PERSPECTIVES: BIOCHEMISTRY

SCIENCE'S COMPASS

Sense and Sensitivity—
Controlling the Ribosome

Matthew S. Sachs and Adam P. Geballe

ne of the stunning advances of the
Opast few years has been the elucida-

tion of the precise structure of the ri-
bosome, the molecular factory of the cell that
makes proteins (/). Thousands of ribosomes
are present in each cell of all organisms from
bacteria to humans. These large RNA-protein
complexes are responsible for the dynamic
and highly regulated process of protein syn-
thesis. Antibiotics and toxins that interfere

Studies by Yanofsky and co-workers have
elucidated a mechanism for the control of
tryptophanase gene expression that depends
on the synthesis of a short peptide encoded
by the tmaC gene, located in the leader re-
gion of the operon. In the presence of abun-
dant tryptophan, this nascent peptide inter-
feres with the termination of its own synthe-
sis, resulting in persistent linkage of the
TnaC peptide to tRNA. As a result, the

with ribosome activity cause cell
death. Recent work suggests that
the ribosome is surprisingly sen-
sitive to the amino acid chain
that it is synthesizing. Now,
Gong and Yanofsky (2) report
on page 1864 of this issue that
the forming (nascent) polypep-
tide chain regulates gene expres-
sion by stopping the ribosome in
its tracks. They show that in the
bacterium Escherichia coli the
nascent regulatory peptide con-
trolling the synthesis of trypto-
phanase (the enzyme cataboliz-
ing tryptophan) is able to halt
the ribosome that is making this
peptide when tryptophan is de-
livered to the ribosome’s catalyt-
ic site. The existence of similar

Sensing the nascent peptide. Dur-
ing the termination of protein syn-
thesis, a release factor (green) enters
the A site in the large subunit of the
ribosome (blue), triggering the hy-
drolysis of peptidyl-tRNA at the pep-
tidyl transferase center (PTC, or-
ange). However, residues in the
nascent polypeptide chain (red) may
interact with components of the
tunnel (yellow). When cofactors
(purple) are present, these interac-
tions between the nascent peptide
chain and the tunnel may block the
PTC activity required for peptidyl-
tRNA hydrolysis, as appears to be the
case for the E. coli TnaC peptide.
Some nascent peptides with their
associated cofactors can interfere
with the elongation step catalyzed at
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mechanisms for regulating the the FIC,

synthesis of other enzymes suggests that the
feedback modulation of ribosome activity by
nascent peptides is a widespread regulatory
strategy (3—6).

Proteins are synthesized by translation of
their mRNAs, a process carried out by ribo-
somes. This process can be divided into three
stages: initiation of translation, elongation of
the nascent peptide, and termination of pep-
tide synthesis. The rate of elongation and ter-
mination is determined by the amount of
aminoacylated tRNA available to decode the
mRNA and by the activities of various trans-
lation factors. However, evidence is emerg-
ing that the nascent peptide itself—within
the ribosome that is making it—can pro-
foundly affect mRNA translation.
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translating ribosome
stalls on the mRNA, pre-
venting transcription termination events that
normally preclude expression of the down-
stream tryptophanase gene. Several other
enzymes in bacteria and eukaryotes resem-
ble tryptophanase in that their production
depends on peptidyl transferase inhibition
and ribosomal stalling mediated by nascent
peptides that act in concert with small-
molecule cofactors. Among the many in-
triguing questions raised by these regulatory
systems is how the ribosome senses both the
nascent peptide and the regulatory cofactors.

Biochemical and structural studies pro-
vide evidence for a tunnel in the large riboso-
mal subunit through which the nascent pep-
tide usually exits (7—/0). Because the ribo-
some can shield about 30 to 40 amino acids
of the nascent chain, peptides that are only 20
to 30 amino acids in length such as TnaC are
expected to be entirely within the tunnel. Spe-
cific amino acids are required at various posi-
tions along regulatory nascent peptides if they
are to block peptidyl transferase and stall the
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ribosome. Some of these amino acids—such
as prolines at the carboxyl termini of several
peptides including TnaC and the product of
cytomegalovirus UL4 upstream open reading
frame 2—may act directly within the peptidyl
transferase center to impede its activity dur-
ing translation termination (see the figure).
However, others, such as the critical trypto-
phan residue at position 12 of TnaC, may in-
teract with ribosomal RNA or proteins that
constitute the tunnel walls. The requirement
for such residues suggests that, rather than
simply being a passive “Teflon-coated” con-
duit, the tunnel may consist of a series of dy-
namic regulatory gates that inspect the
nascent chain as it passes through, in some
cases triggering events that shut down the
peptidyl transferase center.

In addition to the nascent peptide, free
tryptophan is required for the regulation of
tryptophanase production. But where does
the free tryptophan act? One hypothesis is
that it binds in the ribosome tun-
nel along with the nascent
~»  peptide. However, Gong
\ and Yanofsky present

strong evidence that
. - tryptophan inter-
AT, . .
- acts directly with
the peptidyl trans-
ferase center. Re-
placement of the
wild-type tnaC
UGA stop codon
‘ with a UGG tryp-
=3 tophan codon causes
constitutive tryptophan-
independent accumulation
of a peptidyl-tRNA intermedi-
ate containing the first 24 amino
acids of the nascent peptide linked to
prolyl-tRNA. The authors propose that af-
ter synthesis of the TnaC-prolyl-tRNA, but
before addition of tryptophan, the trypto-
phan-charged tryptophanyl-tRNA binds to
the ribosomal A site and interferes with
peptidyl transferase action. The require-
ment for a high concentration of trypto-
phan with the wild-type template suggests
that the binding of the free amino acid is
relatively inefficient. When the stop codon
is replaced by sense codons other than a
tryptophan codon, tryptophan cannot com-
pete successfully with cognate aminoacyl-
tRNAs for access to the site. However,
when the stop codon is replaced by a tryp-
tophan codon, then the tryptophanyl moi-
ety of tryptophan-charged tryptophanyl-
tRNA operates efficiently, presumably be-
cause it is delivered directly to its binding
site within the peptidyl transferase center
by the attached tRNA.

Other small coregulatory molecules act

in concert with nascent peptides to control
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ribosome movement along the mRNA. In
prokaryotes, the antibiotics chloramphenicol
and erythromycin activate the expression of
antibiotic-resistance genes. In eukaryotes,
arginine and spermidine inhibit the expres-
sion of genes in their respective biosynthetic
pathways. In all cases, the cofactor and the
nascent peptide act together to halt the ribo-
some. Chloramphenicol presumably acts
through its known binding to the peptidyl
transferase center, and erythromycin
through its interactions with the ribosome
tunnel. The sites of action of arginine and
spermidine are unknown, but in light of the
results of Gong and Yanofsky, it is attractive
to consider that these compounds too might
act at the peptidyl transferase center.
Important questions still remain to be
answered. How do interactions of the
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nascent peptide with the ribosome tunnel
influence events at the peptidyl transferase
center, and vice versa? How general are
such mechanisms among different organ-
isms? Regulation by nascent peptides with
associated cofactors has been observed
only for short nascent peptides that would
be entirely within the ribosome. Can co-
factor- and peptide-dependent regulation
affect translation of internal regions of the
long reading frames of genes? It will be
interesting to determine whether mutations
that affect the general structure and func-
tion of the ribosome tunnel also affect the
activities of these specific nascent pep-
tides and cofactors. From the medical per-
spective, understanding how nascent pep-
tides regulate ribosome activity in bacteria
could provide useful insights for develop-

ing new antibiotics. At a minimum, eluci-
dating the interactions responsible for ri-
bosome regulation by nascent peptides
should lead to more complete and dynam-
ic models of ribosome action.
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Quantum Logic with Light,
Glass, and Mirrors

Andrew Shields

suggests that quantum computers

may one day be built based on sin-
gle photons routed through a circuit of
simple optical elements: mirrors and small
bits of glass. Such circuitry would revolu-
tionize information technology, allowing
fast solution of some of the most difficult
computational problems and enhancing
ultrasecure communication systems.

Today’s computers process informa-
tion in binary format, as a sequence of 0’s
and 1’s. With single quanta, information
can be encoded not only in pure 0’ and
1’s, but also in states that are a mixture of
0 and 1. These superposition states have
some probability of being 0 and some of
being 1. Furthermore, the superposition
increases with the number of qubits, so
that a system with n qubits can be in 2"
states simultaneously.

Quantum computers perform each op-
eration on all 2" at the same time. The re-
sulting massive parallelism can speed up
the solution of otherwise intractable prob-
lems. Although only a handful of quan-
tum algorithms have been discovered so
far, they include important mathematical
problems, such as finding the prime fac-
tors of large numbers, the Achilles heel
of classical cryptography (1, 2).

Proposals for quantum logic hardware

Recent progress in quantum optics
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The quantum parity check gate. This gate transfers the
input qubit A to the output qubit A" if its value is the same
as that of input qubit B. If both inputs are 1 (vertically po-
larized photons), both will be reflected at the beam-split-
ter. If both are 0 (horizontally polarized), both will be
transmitted. In either case, a single count in the detector
means that the gate has transferred the value of A to A”. If
the two input polarizations differ, either both or neither of
the photons is registered in the detector, and the gate
fails. The gate also works when the inputs are in superpo-

sition states (6).

are based on single different quantum sys-
tems: single electron charges, electron
spins, electrons in atoms or ions, photons,
magnetic flux, and nuclear spins in solids
and molecules (1, 2). Photons have the ad-
vantage in that they interact only weakly
with their environment, allowing many
operations on a single photon before scat-
tering scrambles its quantum information.
This inertness also makes photons the nat-
ural choice for transmitting quantum in-
formation between processors.

Single-photon communication is the
basis for quantum cryptography, a tech-
nique for achieving authentication and
confidentiality on fiber and free space op-
tical links (/, 2). Unlike every other
known method, quantum cryptography
can guarantee the secrecy of encryption
keys regardless of the computing re-
sources, fancy gadgetry, or guile of a
hacker. Quantum cryptography may soon

secure optical links between dif-

A’ ferent sites of banks or large cor-

1 porations across a metropolitan

area. Thus the first applications

for quantum logic are very likely
A to be in such photonic systems.

Any measurable property of
the photon can store quantum in-
formation. Many experiments
choose the linear polarization (or
spin) of the photon, which cor-
responds to the direction of its
electric-field vector. For exam-
ple, we could associate a hori-
zontally polarized photon with 0
and a vertically polarized one
with 1. Because the polarization
can point in any direction in the
horizontal or vertical plane, a
polarized photon can encode
any superposition of 0 and 1.
We can measure the linear po-
larization of a photon with a polarizing
beam-splitter cube (3), which reflects all
vertically polarized photons and trans-
mits horizontal ones.

Manipulating the quantum information
of a single photon is also straightforward;
a thin quartz plate can rotate the photon
polarization by any arbitrary angle. How-
ever, causing two photons to interact—a
vital ingredient for quantum logic—is
more difficult to achieve. Few materials
are sufficiently nonlinear to allow re-
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