ence must adapt. The study of asteroids is
" therefore particularly exciting, as small plan-
ets provide the fulcrum for the growth of
planetology, and for an evolution of geophys-
ics in general. Complex and poorly under-
stood solar system processes—such as impact
cratering, accretion and catastrophic disrup-
tion, the evolution of volcanic structures,
and the triggering of differentiation—may
reveal themselves only in a study across the
gamut of planets, from the least significant
house-sized rock to the most stately terres-
trial world. Like clockwork miniatures, aster-
oids demonstrate primary principles govern-
ing planetary evolution at an accessible scale,
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and thousands await discovery and explora-
tion in near-Earth space alone.
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Conducting Polymers: From Novel
Science to New Technology

J. Campbell Scott

On page 2103 of this issue, Lonergan de-
scribes a hybrid device in which an inorganic
semiconductor and a conducting polymer are
combined to create a diode, one of the
fundamental building blocks of electronics
(1). Polymers of the sort used by Lonergan,
which become electrically conductive after
beingdoped with electron donors or acceptors,
have occupied an increasingly prominent
place in physics, chemistry, and materials
science since Shirakawa first reported his
method for the polymerization of acetylene
(2). Much research has since been motivated
(and many grants funded) by the conviction
that there isa huge potential for technological
and commercial exploitation, yet the record
reveals only a few truly successful products
(3). What can we learn by examining the
history of conducting polymers?

In addition to the technological possibili-
ties, interest in polyacetylene was driven by
scientific curiosity into the effect of broken
symmetry in the trans-isomer form, which
gives rise to highly nonlinear phenomena
such as solitons (4). Experimental data in the
early 1980s were eagerly scrutinized by theo-
rists in search of tests of their calculations in
nonlinear dynamics. Identification of po-
larons (single electronic charges, self-
trapped by a structural distortion) and
bipolarons (doubly charged) followed in
short order (5). At the same time, synthetic
chemists were exploring new materials and
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synthetic procedures to yield higher conduc-
tivity and environmental stability. The
“holy grail” became an air-stable polymer
with the conductivity of copper. In retro-
spect, it is hard to believe that serious consid-
eration was given to the use of plastics to
replace wiring, circuit board connections,
motor windings, or solenoid coils.
Nevertheless this period was an ex-
tremely productive time, owing to the syn-
ergy of scientists with backgrounds as diverse

Conjugated conductor. Space-filling model of
a polypyrrole chain. Carbon atoms are white;
nitrogen atoms are blue.

as field theory, solid-state physics, and physi-
cal and synthetic chemistry. A milestone was
reached in the development of conducting
polymers when it was recognized that they
could be synthesized by electrochemical po-
lymerization, then subsequently dedoped
and redoped by electrochemical methods
(6). Thus, properties such as electrical con-
ductivity and optical absorption could be
manipulated in ways that are not possible
with conventional semiconductors and met-
als. This distinction has led to the introduc-
tion, or at least the trial, of conjugated poly-

mers in new technological niches, and it is
this feature that Lonergan exploits (1).

One of the earliest commercialization at-
tempts was in batteries (3), on the basis of
electrochemical energy storage characteris-
tics combined with a perceived weight ad-
vantage. However, because of breakthroughs
in other battery materials such as lithium ion
and metal hydride, and because volumetric
capacity turned out to be more important
than weight, conducting polymer batteries
were not successful and have been with-
drawn from the market. Electrolytic capaci-
tors, introduced in 1992, have been more
successful. Here, conducting polymers per-
mit an all-solid-state device and obviate the
problem of containing a liquid electrolyte by
gelation or encapsulation.

Another unique and advantageous prop-
erty of conjugated polymers lies in the pro-
cessing and compatibility that one associates
with plastics. The earliest examples—poly-
acetylene, polyphenylene, polythiophene, and
polypyrrole (see figure)—were not very trac-
table, but considerable synthetic effort to
add side-chain substituents has resulted in
materials that are quite soluble in common
organic solvents, and even (as with deriva-
tives of polythiophene and polyaniline) in
water. Thus, the materials engineer has at
hand processes for casting thin conducting
layers on a wide variety of substrates, or for
blending the conducting polymer with struc-
tural polymers in films and fibers.

The resulting range of applications ac-
counts for the majority of today’s production
of conducting polymers. Antistatic blends of
conducting polyaniline or polypyrrole in tex-
tile fibers prevent the buildup of charge and
the resultant damaging discharge. Camou-
flage fabrics can be treated to prevent radar
reflection. A major manufacturer of photo-
graphic film coats the base layer with a trans-
parent conductive layer of polyethylene-
dioxythiophene in order to make the sheet
easier to handle during deposition of the op-
tically active dyes, and to alleviate some of
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the safety concerns associated with sparks
and solvent vapors. An area that has
emerged in the last several years combines
film casting processability with electro-
chemical properties to make coatings of con-
ducting polymers that are found to limit the
corrosion of ferrous metals. If these prelimi-
nary and unexpected laboratory findings can
be translated to a viable technology, the po-
tential market applications are enormous.
The conductivity, permeability, and elec-
trochemical activity of conducting polymers
leads to their use as chemical sensors, and
their compatibility with other organic mate-
rials may extend this usefulness to biological
sensors. This is an area of extensive current
research and incipient commercialization
[“electronic noses” (7)] and one where
Lonergan’s work may potentially have the
greatest impact. His hybrid device, combin-
ing an organic semiconductor with an elec-
trochemically dopable polymer, forms a
Schottky barrier junction whose electrical
characteristics are exquisitely sensitive to
the doping level of the polymer and therefore
to the presence of reactive analyte species in
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contact with it. The cleverly embedded gold
grid provides a means for controlling the
baseline dopant level and thus perhaps the
specificity and sensitivity of response.
Other applications of conjugated poly-
mers are in various stages of research or tech-
nology transfer: nerve replacement for
muscle stimulation, electroluminescence for
(very) flat panel displays, and seed layers for
electroless plating on printed circuit boards.
There are also examples, like the batteries
cited earlier, that showed great initial prom-
ise but have fallen, at least for the time being,
by the wayside: nonlinear optics for use in
fiber-optic switches and routers; photo-
refractive polymers for optical computing
and holographic data storage; pn junctions,
formed by donor and acceptor doping to
make diode rectifiers; and electrochromic
displays. The jury is still out on field-effect
transistors for use in inexpensive smart cards.
All these examples illustrate the lesson
that is to be learned: The successful commer-
cialization of conjugated polymers has come
(and presumably will continue to come) in
applications that exploit additional unique
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properties. The lesson can be equally well
applied to any new material. There is no
economic advantage to the simple displace-
ment of an entrenched manufacturing base.
Rather, it pays to remember: One cannot
spin-coat a transparent layer of copper from
aqueous solution onto acres of celluloid film;
nor can one change the Fermi level of silicon
by immersing it in a solution of oxidant.
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A Ribosome at the End
of the Tunnel

Ted Powers and Peter Walter

In all eukaryotic cells, ‘proteins are sorted
and delivered to final destinations inside and
outside the cell. Those that are to be exported
or inserted into membranes are first directed
into a network of membrane tubes called the
endoplasmic reticulum (ER). For many
proteins, this process occurs early, while they
are being created. In these cases the ribosomes
together with their growing protein chains
bind to pores in the ER membrane, forming
the characteristic studded appearance of the
rough ER seen under the electron microscope.
The major constituent of the ER pore, or
translocon, is the heterotrimeric Sec61
protein complex (I, 2). The challenge at
hand is to understand how the ribosome
binds to the translocon and what happens
during protein movement through the
translocon and into the ER. On page 2123 in
this issue, Beckmann et al. (3) rise to this
challenge by describing the cryo-electron
microscopic (EM) structure of the toroidal
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Sec61 complex bound to the ribosome.

The idea that an aqueous, protein-con-
ducting channel exists in the ER membrane
was one of the original tenets of the signal
hypothesis proposed in 1975 (see figure) (4)
and has gained steady experimental support
in recent years. Electrophysiological studies
demonstrated that large ion-conducting
channels appeared when ER-attached ribo-
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Twenty-two years ahead of its time. "Hypothetical
model for the formation of a transient tunnel through
which the nascent chain would be transferred,” as origi-
nally proposed by Blobel and Dobberstein (4, p. 848).
[Reprinted from (4) with permission Rockefeller Press]

somes were treated with puromycin, an anti-
biotic that causes release of nascent protein
chains from the ribosome (5). Subsequent
studies with fluorescence probes incorpo-
rated into the nascent chain showed directly
that the translocating chain traverses the
membrane through an aqueous environment
(6, 7). Moreover, the nascent chain was not
exposed to small ions present in the cyto-
plasm, indicating that the ribosome forms a
tight seal with the cytoplasmic face of the ER
membrane. Now we know that sometimes—
for example, during synthesis of integral
membrane proteins—the tight seal between
the ribosome and the membrane may be
transiently broken to facilitate the
lateral opening of the translocon.
This brief opening would allow
transmembrane segments of the pro-
tein access to the hydrophobic inte-
rior of the lipid bilayer, as well as
provide entry for internal cytosolic
domains into the cytosol during
membrane protein integration (8).
Thus, the ribosome-translocon in-
terface must be both dynamic and
tightly regulated.

In parallel studies, the components of the
translocation pore have been identified (9).
The basic translocon is astonishingly simple,
composed principally of the heterotrimeric
Sec61 complex. This complex is highly con-
served; the Sec61a, Sec61P, and Sec61ysub-
units from mammals are related to the yeast
Sec61, Sbh1, and Sss1 proteins, respectively.
Moreover, convincing homologs can be
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