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What recent ribosome structures have
revealed about the mechanism of translation

T. Martin Schmeing' & V. Ramakrishnan'

The high-resolution structures of nbosomal subumits published in 2000 have revolutionized the field of protein translation.
They faclitated the determination and interpretation of functional complexes of the ribosome by crystallography and
electron microscopy. Knowledge of the precise positions of residues in the nbosome in vanous states has facilitated
increasingly sophisticated biochemical and genetic expenments, as well as the use of new methods such as single-molecule
kinetics. In this review, we discuss how the interaction between structural and functional studies over the last decade has led
to a deeper understanding of the complex mechanisms underlying translation.

he ribosome is the large ribonucleoprotein partiche that
synithesizes proteins in all cels, using messenger RNA as
the template and aminoacyl-transfer RMNAs ag substrates
Ribsosones From bacteria consist of a large (506) and a small
{305) subanit, which together compose the 2.5-megadaltoan 06 rilso-
some; their eukaryolic countenparts are the 605 and 405 subunits and
the 805 ribosome The 505 subunit consists of 235 RMA {2,
nucleodides), 55 RMA (- 120 nucleotides) and about 3 probeins;
the 305 subunit consists of 165 RNA {1,500 nocleotides) and about
A proteins. [naddition, several profein factors act on the ribosome at
various stages of translation. In this review, we focos mainly on

structural and mechanistic insights  inbo  bacterial  translation
ofrtained in the Rst few years. A previous review deals more exten-
sively with earlier work”".

The essentizlly complete atomic stroctures of an archass] 505 subasiit
from Haloarcula surimortus and a bacterizl 306 subunit from
Therritis therrmophilus” published in 2000 were the basis for the phasing
andfor maolecular interpretation of every subsequent strocture of the
ribosome or its subunits. Such strectures indude low-resolution stroc-
tures of the A5 rbosome by crystallography” or oryocleciron micro-
scopy (aryoEM ), the structure of a hacterial 508 subunit®, and more

recent high-resolution structures of the 708 ribosome™. Finally, molsile
elements of the 505 subunit such as the L1 or LFLI12 stalks that are

parily or completely disordered in most high-resolution structares of
the ribosome or the 506 subunit have been solved in isolation™'".

The basic architecture of the fbosome i shown in Figo 1. The
interface between the two subunits consists mainly of RNA. The
mRMNA binds in a deft between the "head” and "body’ of the 305
subunit, where its codons interact with the anticodons of tRNA.
There are three hinding sites for IRNA: the A site that binds the

incoming aminoacyl-tRMNA, the I* site that holds the peptidyl-tRNA

attached to the nascent polypeptide chain, and the E (exit) site to
which the descylated P-site tRNA mowves after peptide-bond forme-
tion before its epection from the ribosome. In the 505 subunit, the 3
ends of - and A-site (RNAs are in cose proximity in the peplidyl-
transferase centre (FTC), whereas the 3° end of the E-site tRNA is
-5 A away from the PTC.

Initiation
Bacterial translation can be rowghly divided into three main stapes,
initiation, clongation and termination (Fig. 2 2 movie of the process

can be seen at hitpdfwwwomrc-limbocamoac ok ribolhome page/
movies/trandation becterialimov). Initiation requires the ribosome
b position the initiator Met-tRNA™™ gver the start codon of

mRMNA in the P site. In bacteria, the nibosome is positioned in the
vicinity of the start codon by base pairing between the 37 end of 165
ENA and an approximately complementary sequencs just upstream
of the mRMA start codon, called the Shine—Dalgarno sequence. The
precise positioning of the start codon in the P site requires the bind-
ing of a special initiator Met-tRNA™ and three initiation factors,
IF1-3. However, exactly how the correct tRNA i selected remzins
amchear, a5 are the roles of the various factors.

A prolable first step in initiation is the Binding of TE3 to the 305 that
hias been split from the 505 by ribosome recycling factor RRF and
elongation fector G (EF-G) after translational termination (see Fig. 2
aind the termination section later). This binding stimulates release of
the mREMA and descylated tRNA, leftover from the previous round of
transhation, from the 305 and prevents the large subunit from re-
associating' ™", The binding of the 3054F3 complex to mRMNA, 1F1,
IF2 and initiator tRMNA results in the 3408 initiation complex {305-1C).
IF2, a GTPase, promotes subonit joining to form the 705 initiation
complex {708-1C), which is accompanied by IF3 release’ . After
GTP hydrolysis and phosphate release from [F2 (refs 16, 17), Met-
tRNA™ moves into the PTC, readying the ribosome for dlongation.

The mechanism of mitiation is still wscewr, owing o a paucity of
structural data. There has been lttle progress towands high-resolution
structures of indtiation oomplexes since the strocture of TF1 bound to a
35 subunit". However, recent cryoEM studies have visualized both
WG and A0S initiation complexes. In a 305-1C (ref. 19), which on-
fortunately did not contain [F3, IF2 stretches across the subanit inber-

Face of the 305, contacting the acceptor end of et-tRNA™ with its
carboxy teriminus. The anticodon stem and elbwow are shifted towards
the E site, resulting ina " 305 PV state’. IF1 is visible in the A site, but does
not contact [FX. After subunit poining, the G domain of 1F2 nterscts
with the GTPase centre of the large subunit™. It maintzins its contscts
with IMet-tRMA™, which has shifted up out of plane from the 308 R/
state to a P0G P state, and seems to make a direct contact with IF1 in the
FOG-IC. The 306 subunit is rotated relative to the 505 by —4" antichock-
wise, similar to the ratcheting seen during translocation®.

In the structure of 70S-mRNA—Met-tRNA™IF2-GDPCP,

IF2 i still bound to the GTPase centre, but has bost contact with
Met-tRNA™?  now in the PTC in the canonical PP state. The
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Figure 1| Structure of the ribosome. a, “Top” view of the 705 ribosome with
mRENA and A- F- and E-site tRNAs. b, ¢, Exploded view of the 305 subunit
(b) and 505 swhunit (). The structure of the L7/L12 arm' was fit onto the

authors have suggested that this conformation represents the state
after GTPF hydrolysis before P release. Alternatively, another group
hias suppested that it is the result of the absence of IF | and TF3 (ref. 23).
The 705 complex with the GDP state of IF2 has the 305 subunit
returned o the un-ratcheted state and 1F2 larpely separated from
the GTPase centre, ready to dissociate from a propery initiated
A0S ribosome™. Single-molecule luorescence resonance energy Lrans-
fer ( FRET) studies show that this subunit rotation, which readies the
ribosomie for domgation, requires GTT hydrolysis™, thus supporting a
direct robe for the GTPase activity of IF2 in initiation, which has been
in dispute'™*,

The elongation cycle

The dongation cyde consists of the steps invoelved in sequentially
adding amino acids to the polypeptide chain {Fig. 2). At the begin-
nimgg of the cycle, the ribosome contains a peptidyl-tRMNA with a
nacent polypeptide chain in the P site and an empty A site. During
decoding, the next amino acid is delivered in a ternary complex of
elongation factor Tu (EF-Tu), GTT and aminoacyl-tRNA. Decoding
i followed by peptide-bond formation, resalting in the elongation of
the polypeptide chain by one amino acid. EF-G-catalysed transboca-
tion moves the tRNAs and mBNA with respect to the ribosome.
Decoding. Decoding ensures that the correct aminoacyl-tRNA, as

dictated by the mRNA codon, is sdected in the A site. The binding
of the appropriate ternary cofmplex in the A site of the ribosome results

in GTTP hydrolysis by EF-Tu, the dissociation of the factor from the

706 ribosome®, with mRMA elongated by modelling. This and all ather
figures were made with Pymol { Delano Scientific) and Photoshop { Adobe).

Fibosomme and the moverent of the aminoacy] end of A-site tRNA into
the FTC, termed accommodation (Fig. 3). The manmy steps of decod-
ing have been dissected by pre-steady state kinetic measurements™
and single-molecule FRET studies™.

The high scouracy of tRNA selection cannod be accounted for by
just the free energy differences between base pairing and mismatches
of the codon and anticodon™-™, even considering the contribution of
proofreeding. Instead, interactions made by three universally con-
serverd bases of the ribosoie with the minor groove of the first bao
hase pairs of the codon—anticodon helix gives rise to further discrioi-
nation (Fig. 3)™. Such dose monitoring of base-pairing peometry by
the ribosome does not occur at the wobbde position, consistent with
the degeneracy of the genetic omde. The binding energy of these extra
interactions s not wsed primarily to increase the relative affinity of
cognate versus near-cognate tRNA, but instead to indwce a domiin
closure in the 305 subunit™, which presumably beads to the accelera-
tion observed in rates of the forward steps in decoding™.

CryoEM studies of EF-Tu at increased resolution™™ show that EF-
Tu contacts the shoulder domain of the 305 subunit. Thus, domain
closure would mowve the shoulder domain of the 305 subunit towards
the termary complex™, potentially stabilizing the transition state for
GTP hydrolysis by EF-Tu™ and lesding to an acceleration of GTPase
activation and tRNA selection. It seems that mutations or antibiotics

that facilitate domain dosore decresse the accuracy of the nibosome,
whereas mutations that make domain dosune more difficalt result in

increased scouracy™ .
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Figure 2 | Overview of bacterial translation. Tor simplicity, not all intermediate steps are shown. The colour scheme shown here is used consistenthy
throughout this review. aa tRNA, aminoacyl tRNA; EF elongation factor; TF, initiation factor; BF, release factor.

These cryoEM structures, the meost recent of which are hewnd?.ni
resolution™ ™, also show that the tRNA is bent at the anticodon stem
{Fig. 30). The anticodon stem in the decoding centre is very nearly in
the orientation acquired after accommodation and movement of the
acceptor arm into the PTC. Thus, the binding energy derived from
base pairing between the correct codon—anticodon is not only used to
induce a conformational change in the ribosome, but also to distort
the tRNA. A distorted tRNA may be characteristic of the transition
state for GTF hydrolysis by EF-Tu, consistent with experiments
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Figure 3 | Decoding by the ribosome. a, In the apo ribosome, AI1492 and
A1493 are stacked in hi4. b, When a cognate 1IRNA bind to mENA in the A

site, A 1492, AL493 and (530 change cond ormation Lo interad with the minor
groave of the mRNA - (RNA minihelix™ ¢-&, Interactions of the 305 with the
cosdon-anticodon pair. In the first (€] and second (d) positions, ribosomal
bases monitor the geometry of the minor groove of the base pairs. Protein 512
alsp imteracis with the second and third (e) postions. £, The temary complex
of EI Tu and aminoacyl tRNA with the 705 ribosome shows that the IRNA is
bent in the anticodon stem (for example, see refs 35, 346).

showing that a fragmented tRNA is unable to carry out decoding®.
In addition, recent mutational data on 512, a protein at the shoulder
of the 305 subunit with a tail that stretches into the decoding centre,
suggest it may be involved in relaying changes induced at the decod-
ing centre to the ternary complex™.

As this review was going Lo press, the crystal strecture of EF-Tuo and
tRNA bound to the ribosome was determined™. This structure shows
details of the tRNA distortion that allows aminoacyl-tRNA to interact
with bath EF-Tu at the ctor-binding site and the decoding centre of
the 305 subunit. Furthermore, a series of conformational changes in
aminoacyl-IENA and EF-Tu that occur after productive ribosome
binding suggest a communication pathway between the decoding
centre and the GTPase centre of EF-Tu, which would trigger TP
hydrolysis after codon recognition.

After redease of EF-Tu, the tRNA relaxes into the PTCY™. IF
the anticodon stem loop is held tightly at the decoding centre
(as in the closed form induced by cognate tRNA), accommodation
is acceerated™. However, recent work on the Hirsh suppressor tRNA
(a mutant Trp tRNA that recognizes the UGA stop codon) shows that
this tRNA leads to acceleration of GTP hydrolysis and apparently
accommodation with a near- codon—anticodon pairing™.
Thus, the mutant tENA nray be stabilized by additional interactions
with the ribosome, rather than simply showing enhanced fAexibility.

The discrimination achieved from monitoring the minor groove
geometry in the codon—anticodon hdix by decoding centre nucleotides
ﬂ'm;fdi A-minor interactions can polentially yviedd an accoracy of
—10°-10" in a single step™. Should the ribosome use this discrimina-
tion, then with proofreading, it would be possible to obtain much
higher accuracy than i wsually reported. Evidently, the ribosome
forgoes accuracy by using the binding energy of codon—anticodon
recognition to induce conformational changes in the ribosome and
tRNA that result in accelerated GTP hydrolysis and tRMNA selection.
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