface, which is the WT RecA (Figure 103526 After the filament formation was
available for the targets of chemical modification required for completed, monomaleimido Nanogold (Nanoprobes, New York),
the metallization process. Furthermore, the RecA protein a gold cluster complex with a core diameter of 1.4 nm, was
promotes homologous pairing and strand exchange reactionadded to the reaction mixture. Excess Nanogold was removed
between ssDNA and dsDN#A; 232729 and the ability to pair by gel filtration. Transmission electron microscopy (TEM)
two DNA molecules at their homologous sites raises the observation of the sample after a short-period gold deposition
intriguing possibility of creating intricate nano-structured de- confirmed the attachment of the Nanogold particle to the Cys
vices. In this study, we have successfully produced continuous RecA filament (Figure 1c). Judging from the occurrence of gold-
metal nanowires with high conductivity from nucleoprotein deposited particles in Figure 1c, we estimated that about 10%
filaments using a genetically engineered cysteine derivative of Cys RecA monomers were labeled by Nanogold. Continuous
gold or silver nanowires were obtained by treating the samples

(21) Cox, M. M.; Lehman, I. RAnnu. Re. Biochem.1987, 56, 229-262.

(22) Radding, C. MBiochim. Biophys. Actd989 1008 131145, with gold or silver enhancer, by which metal ions are chemically
(23) i?zogéz/;- I; Cox, M. M.Prog. Nucleic Acid Res. Mol. Bioll997, 56, deposited onto the gold particles, attached to the nucleoprotein
(24) Nishinaka, T.; Ito, Y.; Yokoyama, S.; Shibata, Aroc. Natl. Acad. Sci. filaments (Figure 1d and e; for a larger view, see Supporting
(25) Lééséﬂiéz?é_gﬁ_;6gt2a§ggzgl Mol. Biol. 1086 101 677-697. Information Figure S1). The metallization took place uniformly
(26) Stasiak, A.; Egelman, E. HExperiential994 50, 192—203. over the entire nanowire, and the length corresponded well with
(27) Shibata, T.; DasGupta, C.; Cunningham, R. P.; Radding, ®rbt. Natl. the value expected from the DNA used. The diameter or height

Acad. Sci. U.S.A1979 76, 1638-1642. i ;
(28) McEntee, K.; Weinstock, G. M.; Lehman, I. Rroc. Natl. Acad. Sci. U.S.A.  Of the wires ranged from 80 to 500 nm, depending on the

1979 76, 2615-2619. ; ; i
(29) Nishinaka, T.; Shinohara, A.; Ito, Y.; Yokoyama, S.; Shibatdroc. Natl. exposure time in the enhancement So,lu,tlon' The_ Value. can
Acad. Sci. U.S.A1998 95, 1107+11076. further be reduced by raising label efficiency or improving
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nucleoprotein filament was metallized by gold deposition to
produce a loop (19.7 kbp) nanowire conjugated with a three-
way junction. Figure 3b and c shows an example of this type
of the structure, and other examples are shown in the Supporting
Information (Figure S2). Roughly 20% of molecules observed
included rare examples of an open looped structure and, in most
cases, examples of intertwined or knotted loop structures. Other
molecules had truncated lengths of branched or linear-shaped
structures. The loop length of the molecules observed was about
13 um, which is in fairly agreement with the calculated length
based on the base spacing of double-stranded DNA within the
(b) RecA filaments (0.51 nm, 1.5 times longer than that of B-form

250 - DNA).?426 This experiment demonstrates that an intricate
electric wiring can be generated by preprogramming the design
200 - of circuitry within DNA sequences.

Because the Cys RecA protein can efficiently be labeled by
~~ 150 - Nanogold maleimide, while the labeling efficiency of the WT
c RecA is very low, sequence-specific patterning of the metal
= 100 - nanowire can be performed by successive filament formation
with combination of the Cys and WT RecA proteins. Usihg
50 - DNA and its single-stranded homologous probe molecules, an
approximately lum gap was created in the middle of a 2%
0 d ! y : gold nanowire at a preprogrammed site, as shown in Figure 4.
First, a 2027-base ssDNA probe, which has a homologous
sequence to 2313125157 region of 48502-bp DNA, was
V(pVv) complexed with an equivalent amount of the WT RecA protein.
Figure 2. Electrical characteristic of a single gold nanowire. (a) SEM image The resulting WT RecA-DNA complex binds to the homologous
of a nanowire bridging the Zm gap over a pair of electrodes. (bYV site in thel DNA substrate. An excess amount of the Cys RecA
curve corresponding to the Cys RecA-DNA-based gold nanowire shown then was added to complete the nucleoprotein filament forma-
in Figure 2a. Gold particle-attached RecA filaments were randomly placed tion. Deposition of gold on the filament yielded gold nanowires
over patterned electrodes and gold-enhanced for 25 min. The shape of the . . - !
gold nanowire was somewhat distorted, probably because the growth of leaving a 2027-base section covered with the WT RecA, free

the gold nanowire was affected by a silicon nitride surface on the fabricated from the metallization.
silicon chip. Scale bar: 10 andum (inset).

Recent studies by Keren et al. utilized RecA protein as a

chemical deposition methods. No metal deposition was observedmolecular “resist” in the DNA metallization process, which
for the sample that had not been labeled by Nanogold, indicating &/lowed them to produce sequence-specific patterning of DNA
that this metallization process was specific to the Nanogold Metal coatingand assemble molecular-scale devices on a DNA
labeling to the Cys RecA filaments. tem_pIaFe to form an el_ectric transisfom our study, cysteine
The conductivity characteristics of the gold nanowires were derivative RecA protein was prepared and used as a scaffold
determined by direct electrical measurements. We prepared " the metallization, and the wild-type RecA protein was used
silicon nitride-passivated silicon chips on which gold electrodes &S & ‘Tesist” to prevent metallization of the protein. Our
were lithographically patterned. Each electrode was spaced by@PProach, which uses nucleoprotein as a template, can be
a 2 um gap. Nanogold attached Cys RecA filaments were incorporated easily with preceding studies of the DNA
deposited over silicon nitride membrane substrates with litho- Metallization?>%131% yet includes several advantages over
graphically patterned electrodes, followed by gold enhancementDNA-templated metal nanowires. First, the RecA filament is
to form metal nanowires. Conductivity was detected where Supposed to have a greater stability than DNA. In the RecA
single or multiple gold nanowires bridged over two electrodes, filament, the DNA molecule is wrapped around RecA proteins,
while no conductivity was detected where no gold nanowires and, therefore, it is protected from physical and chemical
bridged the gap. Figure 2a and b shows a gold nanowire bridgingdamages. Moreover, noncovalent binding of RecA-DNA com-
a 2 um electrode gap and its-V curve measured by a four  plex can be covalently connected after cross-linking treatment,
point probe method. Thé—V curve was linear with small ~ such as glutaraldehyde fixation. Manufacturing processes in
deviations, indicating that the observed nanowire showed ohmicsilicon chip production demand the physical and chemical
behavior R = 8.9 Q for a single nanowire with a diameter of  stability required for components to withstand harsh industrial
approximately 200 nm). conditions. Second, the RecA filament has a greater stiffness
With the function of homologous pairing of RecA protein, a than DNA (Figure 1a). Rigid molecules can provide the robust
three-way junction in the metal nanowire was formed by the scaffold of the type favored in manufacturing complex nano-
pairing of two DNA strands at a precise position (Figure 3). A structured devices. Interconnections connecting molecular de-
100-base probe having the DNA sequence of the center regionvices should be much shorter than the persistence length of the
(28813-28900) ofl DNA (48502 bp) was attached to one of molecules used so as to satisfy the linear connection requirement
the cohesive ends, enabling pair by the Cys RecA. The resultingof each device. The persistence length of RecA filament is about

8122 J. AM. CHEM. SOC. = VOL. 127, NO. 22, 2005
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Figure 3. Sequence-specific three-way junction formation. (a) Scheme for the synthesis of the three-way junction. The red and black lines indicate DNA
substrates. (b,c) SEM images of a three-way junction in different magnifications. Scale bar:(l) and 300 nm (c). (d) Design of DNA substrates. The
terminal ofA DNA was conjugated with the 288328900 region oft DNA, resulting in 19.7 kbp loop formation.

0.6—1 um, while that of double-stranded DNA is 50 rf119.25.30 for the polymerase chain reaction (underline indicates the location of
Finally, our approach directly converts the product of homolo- cysteine mutation). The PCR product was purified by QIAquick PCR
gous pairing to metal nanowires without requiring deproteinizing Purification kits (QIAGEN) and introduced into tHe. coli MV1184

processes. This expands the practicability of fabricating further cells. The recA gene including the cysteine mutation was digested by
intricate nano-structured circuitry because, not only the self- Clal andKpnl endonucleases and ligated to pKK223-3-ECRecA, with

annealing of complementary ssDNAs, but the unique RecA tEhed;ech g?edﬁ:f’nid i”$hpKK22|‘:’_'3 (Almers,zar? Biosgi:;ges) f‘t t?e
reaction pairing ssDNA and dsDNA at a precise homologous cart and Hindlll sttes. The resuting plasmids for a mutan

. . - . were referred to as p353C. The entire mutaaA gene was confirmed
site can also be exploited for circuitry network formation. The by DNA sequencing

homologous pairing can also be utilized for precise arrangement Purificatl ( C e M E col in MV1184
of molecular devices onto DNA strands to form functional urification of Cysteine Mutants. E. coli strain was

electrical circuitry® thus offering new possibilities for molecular ."anSformed by plasmid p.?’ 530' The cells were grown (2B ~0.7
. . in 2 L of LB broth containing 5Q:g/mL ampicillin, and then IPTG
lithography in the future.

was added to a final concentration of 1 mM. After further incubation
Materials and Methods for 4 h, the cells were harvested by centrifugation and suspended in
) ) ) ) 50 mM Tris-Cl (pH 7.5) and 10% sucrose. A seridslcs ultrasonic

Construpﬂo; of C):jstelne Mutan_ts.For COI"IfStI’UCtIC(j)I’] O_E' coli RecA iall pulses was applied to the cell for 5 min, and then the cell lysate was
mUt.‘r’IméSI’ slgf-’v:ricte SmutagEeneS|s W; N p_le_r Erme :S'ng gs?gqmetruat ycentrifuged at 100 0@Pfor 30 min at 4°C. 10% polyethlenimine P-70
avariabe ki, Mutan-Super Express sm (Ta ara_l). ora mutant, solution was added to the supernatant dropwise over a period of 15
a DNA fragment includinge. coli recAgene was ligated into a vector, L L Do )

: - . ) min with gentle stirring until a final concentration of 0.5% was reached.

PKF19k-2, at a multi-cloning site, and this was used as a template. A After additional stirring for 30 min, the cell lysate was centrifuged at
DNA primer, S-ACTAACGAAGATT TTTGTTAATCGTCTTGTTG- 15 00@ for 10 min at 4°C. The precipitate was suspended in 20 mL

3 was synthesized (QIAGEN), and it was used as a mutation primer of R-buffer (20 mM Tris-CI, pH 7.5, 1 mM DTT, 0.1 mM EDTA, and

(30) Although a DNA molecule has a short persistence length in water solution, 10% glycerol), containing 150 mM ammonium sulfate, stirred with a
molecular combing approaches extend and fix DNA molecules in excess glass rod for 30 min, and then centrifuged at 15@@fr 10 min at 4

of their persistence length on a dry substrate. See: Bensimon, A.; Simon, o ‘o ; ;
A.; Chiffaudel, A.; Croquette, V.; Heslot, F.; Bensimon, Bciencel 994 C. The precipitate was resuspended in the same buffer, stirred for 30

265, 2096-2098. min, and centrifuged again under the same conditions. The precipitate

J. AM. CHEM. SOC. = VOL. 127, NO. 22, 2005 8123
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Figure 4. Sequence-specific gap formation. (a) Scheme for the synthesis of the sequence-specific gap. Blue and green filled circles indicate WT RecA and
Cys RecA, respectively. (b,c) SEM images of a sequence-specific gap at different magnifications. Scalgrbgb) &nd 2um (c). (d) Design of DNA
substrates. A 2027-base ssDNA probe was localized on the 22BE3®7 region of a 48502 bp DNA substrate, resulting in &1 um gap in a~25um

gold nanowire.

was suspended in 20 mL of R-buffer containing 300 mM ammonium (Sepharose 2B; Amersham Biosciences, Uppsala) equilibrated with 20
sulfate, stirred for 30 min, and centrifuged at 15 @®6r 10 min at 4 mM HEPES (pH 7.5), 1 mM magnesium acetate, and 1 mM A¥®-

°C. After re-extraction of the pellets with the same buffer, the When fixation of the RecA filament was needed, the column fraction
supernatants were then combined. Finely grained ammonium sulfatecontaining RecA filament was reacted with 0.5% glutaraldehyde for 8
was added to the solution at a final concentration of 0.28 g/mL over a min and the reaction was stopped by 0.1 M glycine, but this step can
period of 45 min. The precipitate was collected by centrifugation at be omitted in many cases.

15 00@ for 10 min at 4°C and stored at-20 °C. The frozen precipitate Metallization of Nucleoprotein Filaments. A droplet of sample

was suspended in 5 mL of P-buffer (20 mM potassium phosphate, pH sojution containing the Nanogold-labeled 353C RecA filaments was
6.8, 1 mM DTT, 0.1 mM EDTA, and 10% glycerol), containing 200  pjaced onto a chip of silicon wafer for SEM or a copper grid coated
mM NaCl, and then dialyzed against the same buffer. The solution ity carbon membrane for TEM. The solution was incubated fots

was applied to a 60-mL phosphor-cellulose column equilibrated with g and removed by filter paper. These samples were immediately gold
P-buffer containing 200 mM NaCl. The flow-through fraction was ennanced by the method developed by Keren &t al.by using
collected, and solid ammonium sulfate was added to a final concentra- Go|dEnhance EM (Nanoprobes) solution. For silver enhancement, LI
tion of 0.124 g/mL. Part of the fraction was loaded onto a 10-mL Butyl-  sjjer solution (Nanoprobes) was used in accordance with manufacturer
Toyopearl column (Tosoh, Tokyo) equilibrated with P-buffer containing - jnstructions. Exposure times varied from 30 s in the TEM experiments
0.124 g/mL ammonium sulfate. The 353C RecA was eluted with a 15 3-30 min in the SEM experiments. Usually, continuous nanowires
stepwise gradient of ammonium sulfate (0.324g/mL). Part of the  of ahout 200 nm in diameter were obtained after 4 min of gold
fraction was loaded onto a 10-mL Hydroxyapatite column (BIO-RAD)  enhancement using the method of Keren &t B stop the reaction,
equilibrated with P-buffer. The 353C RecA was eluted with a gradient ¢ sample was dipped into 200 mL of watera times, in 50 mL of

of phosphate (60.5 M). The fraction containing 353C was collected  acetone (if necessary), and then dried at room temperature. SEM images
and dialyzed against the buffer of 20 mM Tris-Cl, pH 7.5, 0.1 MM \yere obtained using a Hitachi S-5000 scanning electron microscope

EDTA, and 50% glycerol. The purified protein was stored-&0 °C. with the accelerating voltage of 10 kV and emission current A0

The protein concentration was determined using the molar absorption g images were obtained with a Hitachi H-800 transmission electron

coefficient, 7 = 2.15 x 10f1 M~ em 3t o ] microscope operated at an accelerating voltage of 100 kV. For AFM
Attachmer_n of Gold Particles to N.ucleoproteln Fllaments_.Flla- observation, a droplet of sample solution was placed onto (aminopro-

ment formation reactions were carried out at °€7 for 20 min and pyltriethoxysilane(AP)-mica, positively charged mica that had been

were contained in SQiL: 20 mM Tris-acetate (pH 7.5), 1 mM g nctionalized with (aminopropyltriethoxysilane. The solution was
magnesium acetate, 2 mM ATPRS, 10uM 4 DNA (Takara), and 3.3 incubated for 5-15 s and removed by filter paper. AFM images were

#M 353C RecA. The concentration of DNA is expressed as moles of 4cquired with a NanoScope IV MultiMode system (Veeco Instruments
nucleotide residues. Monomaleimido Nanogold (Nanoprobes, New |, ganta Barbara) in the tapping mode.

York) was added to a reaction mixture to a final concentration of 60
uM. After incubation for 5 min at room temperature, the reaction
mixture was immediately loaded onto the gel filtration column

Conductivity Measurements. Resistance measurements of metal
nanowires were carried out by a four-point probe method. Silicon chips
fabricating 80 lithographically patterned electrodes with gold-stripes

(31) Kuramitsu, S.; Hamaguchi, K.; Tachibana, H.; Horii, T.; Ogawa, T.; Ogawa, 30 um wide by 400um long were prepared .over a silicon nitride
H. Biochemistryl984 23, 2363-2367. membrane (NTT Advance Technology, Ibaraki, Japan). Each electrode

8124 J. AM. CHEM. SOC. = VOL. 127, NO. 22, 2005
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was separated by a2m gap, although four of them were directly  y-S, and 6.2«M 353C RecA were added to the reacted solution, and
connected without any gap for use as reference. Nanogold-attachedthe sample was incubated for 8 min at°®7. Metallization procedures
353C RecA filaments were spread randomly over the patterned were performed as described before.

electrodes, and this was followed by gold enhancement to form metal  Gap Formation. The gap formation was performed as per the
nanowires. A Keithley 2182 nanovoltmeter and a Keithley 6485 method by Keren et &4 DNA was digested wittHindlll, and the
picoammeter were connected to the electrodes through four probe2027 bp fragment (2313625157 region oft DNA) was separated on
needles, and the-V curve of the circuit was measured in the 2 a 1% agarose gel, followed by purification with the QlAquick Gel
uV range. To cancel the effect of thermoelectrical voltage, a pair of Extraction Kit (QIAGEN). The DNA fragment was heated to 95
measurements with opposite polarity was set up, and the resulting valuesor 5 min and then put on ice for denaturation. Wild-type RecA was

were av_eraged. _ added to the DNA probe at a 1:3 molar ratio (149 RecA and 4.4
Junction Formation. The 100 mer DNA probe, GGGCGGCGA- ;M (bases) DNA probe) in 20 mM Tris-aceate, pH 7.5, and 1 mM
CCTAATATCCATTGTTTCTTATATAAAGGTTAGGGGGT- magnesium acetate, and the sample was preincubated for 5 min at 37

AAATCCCGGCGCTCATGACTTCGCCTTCTTCCCATTT-  °C ATP+-S was then added to attain a final concentration of 1 mM,
CTGATCCTCTTCAAAA (purchased from QIAGEN), with a sequence  and the sample was further incubated for 15 min to ensure complete
complementary to a cohesive end and homologous to the 288300 RecA polymerization on the DNA probe. To start homologous pairing,
region of2 DNA, was mixed witht DNA (48502 bp) under the solution  magnesium acetate concentration was raised to 4 MENA was
condition of 20 mM Tris-acetate, pH 7.5, 2 mM magnesium acetate, added to attain a final concentration of 0.12 nM, and the sample was
and 50 mM NacCl. The final concentrations of the DNA probe and  jncubated for 60 min at 37C. Finally, 5.14M 353C RecA was added
DNA were 1.25M and 8.3 nM, respectively. The DNA substrates to the sample, followed by 10 min incubation at 32 to complete
were denatured at 65C for 5 min and cooled slowly to the room  RecA-dsDNA filament formation. Metallization procedures were
temperature. Excess DNA probes were removed by small-scale gelperformed as described before.

filtration (Chroma SPIN-1000, Clontech). 0.25 nMDNA with an

annealed DNA probe was incubated with 04M 353C RecA in 25 Supporting Information Available: Scanning electron mi-
mM Tris-acetate, pH 7.5, 5 mM phosphocreatine (SIGMA), and 20 croscopy image of gold nanowires and other examples of the

U/mL creatine phosphokinase (SIGMA) at 3z for 10 min, and then  three-way junction formation. This material is available free of
13 mM magnesium acetate and 1 mM dATP were added to the solution charge via the Internet at http://pubs.acs.org

and the sample was further incubated for 60 min. Three volumes of
solution mixture containing 25 mM Tris-acetate, pH 7.5, 3 mM ATP- JA050487H
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