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diverged from the ADAT2/3 family by acquiring

the ability to bind IP
6
, followed by the acqui-

sition of one or more dsRBMs to generate an

ADAR. ADAT1 may have evolved an IP
6

bind-

ing function as a means of regulation. IP
6

ac-

cumulates in yeast during times of stress (39) and

thus could lead to increased ADAT1 activity,

and consequently to an increased conversion of

A37 to N1-methylinosine. Modification of posi-

tion 37 is predicted to increase fidelity of protein

synthesis by stabilizing the codon-anticodon in-

teraction (40), and thus yeast may use this mod-

ification to fine-tune protein synthesis in response

to environmental conditions.

Once established as a means of regulation for

ADAT1, metazoa may have extended this regu-

latory mode for use in ADARs, which perform

important roles in the nervous system and display

changes in activity during development (41). For

example, a feedback mechanism could act through

phospholipase C in response to hormones such as

serotonin. Upon binding of serotonin to its 5-HT
2c

receptor, phospholipase C is activated to cleave

phosphatidyl inositol 4,5-bisphosphate (PIP
2
) to

form the second messengers diacylglycerol and

inositol 1,4,5-triphosphate (IP
3
), which is subse-

quently phosphorylated to form IP
6
. 5-HT

2C

receptor mRNA is edited at five distinct sites by

ADAR2, with the more extensively modified re-

ceptors requiring greater concentrations of sero-

tonin to stimulate phospholipase C. It is tempting,

therefore, to speculate that the serotonin-induced

production of IP
6

causes increased production of

active ADAR2, which in turn edits mRNA to

attenuate the serotonin signaling pathway.

The structure of the hADAR2 catalytic do-

main reveals the active site architecture of a

zinc-catalyzed deamination reaction and suggests

how ADARs discriminate between cytidine and

adenosine residues. The presence of IP
6

in the

protein core implied an unexpected requirement

for this cofactor in ADARs, which was con-

firmed by assaying the RNA editing activity of

enzymes lacking IP
6
. The finding that IP

6
is

required for ADAR and ADAT activity suggests

many interesting links between RNA editing and

diverse processes such as cell signaling and trans-

lation, thus setting the stage for future studies.
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Single-Molecule
Torsional Pendulum

Jannik C. Meyer,1* Matthieu Paillet,2 Siegmar Roth1

We have built a torsional pendulum based on an individual single-walled carbon
nanotube, which is used as a torsional spring and mechanical support for the
moving part. The moving part can be rotated by an electric field, resulting in
large but fully elastic torsional deformations of the nanotube. As a result of the
extremely small restoring force associated with the torsional deformation of a
single molecule, unusually large oscillations are excited by the thermal energy of
the pendulum. By diffraction analysis, we are able to determine the handedness
of the molecule in our device. Mechanical devices with molecular-scale com-
ponents are potential building blocks for nanoelectromechanical systems and
may also serve as sensors or actuators.

Carbon nanotubes (1, 2) are likely to be used

in future nanoscale devices because of their

outstanding mechanical and electrical proper-

ties. Nanoelectromechanical devices incorpo-

rating multiwalled carbon nanotubes (MWNTs)

as motion-enabling elements have been demon-

strated; in these devices, the MWNT serves as a

torsional spring for small angular deforma-

tions (3) and torsional oscillations (4) or as a

bearing for continuous rotational operation

(5, 6). Here, we show that it is possible to

prepare large moving objects suspended on a

single molecule—a single-walled nanotube

(SWNT). The cross-section of a SWNT is

smaller than that of a MWNT by more than

two orders of magnitude, and large deforma-

tions are possible within the elastic regime.

The moving part returns to its initial position

even after being turned by 180-. The ultra-

low torsional spring constant provided by the

REPORTS
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SWNT allows for an easily detected deflec-

tion of the pendulum from excitations as

small as those from the thermal energy.

Individual SWNTs are grown on a silicon

substrate with a 200-nm oxide layer by chem-

ical vapor deposition (7). The tubes are lo-

cated with respect to a marker structure by

atomic force microscopy. The device struc-

ture, consisting of 100 nm of Au with a 3-nm

Cr adhesion layer, is prepared by electron

beam lithography. The substrate is cleaved so

that the structure is close (G10 mm) to a

cleaved edge, as illustrated in Fig. 1. These

structures are etched first in 15% tetra-

methylammonium hydroxide (TMAH) solution

for several hours. The TMAH removes the bulk

silicon and undercuts the structure from the

side of the cleaved edge. As a result, the

structure and the oxide layer reach out across

the side edge of the substrate. The TMAH

etching process is monitored with an optical

microscope until a sufficient part of the

structure is free-standing. Afterward, buffered

hydrofluoric acid is used to remove the oxide

layer, followed by critical-point drying.

The advantage of preparing a free-standing

structure on the corner of a substrate is that it

is accessible by a transmission electron micro-

scope (TEM). Using a similar process, we have

recently combined TEM and transport mea-

surements, including gate characteristics, on the

same nanotube (8). Arbitrary free-standing struc-

tures can be designed in this way, and acces-

sibility by TEM is important for understanding

and optimizing novel nanoelectromechanical

systems.

The devices shown in Figs. 2 and 3 consist

of a metal block suspended on an individual

SWNT. Although the key motion-enabling

element here is a single molecule, the sus-

pended object is large enough to be visible in

an optical microscope. In the TEM, the pen-

dulum shown in Fig. 2 is already turned by

È70- as a result of electrostatic charging from

the electron beam. This effect would not affect

the device in possible applications outside an

electron microscope. The charging is attrib-

uted to the high-resistance contacts between

the nanotube and the metal structure. It is not

present in the device shown in Fig. 3, which

can be actuated by an external field between

the support of the pendulum and a nearby

electrode. In all the investigated devices, the

carbon nanotube acts as a torsional spring in a

regime of fully elastic deformation. The pen-

dulum turns back to the initial position once

the potential is switched off, even though it

was turned by 180-. This is one distinction

from MWNT-based devices, which are re-

ported to break the outer shells at a deflection

of 20- (followed by a continuous rotational

freedom) in a similar geometry.

The device in Fig. 3 has a mass of m , 2 �
10j16 kg and a moment of inertia of J , 7 �
10j30 kgIm2 with respect to the tube axis. The

torsional spring constant of the tube axis is

C , 3 � 10j18 NIm per radian, calculated

from values in (9), our device geometry, and a

tube diameter of 1.5 nm. Therefore, a torsional

pendulum built on a SWNT can be turned by

extremely small forces. For a rotation of 1-, a

torque of 5 � 10j20 NIm is necessary. This

corresponds to a force of 0.1 pN acting on one

end of the rotor 400 nm away from the axis.

Such a deflection can be detected by optical

means because the rotor is sufficiently large.

Optical displacement sensing with nanometer

sensitivity has been demonstrated for objects

of similar size (10). More intriguing, how-

ever, is the possibility that the nanotube it-

self could be used to sense the deformation,

because a torsional deformation is expected

to strongly influence the tube_s electronic

structure (11).

Extremely small perturbances can also

excite a visible torsional oscillation. The res-

onance frequency for the torsional oscillation

is calculated to be f 0 E1/(2p)^E(C/J )1/2^ , 0.1

MHz. We can observe the thermally excited

oscillations at room temperature in the TEM

as unsharp edges of the pendulum, also

visible in Fig. 2C. The amplitude of an os-

cillation with an energy of k
B
T (where k

B
is

the Boltzmann constant and T is absolute

temperature) is calculated to be 3- for the

geometry of the device shown in Fig. 2,

which has a nanotube diameter of 2.4 nm. In

all investigated devices, the observed thermal

vibrations are in good agreement with the cal-

Fig. 1. Principle of sample preparation. (A) The structure is prepared on top of the nanotubes by
electron beam lithography close to a cleaved edge of a substrate. (B) An etching process removes
part of the substrate. (C) The part of the structure reaching out across the side edge is now free to
move. (D) A view from the top shows that it is accessible by the TEM.

Fig. 2. A metal block suspended on one individual SWNT. (A) The metal block is visible in an
optical microscope. (B and C) In the TEM, the suspended part rotates by up to È70- as a result of
charging by the electron beam with increasing magnification. (D) A high-resolution TEM image
taken at the right end of the tube shows that this device is indeed built on one single molecule.
Most of the amorphous carbon visible in (D) was deposited during the TEM analysis. Scale bars, 2
mm [(A) and (B)], 200 nm (C), 5 nm (D).

Fig. 3. A torsional pendulum built
on a SWNT. (A to D) Images ob-
tained at potentials of 0 V, 7.4 V,
9.7 V, and 22 V, respectively, be-
tween the support and the second
electrode [visible in the upper left
corner of (D)]. The sample is tilted
by 30- for a slightly side-on view on
the device. Scale bar, 100 nm. This
device is also shown in movie S1.
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culated ones. The amplitude depends only on

the diameter and length of the nanotube, not

the geometry of the suspended object. Ther-

mal vibrations up to 10- occur in devices with

small-diameter (1 nm) nanotubes. The good

agreement between observed and calculated val-

ues confirms that the modelization of the vibra-

tional modes is valid and the nanotubes indeed

exhibit the predicted mechanical properties.

Attaching a moving part with an individ-

ual SWNT is presumably one of the weakest

couplings (i.e., one of the lowest spring con-

stants) that can be realized. A pendulum on a

SWNT 1.5 nm in diameter is supported by a

total of only 40 C-C bonds (20 on each side),

hence this approach is close to the limit (sup-

port by a single bond) that could be conceived

for a mechanically attached object. If we

consider the device as a quantum mechanical

torsional harmonic oscillator, the angular

uncertainty Da of the quantum mechanical

zero-point oscillation is of a magnitude Da 0
AEh/(2p)^/E(C � J )1/2^Z1/2 (where h is the

Planck constant). For our device geometry,

this angular uncertainty is 0.0003-, which

corresponds to a position uncertainty of 2 �
10j12 m for the edge of the pendulum.

We note that a large position uncertainty

requires not only a very small moving object

(leading to a small mass and moment of

inertia J ) but also the weakest possible coupling

(here in terms of the spring constant C). How-

ever, reaching a quantum-limited regime where

k
B
T , hf would require microkelvin temper-

atures for our devices. To push the quantum

limit to higher temperatures, it would be neces-

sary to optimize the device geometry toward a

higher resonance frequency (e.g., by reducing

the size and mass of the moving object).

Figure 4B shows a diffraction pattern

(12, 13) obtained from a twisted SWNT on one

side of a torsional pendulum. The tube section

(300 nm in length) between the support and

the rotated metal block is torsionally de-

formed, because one end of this tube section

is turned by nearly 180-. By comparison with

simulations, the nanotube can be identified as

(14,12). However, there is a small deviation

from the diffraction pattern of an undeformed

(14,12) nanotube. In agreement with simula-

tions for a torsionally deformed structure, this

deviation shows that the tube is indeed homo-

geneously twisted (and not deformed, e.g., at

a single defect).

Nanotubes (with the exception of the so-

called armchair or zigzag types) are chiral

molecules; that is, they are not identical with

their mirror objects. Normally it is not possi-

ble to determine the handedness of a nanotube

from a diffraction pattern. The diffraction pat-

tern is the Fourier transform of the projected

atomic potentials, and the (n,m) nanotube and

its mirror counterpart Ewhich we call (m,n)^
have the same projected potential. In our case,

however, the nanotube is torsionally deformed

in a known direction. The two mirror-symmetric

enantiomers, after deformation in a given di-

rection, are no longer mirror-symmetric (Fig.

4A). Thus, it becomes possible to determine

which type is present. From the deviation in

the peak distances, we determine that in our

device we have deformed the nanotube

structure denoted as (14,12), and not its mirror

counterpart.

Our SWNT pendulum can be reproducibly

turned to any position between 0- and almost

180- with the use of a single electrostatic po-

tential. Nanoelectromechanical systems appli-

cations include micromirrors or devices that

require continuous tilting (with a precisely

defined rotation axis) of any object attached to

the nanotube or the pendulum. Because de-

flections and oscillations can be induced by

extremely small forces, the pendulum can

serve as a component in very sensitive nano-

scale force sensors.
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Fig. 4. (A) Effect of torsional deformation on the enantiomers of a (14,12) nanotube, viewed along
the tube axis. The red arrows indicate a line along the graphene lattice, forming a right- or left-handed
helix as it follows the cylindrical surface of the tube. The pitch of these helices is identical in the
undeformed objects, but after a torsional deformation in a given direction, the pitch of the helices is
different in the two enantiomers. The twisted (14,12) is no longer mirror-symmetric to the (12,14).
(B) Diffraction pattern of a twisted nanotube. (C) Intensity profile along the A-B line in (B), as
indicated in the pattern (solid red line) and for an undeformed (14,12) nanotube (solid blue line).
Shown as dashed lines are simulated diffraction patterns of torsionally deformed nanotubes, twisted
in the same direction and magnitude as in our device. The x axis is normalized to the distance
between the layer lines denoted by X and X¶ in (B). The angle between the tube axis and the graphene
lattice can be precisely determined from the relative peak distances (13). All A peaks are plotted at x 0
0. The clear difference in the peak distances, in agreement with the simulations, makes it possible to
determine which enantiomer is present. Because the direction of the twist is known, we can
determine that the tube structure (14,12), and not its mirror counterpart, is present in this device.
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