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The Complete Atomic Structure
of the Large Ribosomal Subunit
at 2.4 A Resolution

Nenad Ban,'* Poul Nissen,'* Jeffrey Hansen,’ Peter B. Moore,-?
Thomas A. Steitz'%3}

The large ribosomal subunit catalyzes peptide bond formation and binds ini-
tiation, termination, and elongation factors. We have determined the crystal
structure of the large ribosomal subunit from Haloarcula marismortui at 2.4
angstrom resolution, and it includes 2833 of the subunit's 3045 nucleotides and
27 of its 31 proteins. The domains of its RNAs all have irregular shapes and fit
together in the ribosome like the pieces of a three-dimensional jigsaw puzzle
to form a large, monolithic structure. Proteins are abundant everywhere on its
surface except in the active site where peptide bond formation occurs and
where it contacts the small subunit. Most of the proteins stabilize the structure
by interacting with several RNA domains, often using idiosyncratically folded
extensions that reach into the subunit's interior.

In the last step of the gene expression path-
way, genomic information encoded in mes-
senger RNAs is translated into protein by a
ribonucleoprotein called the ribosome (7). As
in most other organisms, the prokaryotic ri-
bosome (MW = 2.6 X 10°) is about two-
thirds RNA and one-third protein and con-
sists of two subunits, the larger of which is
approximately twice the molecular weight of
the smaller (2). The small subunit, which
sediments at 30S in prokaryotes, mediates the
interaction between mMRNA codons and
tRNA anticodons on which the fidelity of
translation depends. The large subunit, which
sediments at 505 in prokaryotes, includes the
activity that catalyzes peptide bond forma-
tion—peptidyl transferase—and the binding
site for the G-protein (GTP-binding protein)
factors that assist in the initiation, elongation,
and termination phases of protein synthesis.

Because the structures of several DNA
and RNA polymerases have been determined
at atomic resolution, the mechanisms of DNA
and RNA synthesis are both well understood.
Determination of the structure of the ribo-
some, however, has proven a daunting task. It
is several times larger than the largest poly-
merase, and 100 times larger than lysozyme,
the first enzyme to be understood at atomic
resolution. Until now an atomic resolution
structure for the ribosome has not been avail-
able, and as a result the mechanism of protein
synthesis has remained a mystery.

Electron microscopy has contributed to
our understanding of ribosome structure ever
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since the ribosome was discovered. In the last
few years, three-dimensional (3D) electron
microscopic images of the ribosome have
been produced at resolutions sufficiently high
to visualize many of the proteins and nucleic
acids that assist in protein synthesis bound to
the ribosome (3). Earlier this year, an approx-
imate model of the RNA structure in the large
subunit was constructed to fit a 7.5 A reso-
lution electron microscopic map of the 508
subunit from Escherichia coli as well as bio-
chemical data (4).

Crystallization studies of the ribosome be-
gun two decades ago by Yonath and Witt-
mann (5) and by the group at Pushchino (6)
opened the possibility of using x-ray crystal-
lography to determine the structure of the
ribosome at atomic resolution. The first elec-
tron density map of the ribosome that showed
features recognizable as duplex RNA was a 9
A resolution x-ray crystallographic map of
the large subunit from Haloarcula marismor-
tui published 2 years ago (7). A year later,
extension of the phasing of that map to § A
resolution made it possible to locate several
proteins and nucleic acid sequences, the
structures of which had been determined in-
dependently (8). At about the same time, with
the use of similar crystallographic strategies,
a 7.8 A resolution map was generated of
the entire Thermus thermophilus ribosome,
showing the positions of tRNA molecules
bound to its A, P, and E sites (9), and a 5.5 A
resolution map of the 30S subunit from T.
thermophilus was obtained, which allowed
the fitting of solved protein structures and the
interpretation of some of its RNA features
(10). Subsequently, an independently deter-
mined, 4.5 A resolution map of the T. ther-
mophilus 308 subunit was published, which
was based, in part, on phases calculated from
a model corresponding to 28% of the subunit

mass that had been obtained with a 6 A
resolution experimental map (//). The inter-
pretation of the subunit packing in the two
30S structures is not the same, even though
the crystals used by the two groups appear to
be identical.

Using a 2.4 A resolution, experimentally
phased, electron density map, we have pro-
duced an atomic structure of the H. maris-
mortui 50§ ribosomal. The model includes
2711 of the 2923 nucleotides of 23S ribosom-
al RNA (rRNA), all 122 nucleotides of its 55
TRNA, and structures for the 27 proteins that
are well ordered in the subunit. Here, we
describe the architecture of the subunit, the
structure of its RNAs, and discuss the loca-
tion, structures, and functions of its proteins.

The secondary structures of both 55 and
23S rRNA are remarkably close to those de-
duced for them by phylogenetic comparison.
The secondary structure of the 23S rRNA
divides it into six large domains, each of
which has a highly asymmetric tertiary struc-
ture. The irregularities of their shapes not-
withstanding, the domains fit together in an
interlocking manner to yield a compact mass
of RNA that is almost isometric. The proteins
are dispersed throughout the structure and
mostly concentrated on its surface, but they
are largely absent from the regions of the
subunit that are of primary functional signif-
icance to protein syntheses: the 30S subunit
interface and the peptidyl transferase active
site. The most surprising feature of many of
these proteins is the extended, irregular struc-
ture of their loops and termini, which pene-
trate between RNA helices. The primary role
of most proteins in the subunit appears to be
stabilization of the 3D structure of its rRNA.

Structure determination. Several exper-
imental approaches were used to extend the
resolution of the electron density maps of the
H. marismortui 508 ribosomal subunit from 5
to 2.4 A. A back-extraction procedure was
developed for reproducibly growing crystals
that are much thicker than those available
earlier and that diffract to at least 2.2 A
resolution. The twinning of crystals, which
obstructed progress for many years (8), was
eliminated by adjusting crystal stabilization
conditions (/2). All of the x-ray data used
for high-resolution phasing were collected at
the Brookhaven National Synchrotron Light
Source except for two native data sets, which
were collected at the Advanced Photon
Source at Argonne (/3) (Table 1). Osmium
pentamine (132 sites) and iridium hexamine
(84 sites) derivatives proved to be the most
effective in producing isomorphous replace-
ment and anomalous scattering phase infor-
mation to 3.2 A resolution (/4). Intercrystal
density averaging, which had contributed sig-
nificantly at lower resolution, was not helpful
beyond about 5 A resolution. Electron densi-
ty maps were dramatically improved, and
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their resolutions were eventually extended to
2.4 A with the solvent-flipping procedure in
the CNS program (15, 16).

Except for regions obscured by disorder,
the experimentally phased 2.4 A resolution
electron density map was of sufficient quality
that both protein and nucleic acid sequencing
errors could be identified and corrected. Each
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nucleotide could be fitted individually, and
the difference between A and G was usually
clear without having to refer to the chemical
sequence, as was the distinction between pu-
rines and pyrimidines (Fig. 1). Only a few of
the many water molecules and metal ions
evident in the electron density have been
positioned so far.

Helix 95
(SRL)

Helix 94

Fig. 1. Portions of the experimental 2.4 A resolution electron density map. (A) A stereo view of a
junction between 23S rRNA domains I, Ill, 1V, and V having a complex structure that is clearly
interpretable. The electron density is contoured at 2¢. The bases are white and the backbones are
colored by domain as specified in Fig. 4. (B) The extended region of L3 interacting with its
surrounding RNA, where the red RNA density is contoured at 20 and the blue protein density is
contoured at 1.5¢. (C) Detail in the L2 region showing a bound Mg?* ion. (D) Detail from L2
showing amino acid side chains. (E) Helices 94 through 97 from domain V. The red contour level
is at 20, and the yellow contour at 60 shows the positions of the higher electron density phosphate

groups.

Subtraction of the atomic model from the
experimental electron density map leaves no
significant density except water and ions,
showing that the model accounts for all the
macromolecular density. Preliminary refine-
ment of the model was achieved with exper-
imental phase restraint in the program CNS
(16). The model was further refined in real
space against the 2.4 A electron density map
with the program TNT (/7), which yielded a
model with an R factor of 0.33. One addition-
al round of mixed target refinement of both
atomic positions and B factors with CNS led
to the structure described here. The current
free R factor is 0.26 (Table 1).

Sequence fitting and protein identifica-
tion. Guided by the information available on
the secondary structures of 235 rRNAs (/8),
the sequence of 23S rRNA was fit into the
electron density map nucleotide by nucleo-
tide starting from its sarcin/ricin loop se-
quence [A2691 to A2702 (E. coli numbers
A2654 to A2665)] whose position had been
determined at 5 A resolution (8). The remain-
ing RNA electron density neatly accommo-
dated 55 rRNA. The interpretation of electron
density corresponding to protein was more
complicated because each protein region had
to be identified chemically before the appro-
priate sequence could be fit into it; with the
assistance of D. Klein, L. Min, S. Antolic,
and M. Schmeing, ~4000 amino acid resi-
dues of 27 proteins were fit into electron
density.

The H. marismortui 50§ subunit appears
to contain 31 proteins, and sequences for 28
of them exist in the Swiss-Prot data bank,
including one called HMS6 or L7ae, which
originally had been assigned to the small
ribosomal subunit (/9). The three remaining
proteins were identified using the sequences
of the ribosomal proteins from eukaryotes
and other archaeal species as guides. No elec-
tron density was found for one of the H.
marismortui large ribosomal subunit proteins
in the sequence database, LX. Either the as-
signment of LX to the large subunit is in
error, or LX is associated with a disordered
region of the subunit. It is also possible that
LX is absent from the subunits examined
altogether.

The 2.4 A resolution electron density map
lacks clear electron density for proteins L1,
L10,L11, and L12, the positions of which are
known from earlier low-resolution x-ray and/
or electron microscopic studies. These pro-
teins are components of the two lateral pro-
tuberances of the subunit, which are both
poorly ordered in these crystals. L1 is the sole
protein component of one of them (20) and is
visible in 9 A resolution density maps of the
subunit (7), but not at higher resolutions.
L10, L11, and L12 are components of the
other protuberance, which is often referred to
as the L7/L12 stalk (20). L11 and the RNA to
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which it binds were located in the 5 A reso-
lution electron density map of the H. maris-
mortui large subunit (8) using the indepen-
dently determined crystal structures of that
complex (21, 22). A protein fragment (~100
residues) associated with the RNA stalk that
supports the L11 complex can be seen in the
2.4 A resolution map. On the basis of its
location, the fragment must be part of L10.
No electron density corresponding to L12
was seen at any resolution, but the L12 tet-
ramer is known to be attached to the ribo-
some through L10, and the L10/L12 assem-
bly is known to be flexible under some cir-
cumstances (23), which may explain its in-
visibility here.

The structures of eubacterial homologs of
proteins L2, L4, L6, L14, and L22 have
previously been determined in whole or in
part (Table 2). L2, L6, and L14 were initially
located in the 5 A resolution map (8). L4 and
L22 have now been identified and positioned
the same way. Electron density correspond-
ing to most of the remaining proteins was
assigned by comparing chain lengths and se-
quence motifs deduced from the electron den-
sity map with known sequence lengths. Oc-
casionally, these comparisons were assisted
by the information available on relative pro-
tein positions (24) and protein interactions
with 23S rRNA and 55 rRNA (25). Each of
the protein electron density regions so iden-
tified is well accounted for by the amino acid
sequence assigned to it.

The most interesting of the proteins iden-
tified by sequence similarity was L7ae, which
first appeared to be L30e. The L30e identifi-
cation seemed plausible because the structure
of yeast L30e superimposes neatly on the
electron density of L7ae, and the structure of
the RNA to which L7ae binds resembles that
of the mRNA element to which yeast L30e
binds (26). Nevertheless, the sequence of
HMS6, which by sequence similarity is a
member of the L7ae protein family, better fits
the electron density. Four of the other pro-
teins identified by sequence similarity, L24e,
L37e, L37ae, and L44e, contain zinc finger
motifs. The rat homologs of L37¢ and L37ae
were predicted to be zinc finger proteins on
the basis of their sequences (27), and this
prediction helped identify their homologs in
H. marismortui. Even though no H. maris-
mortui sequences were available for the pro-
teins L10e, L15e, and L37ae, they could be
identified using the alignments of other avail-
able archaeal sequences.

General appearance of the subunit. In
its rotated crown view (Fig. 2), the large
ribosomal subunit, which is about 250 A
across, presents its surface that interacts with
the small subunit to the viewer with the three
projections that radiate from that surface
pointed up. Although the protuberance that
includes L1 is not visible in the 2.4 A reso-
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lution electron density map, the structure of
L1, which has been determined independent-
ly (28), has been positioned approximately in
lower resolution maps (7) and is included
here to orient the reader. It is evident that,
except for its two lateral protuberances, the
large ribosomal subunit is monolithic. There
is no hint of a division of its structure into
topologically separate domains. In addition,
partly because it lacks obvious domain sub-
structure but also because it is so large, it is
impossible to comprehend looking at it as a
whole. To convey a sense of how it is put
together, the subunit must be dissected into
its chemical components.

RNA secondary structure. All the base
pairs in H. marismortui 23S rRNA stabilized
by at least two hydrogen bonds were identi-
fied with a computer program that searched
the structure for hydrogen bond donors and
acceptors separated by less than 3.2 A. Bases
linked by at least two such bonds were con-
sidered paired if the angle between their nor-
mals was less than 45° and if the angle be-
tween bonds and base normals was also less
than 45°. On the basis of the results of this
analysis, R. Gutell and colleagues prepared a
secondary structure diagram (Fig. 3) in the
format standard for 235/28S rRNAs. The sec-
ondary structure predicted for this molecule
by phylogenetic comparison was remarkably
accurate, but it did not find all of the tertiary
pairings and failed to identify interactions
involving conserved bases. In addition to
base pairs of nearly every type, the RNA
contains numerous examples of well-known
secondary structure motifs such as base tri-
ples, tetraloops, and cross-strand purine
stacks, but no dramatically new secondary
structure motifs have been identified so far.

The secondary structure of this 235 rRNA
consists of a central loop that is closed by a
terminal stem, from which 11 more or less
complicated stem-loops radiate. It is custom-
ary to describe the molecule as consisting of
six domains and to number its helical stems
sequentially starting from the 5’ end (Fig. 4)
(29). The division of the molecule into do-
mains as shown in Fig. 4 deviates from stan-
dard practice with respect to helix 25, which
is usually considered part of domain I. Here,
it is placed in domain II because it interacts
more strongly with domain II than the other
elements of domain 1.

There are five sequences longer than 10
nucleotides in 23S rRNA whose structures
cannot be determined from the 2.4 A resolu-
tion map because of disorder. Together they
account for 207 out of the 232 nucleotides
missing from the final model. The disordered
regions are: all of helix 1, the distal end of
helix 38, helix 43/44 to which ribosomal
protein L11 binds, the loop end of stem-loop
69, and helix 76/77/78, which is the RNA
structure to which L1 binds. For complete-
ness, these regions are included in Fig. 3 (in
gray) with the secondary structures deter-
mined for them phylogenetically.

Overall architecture of rRNA. The six
domains of 23S rRNA and 5S rRNA all have
complicated, convoluted shapes that fit to-
gether to produce a compact, monolithic
RNA mass (Fig. 4, A and B). Thus, despite
the organization of its RNAs at the secondary
structure level, in three dimensions the large
subunit is a single, gigantic domain. In this
respect, it is quite different from the small
subunit. Even in low-resolution electron mi-
crographs the small subunit consists of three
structural domains, each of which contains

Fig. 2. The H. maris-
mortui large ribosomal
subunit in the rotated
crown view. The L7/
L12 stalk is to the
right, the L1 stalk is to
the left, and the cen-
tral protuberance (CP)
is at the top. In this
view, the surface of
the subunit that inter-
acts with the small
subunit faces the
reader. RNA is shown
in gray in a pseudo-—
space-filling  render-
ing. The backbones of
the proteins visible are
rendered in gold. The
Yarus inhibitor bound
to the peptidyl trans-
ferase site of the sub-
unit is indicated in
green (64). The parti-
cle is approximately
250 A across.
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Secondary Structure: large subunit ribosomal RNA - 5’ half
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one of the three secondary structure do-
mains of its RNA (30). This qualita-
tive difference between the two subunits
may reflect a requirement for conforma-
tional flexibility that is greater for the small
subunit.

Domain I, which looks like a mushroom
(Fig. 4E), lies in the back of the particle,
behind and below the L1 region. The thin
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Fig. 3.

part of the domain starts in the vicinity of
domain VI, which is the location of its first
and last residues. Helices 1 and 25 span the
particle in the back and then the domain
expands into a larger, more globular struc-
ture below and behind the L1 region.
Domain II is the largest of the six 23§
rRNA domains, accounting for most of the
back of the particle. It has three protrusions

that reach toward the subunit interface side
of the particle (Fig. 4F). One of them (helix
42 to 44) is the RNA portion of the L7/L12
stalk, which is known to interact with elon-
gation factors, is not well ordered in these
crystals. The second domain II protrusion is
helix 38, which is the longest, unbranched
stem in the particle. It starts in the back of
the particle, bends by about 90° and pro-
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Secondary Structure: large subunit ribosomal RNA - 3’ half
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Fig. 3. The secondary structure
of the 235 rRNA from H. maris-
mortui is shown in a format
made standard by R. Gutell and
colleagues (65). It was prepared
by Dr. Gutell to show all the
base pairings seen in the crystal
structure of the large subunit
that are stabilized by at least
two hydrogen bonds. Pairings
shown in red were predicted and
were observed. Those shown in
green were predicted, but were
not observed. Interactions
shown in blue were observed,
but were not predicted. Bases
shown in black were not in-
volved in pairing interactions.
Sequences that cannot be visu-
alized in the 2.4 A resolution
electron density map are depict-
[ ed in gray with the secondary
[ structures predicted for them.
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trudes toward the small subunit between
domains V and 58 rRNA. The third region
(helix 32 to 35.1) points directly toward the
small subunit and its terminus, the loop of
stem-loop 34, interacts directly with the
small ribosomal subunit (37). This loop
emerges at the subunit interface between
domains III and IV.

Domain III is a compact globular do-
main that occupies the bottom left region of
the subunit in the crown view (Fig. 4G). It
looks like a four-pointed star with the ori-
gin of the domain (stem-loop 48) and stem-
loops 52, 57, and 58 forming the points.
The most extensive contacts of domain III
are with domain II, but it also interacts with
domains I, IV, and VI. Unlike all the other

domains, domain III hardly interacts with
domain V at all; the sole contact is a van
der Waals interaction involving a single
base from each domain.

Domain IV accounts for most of the
interface surface of the 50S subunit that
contacts the 30§ subunit (Fig. 4H). It forms
a large diagonal patch of flat surface on that
side of the subunit and connects to domains
III and V in the back of the particle. Helices
67 through 71 constitute the most promi-
nent feature of domain IV and form the
front rim of the active site cleft, which is
clearly visible at low resolution (Fig. 2).
This is one of the few regions of the 23S
rRNA that is not extensively stabilized by
ribosomal proteins. Helix 69 in the middle

of this ridge interacts with the long penul-
timate stem of 165 rRNA in the small
ribosomal subunit (9).

Domain V, which is sandwiched be-
tween domains IV and II in the middle of
the subunit, is known to be intimately in-
volved in the peptidyl transferase activity
of the ribosome (32). Structurally, this do-
main can be divided into three regions (Fig.
4, I and J). The first starts with helix 75 and
ultimately forms the binding site for protein
L1. The second, which consists of helices
80 through 88, forms the bulk of the central
protuberance region and is supported in the
back by the 55 rRNA and domain II. The
third region, which includes helices 89
through 93, extends toward domain VI and
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helps stabilize the elongation factor-bind-
ing region of the ribosome.

The smallest domain in 23S rRNA, do-
main VI, which forms a large part of the
surface of the subunit immediately below the
L7/L12 stalk, resembles a letter X with a

Table 1. Statistics for data collection, phase determination, and model
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horizontal bar at the bottom (Fig. 4K). The
most interesting region of this domain is
the sarcin-ricin loop (SRL) (stem-loop 95),
the structure of which has been extensively
studied in isolation (33, 34). The SRL is
essential for factor binding, and ribosomes

the rms residual lack of closure. R st Z(|Fory —

can be inactivated by the cleavage of single
covalent bonds in this loop (35). As suggest-
ed by nucleotide protection data, the major
groove of this loop is exposed to solvent (36),
and its conformation is stabilized by proteins
and through interaction with domain V.

FP‘ - ‘FH(calc)”)/2|FPH -

construction. HA, heavy-atom concentration; ST, soaking time; Res, reso-
lution; A, wavelength; Obs, observations; Redun, redundancy; Compl,
completeness; (*) last-resolution shell. R,..: S|Foy — Fol/Fo where Fpy
and F, are the derivative and the native structure factor amplitudes,
respectively. R m: ZZlly — lnyil/ Z2: Iy where I, is the mean intensity
after reflections. Phasing power: rms isomorphous difference divided by

Fol, where Fp, is the structure factor of the derivative and f, is that of the
native data. The summation is valid only for centric reflection. FOM (figure
of merit): mean value of the cosine of the error in phase angles. Abbre-
viations: MIRAS, multiple isomorphous replacement, anomalous scatter-
ing; SAD, single wavelength anomalous diffraction.

Data statistics

MIRAS1 MIRAS2
Native1 Os(NH;)2* UO,F3~ Native2 Ir(NH,) 3+ Os(NH,),3* TagBr, %"
HA (mM) - 30.0 0.5 - 200 45 30
ST (hours) - 1.5 4 - 24 hours 24 hours 24 hours
Sites no. - 132 20 - 84 38 9
Res (A) 90-2.4 40-3.5 40-3.8 30-2.9 30-3.2 30-3.5 30-3.8
*) (2.5-2.4) (36-3.5) (3.9-3.8) (3.32-3.22) (3.27-3.20) (36-3.5) (3.97-3.80)
x (A) 1.00 1.14 1.30 1.00 1.075 1.14 1.255
Obs 6,089,802 1,308,703 596,166 2,832,360 1,823,861 1,646,468 1,288,524
Unique 665,928 429,761 313,863 390,770 541,488 488,275 346,745
Redun (*) 9.1 (6.5) 3.0 (2.5) 1.9 (1.6) 7.2 34 43 (4.2) 37
Compl (*) 956 (71.0) 99.4 (96.8) 92.0 (54.1) 97.1 93.8 98.1 (99.0) 995
iot (*) 25.5 (1.9) 135 (3.3) 89 (1.6) 18.0 (6.4) 120 (2.6) 10.6 (2.7) 10.8 (3.2)
Ronerge (%) 8.6 (69.1) 7.2 (32.0) 9.1 (37.9) 11.2 (36.9) 8.5 (29.5) 12.1 (46.0) 12.1 (40.5)
X2 (ano) (*) - 2.8 (1.0) 1.5 (1.0) - 263 (1.48) 1.8 (1.0) 2.42 (1.18)
Renerge (ano) - 6.2 8.0 - 6.7 6.9
R, (* - 141 (22.7) 26.4 (47.0) - 12.9 (28.1) 19.5 (39.4)
Phasing statistics
Resolution shells (A): ~73,200 reflections per bin
30.0 5.1 4.0 3.5 3.2 Total
MIRAS1 (FOM) 0.52 0.31 0.14 - 0.32
Os(NH,),2*
Phasing power 0.87 0.72 0.66 - 0.75
Phasing power (SAD) 1.40 0.58 0.26 - 0.75
R, (centric) 0.62 0.65 067 - 0.65
UO,F3"
Phasing power 0.47 0.33 0.28 - 0.36
Phasing power (SAD) 0.46 0.25 - - 0.36
R (centric) 0.72 0.77 0.75 - 0.75
MIRAS2 (FOM) 0.48 0.40 0.28 0.12 0.33
Ir(NH,)2*
Phasing power 1.02 0.92 0.78 0.66 0.89
Phasing power (SAD) 2.02 1.60 1.22 0.83 1.47
R..u. (centric) 0.58 063 0.70 0.74 063
Os(NH,) 3+
Phasing power 0.62 0.57 0.58 0.58 0.59
Phasing power (SAD) 0.47 0.39 - - 0.42
R.uis (centric) 0.78 0.78 0.78 0.76 0.78
TagBr,,2* (used for SAD phasing only)

Phasing power (SAD) 2.77 0.35 0.13 - 1.19
FOM pimast + MiraS2-+ $AD) 0.76 0.51 031 0.14 0.37
Model statistics

Resolution range (A) 90.0-2.4 rms deviations: Average B factors (A?)
Reflections 577,304 Bonds (A) 0.0064 All atoms 374
RcrySt (%) 25.2 Angles (°) 1.19 23S rRNA 323
tree (% 26.1 Dihedrals (°) 28.8 55 rRNA 432
Impropers (°) 1.68 Minimum/Max B factors (A?) 7.0/107.9
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Fig. 4. The tertiary and secondary structures of the RNA in the H.
marismortui large ribosomal subunit and its domains. (A and B} The RNA
structure of the entire subunit. Domains are color-coded as shown in the
schematic (C). (A) The subunit particle in its crown view. (B) The crown
rotated by 180° about a vertical axis in the plane of the image. (C)
Schematic secondary structure diagram of 23S rRNA with the domain
coloring used throughout the figures and the helices numbered according
to Leffers et al. (29). (D) The secondary structure of 55 rRNA from H.
marismortui. Bases joined by thick lines represent Watson-Crick pairing,
and those joined by a lower case "0" indicate non-Watson-Crick pairing.
Bases joined by thin lines interact via a single hydrogen bond, whereas
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those in black are unpaired. Base pairings shown in red are phylogeneti-
cally predicted pairings that are now confirmed (66). Pairs shown in blue
were observed but were not predicted, and pairs shown in green were
predicted but were not observed. (E through L) Stereo views of the RNA
domains of the 235 rRNA and of 55 rRNA. Each domain is color-coded
from its 5 end to its 3’ end to help the viewer follow its trajectory in
three dimensions. The backbones are shown as ribbons and the bases as
sticks. The surfaces where the most important interdomain interactions
occur are shown in mono to the right. (E), Domain I; (F), domain II; (G),
domain III; (H), domain 1V; (I}, domain V, crown view; (J), domain V, back
view; (K), domain VI; and (L), 55 rRNA.
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Fig. 4. (continued)
58 ribosomal RNA, which is effectively  mon junction called loop A (Fig. 4D). In  (37), the helix 2/3 arm of the molecule stacks

the seventh RNA domain in the subunit, con-  contrast to what is seen in the crystal struc-  on its helix 4/5 arm, not helix 1 (Fig. 4L).
sists of three stems radiating out from a com-  ture of fragment 1 from E. coli 5§ rRNA  This arrangement results from a contorted
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conformation of loop A residues that involves
two stacked base triples. Indeed, from the
secondary structure point of view, the loop
A-helix 2/3 arm of 55 rRNA is remarkable,
with a high concentration of unusual pairings
leading to a convoluted RNA secondary
structure.

Sequence conservation and interactions
in 235 rRNA. Although 235/285 rRNAs
contain many conserved sequences, they also
vary substantially in chain length. Shorter
235/28S rRNAs are distinguished from their
longer homologs by the truncation of, or even
the elimination of, entire stem-loops, and by
comparing sequences, one can identify a min-
imal structure that is shared by all (38). The
expansion sequences in the 23S rRNA of H.
marismortui, i.e., the sequences it contains
that are larger than the minimum, are shown
in Fig. 5 in green. They are largely absent
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from the subunit interface surface of the par-
ticle, but they are abundant on its back sur-
face, far from its active sites. This is consis-
tent with low-resolution electron microscopic
observations, suggesting that the region of
the large subunit whose structure is most
conserved is the surface that interacts with
the small subunit (39).

There are two classes of conserved se-
quences in 235 rRNA. One contains residues
concentrated in the active site regions of the
large subunit. The second class consists of
much shorter sequences scattered throughout
the particle (Fig. 5, red sequences). The SRL
sequence in domain VI and the cluster of
conserved residues belonging to domain V
located at the bottom of the peptidyl trans-
ferase cleft are members of the first class.
They are conserved because they are essential
for substrate binding, factor binding, and cat-

alytic activity. Most of the residues in the
second class of conserved residues are in-
volved in the inter- and intradomain interac-
tions that stabilize the tertiary structure of
235 rRNA. Adenosines are disproportionate-
ly represented in this class. The predomi-
nance of adenosines among the conserved
residues in rRNAs has been pointed out pre-
viously (40). Throughout the particle, ad-
enosines are observed to participate in tertia-
ry interactions by exploiting the smooth N1-
C2-N3 face of the adenine base, which allows
for very close packing and additional back-
bone-backbone interactions. In particular, a
reoccurring pattern of two or more stacked
adenosines that dock into the minor grooves
of receptor helices seems to reveal a very
basic principle in tertiary RNA structure for-
mation and could be regarded as an equiva-
lent of a hydrophobic core formation in glob-

Table 2. Large-subunit proteins from Haloarcula marismortui. The top block
of proteins include all those known to have eubacterial homologs of the same
name. The second block lists proteins found in the H. marismortui large
ribosomal subunit that have only eukaryotic homologs (79). Their names are
all followed by the letter “e” to distinguish them from eubacterial proteins
that would otherwise have the same name. The third block are large-
subunit proteins for which no H. marismortui sequence yet exists. They are
identified by sequence homology with standard L names. "The structures
of all or part of homologs of the following proteins were previously

determined: L1 (28), L2 (43), L4 (44), L6 (58), L11 (21, 22, 59), L12 (60),
L14 (67), L22 (62), and L30 (63). All other structures, except L10, have
been newly determined in this study. 2Rat homolog. Rat equivalents to H.
marismortui protein are from (26). 3Sequence chain length. “Conforma-
tion: glb, globular; ext, extension. *The protein interactions with the six
domains of 23S rRNA, 55 rRNA, and other proteins are specified. (+)
Implies that the interaction is substantial; {=) implies a weak, tangential
interaction. Protein names in parentheses implies that the interactions are
weak; otherwise, the interaction is substantial.

Interactions®

Name' Hmlg? Lgth? Conf* Proteins
| I 1 v \ \ 5§

L1* ? 211 glb. + None

L2t RL8 239 glb+ext + + + + (L37ae)

L3 RL3 337 glb+ext + + + + L14, L24e, (L13)

L4t RL4 246 glb+ext + + B (L18e), (L24), (L37e)

L5 RL11 176 glb + + L18

L6 RL9 177 glb + + + (L13)

L10* RPO 348 glb? + L12

L11* RL12 161 glb + None

L12* RP1/2 115 glb L10

L13 RL13a 145 glb + + * (L3), (L6)

L14 RL23 132 glb + + + L3, L24e

L15 RL27a 164 glb+ext + + + (L18e), {L32¢)

L18 RLS 186 glb+ext * + + L5, L21e

L19 RL19 148 glb+ext + + + = None

L22 RL17 154 glb+ext + * + + + + None

L23 RL23a 84 glb = + L29, (L39)

L24 RL26 119 glb+ext + (L4)

L29 RL35 70 glb + L23

L30 RL7 154 glb + + None

L18e RL18 115 glb + (L4), (L15)

L21e RL21 95 glb + + * L18

L24e RL24 66 glb s + L3, L14

L31e RL31 91 glb + + + None

L32e RL32 240 glb * + (L15)

L37e RL37 56 glb+ext + + + =+ (L4)

L3% RL39 49 ext + + (L23)

L44e RL36a 92 glb+ext + + + {L15e)

L7ae RL7a 110 glb * L15e

L10e RL10 163 glb + + = None

L15e RL1S 184 glb+ext + = B B + (L44e), L7ae

L37ae RL37a 72 glb+ext + + + L2

*All entries so designated describe proteins that are not fully represented in the electron density maps described here. The summary information provided is derived from literature

sources and is included here for completeness only.

+The structure available for this protein in isolation does not include the extension(s) reported here.
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ular protein domains. Common RNA struc-
tural motifs, such as the ribose zipper and the
tetraloop-tetraloop receptor interaction, de-
pend on this principle of adenosine packing.
A manuscript in preparation describes these
A-dependent interactions at greater length.

In addition to its reliance on A-dependent
motifs, the tertiary structure of the domains of
23S rRNA and their relative positions are
stabilized by familiar tertiary structure ele-
ments like pseudoknots and tetraloop-tetra-
loop receptor motifs (41, 42). Thus, in many
places, base pairs and triples stabilize the
interactions of sequences belonging to differ-
ent components of the secondary structure of
23S rRNA.

58 rRNA and 23S rRNA do not interact
extensively with each other. The few RNA/
RNA interactions that do occur involve the
backbones of the helix 4/5 arm of 55 rRNA
and of helix 38 of 235 TRNA. Most of the free
energy and specificity of 55 TRNA binding to
the large ribosomal subunit appears to depend
on its extensive interactions with proteins that
act as modeling clay, sticking it to the rest of
ribosome.

Proteins. We have determined the struc-
tures of 27 proteins found in the large ribo-
somal subunit of H. marismortui (Table 2).
Twenty-one of these protein structures have
not been previously established for any ho-
mologs, and the structures of the six that do
have homologs of known structure have been
rebuilt into the electron density map with
their H. marismortui sequences. In addition,
there are structures available for homologs of
H. marismortui L1, L11, and L12, which
cannot be visualized in the 2.4 A resolution
electron density map. Only the structure of
L10 is still unknown among the 31 proteins
of this subunit.

Almost all of these structures are com-

23S RNA
expansion
segments
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plete. Yet, an entire domain of LS is missing
from the electron density, presumably be-
cause of disorder. Further, L32e is also note-
worthy. Its NH,-terminal 97 residues are not
seen in the electron density map, and the
electron density map suggests that its COOH-
terminal residue may be covalently bonded to
the most NH,,-terminal of its visible residues.

Of the 30 large subunit ribosomal proteins
whose structures are known, 17 are globular
proteins, similar in character to thousands
whose structures are in the Protein Data Bank
(Table 2). The remaining 13 proteins either
have globular bodies with extensions protrud-
ing from them (“glb+ext”) or are entirely ex-
tended (“ext”). Their extensions often lack ob-
vious tertiary structure and in many regions are
devoid of significant secondary structure as
well (Fig. 6). These extensions may explain
why many ribosomal proteins have resisted
crystallization in isolation. The exceptions that
prove the rule are L2 and L4, both of which are
proteins belonging to the “glb+ext” class. Pro-
tein L2 was crystallized and its structure solved
only after its extensions had been removed (43),
and the large loop of L4 that is extended in the
ribosome is disordered in the crystal structure
of intact L4 (44).

Except for proteins L1, L7, L10, and L11,
which form the tips of the two lateral protu-
berances, the proteins of the 505 subunit do
not extend significantly beyond the envelope
defined by the RNA (Fig. 7). Their globular
domains are found largely on the particle’s
exterior, often nestled in the gaps and crev-
ices formed by the folding of the RNA. Thus,
unlike the proteins in spherical viruses, the
proteins of the large ribosomal subunit do not
form a shell around the nucleic acid with
which they associate, and unlike the proteins
in nucleosomes, they do not become sur-
rounded by nucleic acid, either. Instead, the

proteins act like mortar filling the gaps and
cracks between “RNA bricks.”

The distribution of proteins on the subunit
surface is nearly uniform, except for the active
site cleft and the flat surface that interacts with
the 308 subunit. In the crown view, the proteins
lie around at the periphery of the subunit (Fig.
7A), but when viewed from the side opposite
the 30§ subunit binding site (the “back side™),
they appear to form an almost uniform lattice
over its entire surface (Fig. 7B). Similarly, the
bottom surface of the subunit, which includes
the exit of polypeptide tunnel, is studded with
proteins (Fig. 7C). Indeed, the six proteins that
surround the tunnel exit may play a role in
protein secretion because they are part of the
surface that faces the membrane and the trans-
locon when membrane and secreted proteins
are being synthesized (45).

Although Fig. 7 shows protein chains dis-
appearing into the ribosome interior, the de-
gree to which proteins penetrate the body of
the particle can be fully appreciated only
when the RNA is stripped away. The interior
of the particle is not protein-free, but it is
protein-poor compared with the surface of the
particle. Extended tentacles of polypeptide,
many of which emanate from globular do-
mains on the surface, penetrate into the inte-
rior, filling the gaps between neighboring
elements of RNA secondary structure (Fig.
8E). The bizarre structures of these exten-
sions are explained by their interactions with
RNA. A detailed analysis of these proteins
and their interactions with RNA will be pre-
sented elsewhere.

Although extended, nonglobular struc-
tures are rare in the protein database, they are
not unknown. Extended protein termini often
form interprotein contacts, e.g., in viral cap-
sids, presumably adopting fixed structures
only upon capsid formation (46). The basic

Conserved
sequences

Fig. 5. Conserved residues and expansion sequences in the 23S rRNA of
H. marismortui. The general, nonconserved RNA in these images is gray.
Sequences that are found to be >95% conserved across the three
phylogenetic kingdoms are shown in red. Sequences where expansion in

www.sciencemag.org SCIENCE

the basic 23S structure is permitted are shown in green (65). (A) The
particle rotated with respect to the crown view so that its active site cleft
can be seen. (B) The crown view. (C) The back view of the particle, i.e.,
the crown view rotated 180° about its vertical axis.
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“tails” of histones may behave the same way
when nucleosomes form (47). The NH,-ter-
minal sequences of capsid proteins are often
positively charged, and in virus crystal struc-
tures, the electron density for these sequences
often disappears into the interior of the virus
where they presumably interact with asym-
metrically arranged nucleic acid. The interac-
tions observed in the ribosome could be use-
ful models for these viral interactions.

The interactions between extended
polypeptides and RNA in the large subunit,
which stabilize its massive nucleic acid struc-
ture, result in an intertwining of RNA and
protein in the center of the subunit (Fig. 8, A
and B). It is hard to imagine such an object
assembling from its components efficiently in
anything other than a highly ordered manner.
Chaperones may well be required to prevent
the aggregation of the extended regions of
these proteins, which are likely to be disor-
dered outside the context provided by rRNA,
and to manage the folding of rRNA.

Mutations in some ribosomal proteins ren-
der bacteria resistant to certain antibiotics.
One such example is a deletion of three ami-
no acids in the  hairpin loop of protein L22
that renders bacteria resistant to erythromycin
(48). Because this B hairpin is forming part of
the surface of the tunnel wall, the mutation
changes the surface properties of the
polypeptide exit tunnel and may prevent the
antibiotic from binding; alternatively, the
mutation could be acting indirectly through
RNA.

Protein and RNA interactions. Because
protein permeates the large subunit exten-
sively, there are only a few segments of the
23S rRNA that do not interact with protein at
all. Of the 2923 nucleotides in 23S rRNA,
1157 make at least van der Waals contact
with protein (Fig. 8D), and there are only 10
sequences longer than 20 nucleotides in
which no nucleotide contacts protein. The
longest such sequence contains 47 nucleo-
tides, and is the part of domain IV that forms
the ridge of the active site cleft.

The extent of the interactions between
RNA and protein that occur when the large
subunit assembles can be estimated quantita-
tively. Using the Richards algorithm (49) and
a 1.7 A radius probe to compute accessible
surface areas, it can be shown that 180,000
A? of surface become buried when the sub-
unit forms from its isolated, but fully struc-
tured components. This is about half their
total surface area. The average is about 6000
AZ per protein. Although this is an enormous
amount compared with the surface buried
when most protein oligomers form, it should
be recognized that ribosome assembly must
be accompanied by a large loss in conforma-
tional entropy that does not occur when most
proteins oligomerize. The extended protein
termini and loops of the ribosomal proteins

RESEARCH ARTICLES

are almost certainly flexible in isolation, and
in the absence of protein, the RNA is proba-
bly quite flexible as well. Thus, the burial of
a large amount of surface area may be re-
quired to provide the free energy required to
immobilize the structures of these molecules.

All of the proteins in the particle except
L12 interact directly with RNA, and all but 7
of the remaining 30 proteins interact with two
rRNA domains or more (Table 2). The
“champion” in this regard is L22, which is the
only protein that interacts with RNA se-
quences belonging to all six domains of the
23S rRNA (Fig. 8C). The protein-mediated
interactions between 55 rRNA and 23S TRNA
are particularly extensive. Protein L18 attach-
es helix 1 and helix 2/3 of 55 rRNA to helix
87 of 2385 rRNA. Protein L21e mediates an
interaction between the same part of 5§
rRNA and domains II and V. Protein L30
binds helix 4/5 region of 5§ RNA to domain
II. Loop C is linked to domain V by protein

L5, and loop D is attached to domains II and
V by protein L10e. Whatever else they may
do, it is evident that an important function of
these proteins is stabilization of the relative
orientations of adjacent RNA domains. Sev-
eral also help secure the tertiary structures of
the domains with which they interact.

Because most ribosomal proteins interact
with many RNA sequences and the number
of proteins greatly exceeds the number of
RNA domains, it can hardly come as a sur-
prise that every rRNA domain interacts with
multiple proteins (Table 2). Domain V, for
example, interacts with 15 proteins, some
intimately and a few in passing.

It is clear that the oligonucleotide binding
experiments long relied on for information
about the RNA binding properties of ribo-
somal proteins have underestimated their po-
tential for interacting with RNA. The high-
affinity RNA binding site identified on a
protein by such an experiment may indeed be

N

Fig. 6. The backbone structures of some large subunit ribosomal proteins that have nonglobular
extensions. The globular domains of these proteins are shown in green, and their nonglobular
extensions are depicted in red. The positions of the zinc ions in L44e and L37e are indicated by large

dots in red.
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important for ribosome assembly, but its
many, weaker interactions with other se-
quences are likely to be missed, and they too
may be vital for ribosome structure. Most
ribosomal proteins crosslink RNA, and
crosslinking is impossible without multiple
interactions. Similar considerations may ap-
ply to proteins that are components of other
ribonucleoproteins, such as the spliceosome.

Of the seven proteins that interact with
only one domain, three (L1, L10, and L11)
participate directly in the protein synthesis
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process. Rather than being included in the
ribosome to ensure that the RNA adopts the
proper conformation, it seems more appropri-
ate to view the RNA as being structured to
ensure the correct placement of these pro-
teins. Another three (L24, L29, and L18e)
interact with several secondary structure ele-
ments within the domains to which they bind,
and presumably they function to stabilize the
tertiary structures of their domains. The last
of the single RNA domain proteins, L7ae, is
puzzling. It cannot function as an RNA sta-

bilizing protein because it interacts with only
a single sequence in domain I, but it is far
from the peptidyl transferase and factor bind-
ing sites. It is quite close to L1, however,
which appears to be important for E-site
function (50), and maybe it is involved in that
activity. It could also be involved in the 708
assembly, because L7ae was originally as-
signed as a small subunit protein (HMS6).
While many ribosomal proteins interact
primarily with RNA, a few interact signifi-
cantly with other proteins. The most striking

Fig. 7. Proteins that appear on the surface of the large ribosomal
subunit. The RNA of the subunit is shown in gray and protein backbones are
shown in gold. (A) The crown view of the subunit. (B) The back side of the
subunit in the 180° rotated crown view orientation. (C) A view from the

RIBBONS (67).

bottom of the subunit down the polypeptide tunnel exit which lies in the
center. The proteins visible in each image are identified in the small
images at the lower left of the figure. Figures were generated using
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tunnel

Fig. 8. The protein extensions into the RNA and multiple domain interac-
tions. (A) Some of the proteins in the neighborhood of the polypeptide
tunnel exit, showing the unusual extended structure of L39e (green) that
enters the tunnel and L37e (red) that interpenetrates the RNA. L29, which is
on top of L37e, has been removed. Protein L22 extends a long 8 hairpin
extension inside the 23S rRNA. L24 has a similar extension but the entire
protein is on the surface of the particle. L39 is the only protein in the subunit
that lacks tertiary structure, whereas L37e has both NH,- and COOH-
terminal extensions. L19 is unique in having two globular domains on the
surface of the subunit connected by an extended sequence that weaves
through the RNA, shown as gray ribbons. (B) The nonglobular extensions of

tunnel

L2 and L3 reaching through the mass of 23S rRNA toward the peptidyl
transferase site, which is marked by a CCdAp-puromycin molecule, the Yarus
inhibitor (64). (C) L22 interacting with portions of all six of the domains of
235 rRNA. (D) Schematic of the 235 rRNA secondary structure showing the
locations sequences (red) that make contact with protein. (E) Stereo view of
the proteins of the large ribosomal subunit without the RNA. Proteins are
colored as an aid to visualization only. (F) A cross section of the subunit in
the area of the tunnel exit. Protein L22 is shown as ribbons in red, and the
B3 hairpin loop where mutations confer erythromycin resistance is in orange.
Atoms on the surface are gray, protein atoms are green, and atoms at the
slice interface are blue.
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structure generated by protein-protein inter-
actions is the protein cluster composed of L3,
L6, L13, L14, and L24e that is found close to
the factor binding site. The surface of these
proteins provides important interactions with
factors. It may prove to be more generally the
case that ribosomal proteins interacting pri-
marily with RNA are principally stabilizing
RNA structure, whereas some of those show-
ing extensive protein-protein interactions
may have additional binding functions.

The structure presented above illuminates
both the strengths and weaknesses of ap-
proaches to complex assemblies that depend
on determining the structures of components
in isolation. The structures of the globular
domains of homologs of the proteins in the
large ribosomal subunit from H. marismortui
are largely the same as those of the corre-
sponding domains in the intact subunit,
though adjustments in domain positions are
sometimes required. Consequently, these
structures were very useful for locating pro-
teins and interpreting lower resolution elec-
tron density maps. However, for obvious rea-
sons, the structures of the extended tails and
loops of ribosomal proteins cannot be deter-
mined in the absence of the RNAs that give
them structure, and the feasibility of strate-
gies that depend on producing low—molecular
weight RNA-protein complexes that have all
the RNA contacts required to fix the struc-
tures of such proteins seems remote. The
structures of RNA fragments also depend on
their context. Whereas the sarcin/ricin loop
has much the same structure in isolation (33,
34) as it does in the ribosome, the structure of
58 rRNA in isolation (37) differs in some
respects from what is seen in the ribosome,
and the structure of the isolated P loop (51)
shows no resemblance to the structure of the
P loop in the ribosome. Clearly, a “structural
genomics” approach to the ribosome, which
would have entailed determining the struc-
tures of all of the proteins and all possible
rRNA fragments, neither would have provid-
ed the relevant structures of all of the pieces
nor would it have shown their relative posi-
tions. Indeed, the structure of the large ribo-
somal subunit highlights the importance of
structural studies of entire assemblies that
show biological activity.

The analysis of the 50S ribosomal subunit
structure presented here describes the overall
architectural principles of RNA folding and its
interaction with proteins, but many exciting
details remain to be explored. The principles of
protein-RNA interaction that should emerge
from the 27 protein complexes with RNA have
yet to be developed. On average, each of the 27
proteins has 3000 A? of surface area in contact
with RNA, which is comparable to the 2700 A2
of glutaminyl-tRNA synthetase that contact
tRNASI? (52), so the number of interactions
between RNA and protein to be analyzed in the
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large subunit structure is 30 times the number in
this synthetase complex. Further, because the
RNA structure of the large subunit will increase
the RNA structural database by a factor of 4 to
5, most of the important RNA secondary and
tertiary structural motifs to be found in nature
may be represented. It will be interesting to see
whether a complete analysis of this RNA struc-
tural database will enable the prediction of
structures for other RNA sequences. Unknown
at this time is the ease with which it will be
possible to model by sequence homology the
508 ribosomal subunit rRNA from other spe-
cies and kingdoms. However, the extensive se-
quence conservation in the 23S rRNA that
forms the core active site and peptide tunnel
regions suggests that reasonably accurate ho-
mology modeling based on this H. marismortui
subunit structure may be feasible. Finally, enor-
mous numbers of monovalent and divalent met-
al ions as well as water molecules are visible in
this map. Analysis of their interactions with
RNA should elucidate their roles in the forma-
tion and stabilization of RNA structure.
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The Structural Basis of
Ribosome Activity in Peptide
Bond Synthesis

Poul Nissen,'* Jeffrey Hansen,'* Nenad Ban,'* Peter B. Moore,"?
Thomas A. Steitz'%3

Using the atomic structures of the large ribosomal subunit from Haloarcula
marismortui and its complexes with two substrate analogs, we establish that
the ribosome is a ribozyme and address the catalytic properties of its all-RNA
active site. Both substrate analogs are contacted exclusively by conserved
ribosomal RNA (rRNA) residues from domain V of 23S rRNA; there are no
protein side-chain atoms closer than about 18 angstroms to the peptide bond
being synthesized. The mechanism of peptide bond synthesis appears to re-
semble the reverse of the acylation step in serine proteases, with the base of
A2486 (A2451 in Escherichia coli) playing the same general base role as his-
tidine-57 in chymotrypsin. The unusual pK, (where K, is the acid dissociation
constant) required for A2486 to perform this function may derive in part from
its hydrogen bonding to G2482 (G2447 in E. coli), which also interacts with a
buried phosphate that could stabilize unusual tautomers of these two bases. The
polypeptide exit tunnel is largely formed by RNA but has significant contri-
butions from proteins L4, L22, and L39e, and its exit is encircled by proteins L19,

L22, L23, L24, L29, and L31e.

It has been known for 35 years that the
peptidyl transferase activity responsible for
the peptide bond formation that occurs during
messenger RNA (mRNA)- directed protein
synthesis is intrinsic to the large ribosomal
subunit (/—4), and it has been understood for
even longer that the ribosome contains pro-
teins as well as RNA. In bacteria, for exam-
ple, the large ribosomal subunit contains ~35
different proteins and two RNAs (5, 6).
These findings pose three related questions:
(1) which of the macromolecular components
of the large ribosomal subunit contribute to
its peptidyl transferase site, (i) where is that
site located, and (ii1) how does it work?

By 1980, the list of components that might
be part of the ribosome’s peptidyl transferase
center had been reduced to about a half dozen
proteins and 23S TRNA [for reviews, see (7, §)].
Following the discovery of catalytic RNAs (9.
10), the hypothesis that 23S rRNA might be its
sole constituent, which had been proposed
years carlier (//), began to gain favor. In 1984,
Noller and colleagues published affinity-label-
ing results that showed that U2619 and U2620

'Department of Molecular Biophysics and Biochemis-
try and “Department of Chemistry, Yale University,
and Howard Hughes Medical Institute, New Haven,
CT 06520-8114, USA.

*These authors contributed equally to this work.

(U2584 and U2585, respectively, in E. coli;
hereafter, bases in parenthesis indicate the cor-
responding position in E. coli TRNA) are adja-
cent to the CCA-end of P site—bound transter
RNA (tRNA) (72, 13). These nucleotides are
part of a highly conserved internal loop in the
center of domain V of 23S rRNA. The hypoth-
esis that this loop is intimately involved in the
peptidy] transferase activity was supported by
the observation that mutations in that loop ren-
der cells resistant to many inhibitors of peptidyl
transferase, and evidence implicating it in this
activity has continued to mount (14, 15).
Definitive proof that the central loop in do-
main V is the sole component of the ribosome
involved in the peptidyl tranferase activity has
remained elusive, however. In the 1990s, Noller
and colleagues prepared particles that retain
peptidyl transferase activity by increasingly
vigorous deproteinizations of large ribosomal
subunits, but active particles that were com-
pletely protein-free could not be produced (/6.
17). Nevertheless, combined with earlier recon-
stitution results (/8), this work reduced the
number of proteins that might be involved to
just two: L2 and L3 (79). More recently, Wa-
tanabe and co-workers reported success in ¢lic-
iting peptidyl transferase activity from in vitro—
synthesized, protein-free 23S rRNA (20, 21),
but their observations have not withstood tur-
ther scrutiny (22). Thus, the question still re-
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