predicted from the cDNA encoding the
hypocretin precursor protein (the predicted
cleavage sites are not consistent with the
analysis of the native peptide). Orexin-B is
identical to hypocretin-2 (8, 9). Both ligand
and receptor loci bear the npocretin moni-
ker; however, given that the structure of
hypocretin-1 was incorrect (9) and that the
receptors were identified by Yanagisawa’s
team (8), the nomenclature of this ligand-
receptor system should probably be recon-
sidered—"narcoleptin” perhaps?

The hypocretin/orexin neuropeptide
system has been proposed to regulate
feeding and energy metabolism based on
the anatomical expression pattern of the
peptides and their effects on feeding be-
havior (8). The neurons are located in the
lateral and posterior hypothalamus and
project widely within the forebrain, limbic
system, thalamus, hypothalamus, brain-
stem, and spinal cord (/0). Thus, one obvi-
ous question to be addressed is the effect
that inactivating the hypocretin/orexin pre-
cursor gene will have in mice. Yanagisawa
and colleagues introduced a null mutation
into this gene and carefully examined the
mice for behavioral abnormalities during
the daytime (3). But nothing appeared un-
usual. Nevertheless, knowing that mice are
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nocturnal and feed at night, the investiga-
tors observed the mice at night using in-
frared video recording. Incredibly, the
mice appeared to have frequent episodes
of behavioral arrest that resembled cata-
plexy (/7). These “narcoleptic attacks”
were usually triggered by ambulating and
grooming. To determine whether the
episodes could be epileptic seizures, they
recorded EEG and electromyogram (EMG)
activity and found that the mice did not ap-
pear to have a seizure disorder, but rather
appeared to enter into REM sleep prema-
turely. Taken together these results suggest
that the orexin knockout mice have the
mouse equivalent of narcolepsy. Classical
sleep physiologists remain cautious about
the mouse phenotype (/2) but, as a geneti-
cist, I am persuaded by the beauty of the
ligand and receptor phenocopy that is so
reminiscent of the steel/c-Kit and obese/di-
abetic pairs of mouse mutants.

How are the hypocretins/orexins affecting
sleep? It is too eatly to tell, but it is clear that
a new and unexpected pathway has been
linked to sleep. These studies also highlight
the lateral hypothalamus as an important site
of sleep regulation. The fact that a mutation
in a G protein—coupled orexin receptor can
cause narcolepsy immediately opens up the

possibility of new drug discovery efforts
with the future hope of therapeutics for the
hundreds of thousands of narcoleptic pa-
tients who would like to take sleep for grant-
ed like the rest of us.

References and Notes

1. W. C. Dement, in Principles and Practices of Sleep
Medicine, M. H. Kryger, T. Roth, W. C. Dement, Eds.
(Saunders, Philadelphia, PA, 1994), pp. 3-15; A. A. Bor-
bely, ibid., pp. 309-320.

2. L.Lin et al, Cell 98,365 (1999).

3. R.M. Chemelli et al, ibid,, p. 437.

4. E. Aserinsky and N. Kleitman, Science 118, 273
(1953); W. C. Dement and N. Kleitman, Electroen-
cephalogr. Clin. Neurophysiol. 9, 673 (1957).
Nathaniel Kleitman died on 13 August 1999 at the
age of 104, just days after the publication of the ca-
nine narcolepsy gene.

5. A.Rechtschaffen et al,, Science 221, 182 (1983); C. A.
Kushida, B. M. Bergman, A. Rechtschaffen, Sleep 12,
22 (1989).

6. S. Nishino and E. Mignot, Prog. Neurobiol. 52, 27

(1997); M. S. Aldrich, Neurology 50, S2 (1998).

. E. Mignot, Neurology 50 (Suppl. 1), $16 {1998).

. T.Sakurai et al., Cell 92, 573 (1998).

. L. De Lecea et al., Proc. Natl. Acad. Sci. U.S.A. 95, 322

(1998).

10. A.N. van den Pol et al., J. Neurosci. 18, 7962 (1998);
C. Peyron et al, ibid., p. 9996; Y. Date et al,, Proc.
Natl. Acad. Sci. U.S.A. 96, 748 (1999); A. N. van den
Pol, J. Neurosci. 19,3171 (1999).

11. Video clips of narcoleptic episodes in orexin knockout
mice (3) and orexin receptor—deficient dogs (2) can be
viewed on Science Online at www.sciencemag.org/
feature/data/1045064.shl.

12. J. M. Siegel, Cell 98, 409 (1999).

0~

Function Is Structure

Anders Liljas

ical system such as the ribosome—

the factory in the cell cytoplasm that
makes proteins—it is first necessary to
know the structure of its component parts.
The ribosome, however, has not readily
yielded its secrets to x-ray diffraction analy-
sis. Now, four papers—two in this issue of
Science (1, 2) and two in a recent issue of
Nature (3, 4)—present the crystal struc-
tures of the 70S bacterial ribosome and its
two component subunits, providing molec-
ular insights that go way beyond our previ-
ous knowledge.

The large (50S) and small (30S) subunits
of the ribosome are together composed of
three types of ribosomal RNA (rRNA) and
54 different proteins. These subcellular fac-
tories translate the genetic message of
mRNA into the amino acid sequence of the
particular protein it encodes. The substrate
in this enzymatic translation process is
transfer RNA (tRNA), which has an anti-

To understand the function of a biolog-
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codon at one end (that interacts with the
mRNA bound to the 30S subunit) and the
corresponding amino acid at the other (the
3’ end, which interacts with the 50S ribo-
some). As the ribosome moves along the
mRNA, the mRNA codon forms base pairs
with the anticodon of the corresponding tR-
NA. An accepted codon-anticodon match
allows the growing string of amino acids at-
tached to the ribosome-bound tRNA to be
transferred to the amino acid of an incom-
ing tRNA, so that the polypeptide is elon-
gated by one amino acid residue at a time.
This activity occurs in the peptidyl transfer
site in the 508 ribosomal subunit (see the
figure). Protein synthesis is catalyzed by a
range of different translation factors that are
active in the initiation, elongation, and ter-
mination phases of polypeptide production.
The solving of the first tRNA structures
by x-ray crystallography in 1974 began to
unravel the mystery of how proteins are
synthesized (5). The distance between the
anticodon and the acceptor end of tRNA
(where the amino acids are attached) was
found to be very large (75 A). Any new
model explaining how the ribosome works
had to accommodate this essential fact.

Next came the structure (at 2.7 A resolu-
tion) of tRNA bound to the polypeptide
elongation factor Tu (EF-Tu) (6). In this
complex, the amino acid at the acceptor end
of tRNA was found to be firmly bound to
and buried in the elongation factor and so
could not be added to the polypeptide chain
until its release from EF-Tu. Then came the
discovery that the structure of the complex
between tRNA and EF-Tu is mimicked by
that of elongation factor G (EF-G)—the ri-
bosomal translocase that moves the tRNA
together with the mRNA to expose a new
codon (6, 7). The simple explanation for
this similarity is that these elongation fac-
tors bind to the same site on the ribosome.

Despite these advances, solving the struc-
tures of the 508 and 30S subunits of the bac-
terial ribosome has been a challenge for
more than 30 years. Electron microscopy,
fluorescence resonance energy transfer, and
neutron scattering, together with bifunctional
cross-linking, affinity labeling, chemical
footprinting, and other chemical techniques
have enabled the ribosome to be analyzed at
low resolution. Recently, cryo-electron mi-
croscopy (cryo-EM)—which can be thought
of as crystallography performed on single
particles—has improved the resolution of ri-
bosomal structures dramatically (8), and oth-
er techniques have enabled the visualization
of high-resolution details of some ribosomal
components.
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The production of crystals of ribosomes
and their subunits that diffract x-rays much
more efficiently prompted the expectation
that the ribosome’s structure would soon be
revealed in great detail (9). This
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(2). The contacts between the two riboso-
mal subunits are surprisingly limited (/,
2). This explains the relative ease with
which ribosomes can be dissociated and is

tions with the ribosome. In contrast, the A-
site anticodon projects into an open cavity,
giving it the flexibility it needs for reorien-
tation of its acceptor end after release of

the tRNA from EF-Tu, which en-

expectation was finally realized at
a meeting in June this year with
the presentation of the crystal
structures of the bacterial ribo-
some and each of its subunits at
resolutions below 8 A, at which vi-
tal details relevant to the ribo-
some’s function were able to ap-
pear (10). The Nature papers re-

Binding sites

708

tRNA

port the structures of the large (3) :F,;RNA
and small (4) subunits at resolu- = - Exit channel
tions of 5.0 and 5.5 A, respective- ;

ly. In addition, the location of
mRNA in the small 30S ribosomal
subunit has been identified (at 4.5
A resolution) by labeling with
heavy metal atoms (/7). The re-
ports on pages 2095 and 2133 of
this issue present crystal structures
of the bacterial ribosome com-
plexed with mRNA and various
tRNAs at a resolution of 7.8 A (J,
2). The richness of detail in all of
these structures is set to solidify
our understanding of the minute

50S

transfer
center

5 e 8
Peptidyl 3

ables the molecule to take up its
functional position in the peptidyl
transfer site (/). This site in the
508 subunit—where the amino
acid of the A-site tRNA approach-
es the P-site tRNA for peptide
transfer—has been accurately pin-
pointed. However, the identifica-
tion of the exact components of
the peptidyl transfer site, the re-
gions of 23S rRNA involved, and
the proteins that are close enough
to participate in peptide bond for-
mation remain to be established
(1, 3). As soon as the components
of the peptidyl transfer site are
definitively identified, the decade-
long debate about whether the ri-
bosome is a ribozyme (an RNA
molecule with enzyme activity)
will come to an end. The channel
through which the synthesized
polypeptide chain protrudes can
be seen clearly in the crystal
structure of the 50S subunit (see

details of protein synthesis.

The crystallographic achieve-
ments displayed in the Science re-
ports are significant. These struc-
tures are the largest asymmetric
objects ever solved by crystallog-
raphy (molecular masses: 30S,
900 kD; 508, 1600 kD; 70S, 2500
kD). To be able to calculate (by
Fourier summation) the electron
density of a crystal, one needs to
know not only the amplitudes (re-
lated to the intensities of the
diffracted x-ray beams), but also
the so-called phase angles for
each diffracted beam. Until now, the initial
phase angle determination has been a major
obstacle to solving large structures by x-ray
diffraction. But low-resolution structures
obtained with cryo-EM have been used to
identify the position and orientation of the
ribosomal particles in the crystals (/). This
has helped to identify the location of heavy-
atom clusters, which, when studied at sever-
al x-ray wavelengths with synchrotrons, be-
come a very powerful means for determin-
ing phase angles (/-4, 11).

The new structures have been invalu-
able for working out where the 54 proteins
and more than 4500 nucleotides of rRNA
are located in the ribosome. For example,
a protrusion on the 50S subunit and its as-
sociation with RNA was identified by la-
beling it from protein S15, which sits in
the 30S subunit close to the protrusion

Rotund marvels. Structure of the 70S ribosome and its functional
center. (Top) The tRNA molecules span the space between the two
subunits; the channel in the 505 subunit through which the growing
peptide chain protrudes is shown in dashed lines. (Bottom) The 30S
(left) and 50S (right) subunits have been opened up to give a better
view of the three binding sites for tRNA, the A, P, and E sites. The 305
subunit shows the approximate location of the site where the codons
of the mRNA are read by the anticodons of the tRNAs. The 505 sub-
unit has the tRNA sites shown from the opposite direction. The accep-
tor ends of the A- and P-site tRNAs are close to each other in the pep-
tidyl transfer site, which is close to the exit channel located behind a
ridge in the 505 subunit. The binding site for EF-G and EF-Tu is located
on the right-hand protuberance of the 505 subunit.

consistent with rearrangements of the rel-
ative orientation of the subunits. One of
the few connections between the large and
small subunits is a long rRNA helix (iden-
tified as the penultimate helix of 16S
rRNA) that runs along the length of the
30S subunit (/, 4).

The functional centers of the ribosome
have now been clearly identified. Thus, the
ribosomal binding sites for tRNA (A, P,
and E) form bridges between the subunits
(see the figure). The relative orientation of
the A- and P-site tRNAs seems to be more
parallel than originally inferred by cryo-
EM (I, 8). Regions of the penultimate he-
lix of 165 rRNA—previously identified as
positions where the codons of mRNA are
decoded by tRNA—have now been further
characterized (I, 4). The anticodon in the P
site is held firmly in place by its interac-

the figure) (3). In addition, the
binding sites for several of the
translation factors, including EF-
Tu and EF-G, have been identi-
fied and a tentative model for
their interaction presented (3).

Future crystallographic and
cryo-EM studies should allow the
structure of the ribosome to be
solved at even higher resolutions.
However, it is of the utmost im-
portance that all of the structural
data be made available in the
Protein Data Bank as soon as
possible (/2). Attempting to ob-
tain detailed structural impressions from
the illustrations provided in the literature
is of little value.
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