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ABSTRACT: During translation, the nucleic acid language
employed by genes is translated into the amino acid language
used by proteins. The translator is the ribosome, while the
dictionary employed is known as the genetic code. The genetic
information is presented to the ribosome in the form of a
mRNA, and tRNAs connect the two languages. Translation
takes place in three steps: initiation, elongation, and
termination. After a protein has been synthesized, the
components of the translation apparatus are recycled. During
each phase of translation, the ribosome collaborates with
specific translation factors, which secure a proper balance between speed and fidelity. Notably, initiation, termination, and
ribosomal recycling occur only once per protein produced during normal translation, while the elongation step is repeated a large
number of times, corresponding to the number of amino acids constituting the protein of interest. In bacteria, elongation factor
Tu plays a central role during the selection of the correct amino acids throughout the elongation phase of translation. Elongation
factor Tu is the main subject of this review.

The ribosome is the key player in translation and is assisted
by protein factors during all phases of translation. The

ribosome has binding sites for mRNA and tRNAs and
coordinates their interplay very accurately. The A site accepts
incoming aminoacylated tRNAs; the P site carries a tRNA
esterified to the growing polypeptide chain, while empty tRNAs
are bound in the E site. The ribosome (70S in bacteria) is
organized into two subunits: decoding takes place within the
small subunit (30S), while formation of peptide bonds between
amino acids is catalyzed by the large subunit (50S).
During the elongation phase of protein synthesis, amino

acids coupled to their cognate tRNAs are selected in a stepwise
manner on the basis of correct base pairing between the codon
exposed in the A site and the anticodon of an incoming tRNA.
In bacteria, the aa-tRNA is brought to the ribosome by
translation elongation factor Tu (EF-Tu) as part of a ternary
complex, EF-Tu·GTP·aa-tRNA. Several aa-tRNAs may be
tested by EF-Tu before the recognition of a cognate tRNA.
The correctly matched codon−anticodon minihelix induces a
series of conformational changes causing GTP hydrolysis by
EF-Tu. The resulting EF-Tu·GDP releases aa-tRNA into the
ribosomal A site and dissociates from the ribosome. The amino
acid of the newly delivered aa-tRNA is coupled to the growing
polypeptide chain via peptide bond formation.

■ BASIC BIOCHEMISTRY OF EF-TU
Escherichia coli has two EF-Tu-encoding genes, tufA and tuf B.
Both genes give rise to 393-amino acid proteins, which are
organized into three structural domains. EF-TuA and EF-TuB
differ only at their C-terminal amino acid with no apparent
biochemical consequence, and either of the tuf genes can be
deleted without a loss of viability.1 The amount of EF-Tu in the
cell is equimolar to that of tRNA, while the total number of EF-

Tu molecules is 8−14 times the number of ribosomes
depending on growth conditions.2

EF-Tu binds GDP, GTP, and several other guanosine-
containing polyphosphates (ppGpp, pppGpp, dGDP, GDPCP,
and GDPNP) with high affinity, whereas nucleotides of other
bases and GMP are bound very weakly. Removal of the Mg2+

cofactor reduces the affinity for guanine nucleotides by 3−4
orders of magnitude.3 The affinity for GDP is approximately
100 times higher than for GTP. This difference in affinities is
eliminated upon removal of domains 2 and 3,4 indicating that
these domains are important to the allosteric regulation of EF-
Tu function. The spontaneous dissociation of GDP from EF-
Tu is very slow (0.002 s−1) and without physiological relevance.
Thus, the reactivation of EF-Tu after amino acid delivery is
stimulated by its guanine nucleotide exchange factor EF-Ts.5

Guanine nucleotide exchange occurs via the formation of a
labile EF-Tu·GDP·EF-Ts complex from which GDP dissociates
(Figure 1, step 9). The resulting binary complex is stable but
can bind GTP (or rebind GDP) and dissociate into EF-
Tu·GTP upon the release of EF-Ts (Figure 1, step 10). The
equilibrium is driven toward formation of the active form of
EF-Tu by the high cellular concentration of GTP (0.9 mM vs
0.1 mM for GDP) and the subsequent formation of the ternary
complex, EF-Tu·GTP·aa-tRNA (Figure 1, step 11).5

EF-Tu·GTP has a high affinity for aa-tRNA (Kd in the
nanomolar range).6 The affinities for different, correctly
aminoacylated species of aa-tRNA vary by only 1 order of
magnitude because of the phenomenon of thermodynamic
compensation,7 which implies that amino acids that make a
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large contribution to the binding affinity for EF-Tu are bound
to tRNAs with a smaller contribution to EF-Tu binding and
vice versa. In this way, a uniform affinity of properly
aminoacylated aa-tRNA for EF-Tu results with the purpose of
ensuring an adequate rate of protein synthesis.8 In contrast,
misacylated aa-tRNAs display either significantly stronger or
weaker binding to EF-Tu. A weakly binding aa-tRNA suffers
from difficulties in being delivered to the ribosome at a proper
frequency, while a strongly binding aa-tRNA will limit the rate
of peptide bond formation because of its slow dissociation from
EF-Tu after GTP hydrolysis.9 In bacteria, the affinity of a tRNA
for EF-Tu is adjusted via three T-stem base pairs, which interact
with three amino acids in EF-Tu.8

The GTPase mechanism of EF-Tu and other G-binding
proteins follows an in-line, SN2 reaction pathway with inversion
of configuration at the γ-phosphate.10 The nature of the
transition state is still a matter of dispute and may be anywhere
between dissociative or associate depending on whether
breaking of the linkage between the γ-phosphate and the
GDP has already taken place when the nucleophilic water
approaches or bond making to the nucleophile has taken place
prior to bond breaking, respectively. The latter reaction
pathway is characterized by a pentacoordinate transition state,
in which the nucleophile and the leaving group occupy the
apical positions of the trigonal bipyramid.
The intrinsic GTPase activity of EF-Tu is extremely slow

compared to most other G-binding proteins (<10−5 s−1).11 In
comparison, the physiological rate of protein synthesis is 10−20
amino acids/s. The key effector of EF-Tu’s GTPase activity is
the programmed ribosome, which causes a 107-fold increase in

activity.12 The mechanism of intrinsic GTP hydrolysis by EF-
Tu was heavily debated in the last half of the 1980s and the
beginning of the 1990s,13 but from the mid-1990s, the focus has
been on the mechanism of GTP hydrolysis as it occurs on the
ribosome during translation (see below).
EF-Tu can be targeted by four classes of antibiotics via two

different mechanisms: (i) pulvomycin and GE2270A hinder
formation of the ternary complex and might stabilize the EF-
Tu·EF-Ts complex,14 while (ii) kirromycin and enacyloxin IIa
lock EF-Tu·GDP on the ribosome after delivery of aa-tRNA.15

■ STRUCTURAL STUDIES OF EF-TU OFF THE
RIBOSOME

EF-Tu is the most abundant protein in the bacterial cell
occurring in amounts of up to 5% and was therefore an
amenable target for X-ray crystallography structural studies in
the beginning of the 1970s. All available crystal structures of
EF-Tu complexes off the ribosome are reported in Table 1. The
first studies were conducted on crystals containing a truncated
form of EF-Tu lacking part of the effector region (see below),
which was generated during crystallization or by mild trypsin
treatment. The molecule was found to consist of three domains
arranged around a striking hole. The tight domain turned out to
bind GDP/GTP and was later named domain 1 or the G-
domain. The G-domain was soon after recognized as a
common building block responsible for GDP/GTP binding
in all G-binding proteins.16 The G-domain of EF-Tu contains
consensus sequences I [GxxxxGK(S/T); E. coli EF-Tu
G18HVDHGKT25, “P-loop”], II (DxxG; E. coli EF-Tu
D80CPG83), and III (NKxD; E. coli EF-Tu N135KCD138), as

Figure 1. Functional cycle describing the kinetic steps of EF-Tu as defined by pre-steady state kinetics and/or single-molecule FRET studies. The
kinetic constants define the following steps: k1 and k−1, initial binding of the ternary complex to the 70S initiation complex; k2 and k−2, codon
recognition; k3 and k−3, GTPase activation; k3′ and k−3′, pseudo-GTPase activation; k4, GTP hydrolysis; k5, Pi release and subsequent EF-Tu
conformational change; k6, tRNA rejection; k7 and k−7, EF-Tu dissociation and aa-tRNA accommodation; k8, peptide bond formation; k9 and k−9,
binding of EF-Ts to EF-Tu·GDP and subsequent dissociation of GDP; k10 and k−10, binding of GTP to EF-Tu and release of EF-Ts; k11 and k−11,
ternary complex formation. Different colors of EF-Tu represent distinct conformations. The kinetic steps were drawn according to ref 39, 40, and 43.
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well as the less conserved SAL motif (E. coli EF-Tu S173AL175).
Consensus sequences I and II together with the effector region
(E. coli EF-Tu G41−T64; named by homology with the ras p21
region interacting with effectors), a Mg2+ ion and water
molecules coordinate the phosphate groups of the nucleotide,
while consensus sequence III and the SAL motif interact with
the guanine base (Figure 2C).16

In 1993, the structures of intact EF-Tu from two
thermophilic bacteria appeared in their active conformation
bound to the nonhydrolyzable GTP analogue, GDPNP.17,18

The structures revealed a dramatic conformational change in
domain 1 relative to domains 2 and 3 (compare panels A and B
of Figure 2), leading to the disappearance of the central hole
seen in the inactive form of EF-Tu from E. coli.19 The origin of
the rearrangement appeared to be in the switch I (E. coli EF-Tu
D51−T64) and switch II (E. coli EF-Tu G83−A95) regions
(Figure 2C). Still, the question of whether the conformational
rearrangement was functionally relevant or only caused by the
fact that the structures originated from EF-Tu of different
species or related to the absence or presence of an intact switch

I region remained. This discussion was not put to an end until
1996, when structures of intact EF-Tu·GDP from Thermus
aquaticus and E. coli confirmed the significance of the previously
observed domain rearrangement.20,21

The structures of EF-Tu bound to GDPNP reveal a water
molecule positioned approximately 3.3 Å from the γ-phosphate
of GTP that may potentially act as the nucleophilic water
during GTP hydrolysis.17,18 The water molecule is shielded
from bulk solvent by the so-called “hydrophobic gate”
comprised of the side chains of residues Val20 and Ile60
situated in the P-loop and switch I region, respectively. The
water molecule needs to be activated by a general base and
moved closer to the γ-phosphate to perform the hydrolytic
attack leading to GTP hydrolysis. His84 of the switch II region
was found to be the most likely candidate to cause activation of
the water molecule. However, considerable rearrangements
would be required for His84 to be positioned correctly for
hydrolytic attack. The ribosome was suggested to induce the
necessary structural change.18

Table 1. Available Crystal Structure of EF-Tu Complexes off the Ribosome

source of EF-Tu complex
resolution

(Å)
PDB
entry

E. coli EF-Tu·GDP 2.05 1EFC
E. coli EF-Tu·GDP 3.4 2FX3
E. coli EF-Tu·GDP 2.5 1DG1
Thermus aquaticus EF-Tu·GDP 2.7 1TUI
Bos taurus,
mitochondria

EF-Tu·GDP 1.94 1D2E

Sulfolobus solfataricus EF1-α·GDP 1.8 1SKQ
S. solfataricus EF1-α·GDP 1.8 1JNY
Thermus thermophilus EF-Tu·GDP·methylkirromycin 2.0 1HA3
E. coli EF-Tu·GDP·thiocillin·GE2270 2.35 1D8T
E. coli EF-Tu·GDP·tetracycline 2.12 2HCJ
E. coli EF-Tu·GDP·tetracycline 2.8 2HDN
E. coli EF-Tu·GDP·LFF571 2.7 3U2Q
T. thermophilus EF-Tu·EF-Ts 3.0 1A1P
E. coli EF-Tu·EF-Ts 2.5 1EFU
B. taurus, mitochondria EF-Tu·EF-Ts 2.2 1XB2
T. thermophilus EF-Tu·GDPNP 1.7 1EXM
T. aquaticus EF-Tu·GDPNP 2.5 1EFT
T. thermophilus EF-Tu·GDPNP·pulvomycin 1.4 2C78
T. thermophilus EF-Tu·GDPNP·thiocillin·GE2270 1.6 2C77
E. coli EF-Tu·GDPNP·enacyloxin IIa 2.3 2BVN
E. coli EF-Tu·GDPNP·kirromycin·Phe-tRNAPhe 3.3 1OB2
T. aquaticus EF-Tu·GDPNP·Phe-tRNAPhe 2.7 1TTT
T. aquaticus EF-Tu·GDPNP·Cys-tRNACys 2.6 1B23
T. aquaticus EF-Tu·GDPNP·enacyloxin IIa·Phe-tRNAPhe 3.1 1OB5
Aeropyrum pernix EF1-α·GTP·Pelota 2.3 3AGJ
E. coli EF-Tu·EF-Ts·β-subunit 2.5 3MMP
E. coli EF-Tu·EF-Ts·β-subunit form I 2.8 3AGP
E. coli EF-Tu·EF-Ts·β-subunit form II 3.2 3AGQ
E. coli EF-Tu·EF-Ts·β-subunit; initiation stage; contains RNA template and 3′-dGTP 2.6 3AVT
E. coli EF-Tu·EF-Ts·β-subunit; 7-nucleotide stage; contains 12-nucleotide RNA template and 7-nucleotide RNA

product
2.9 3AVU

E. coli EF-Tu·EF-Ts·β-subunit; 8-nucleotide stage; contains 12-nucleotide RNA template and 8-nucleotide RNA
product

3.1 3AVV

E. coli EF-Tu·EF-Ts·β-subunit; 9-nucleotide stage; contains 12-nucleotide RNA template, 8-nucleotide RNA product
and 3′-dGTP

2.6 3AVW

E. coli EF-Tu·EF-Ts·β-subunit; 10-nucleotide stage; contains 13-nucleotide RNA template, 9-nucleotide RNA product,
and 3′-dGTP

2.4 3AVX

E. coli EF-Tu·EF-Ts·β-subunit; 14-nucleotide stage; contains 18-nucleotide RNA template, 13-nucleotide RNA product,
and 3′-dCTP

2.6 3AVY
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Another important breakthrough in the structural studies of
EF-Tu occurred when the structure of the ternary complex, EF-
Tu·GDPNP·Phe-tRNAPhe (Figure 2D), was determined in
1995.22 The aminoacylated CCA-3′ end binds in a pocket
formed between domains 1 and 2 of EF-Tu. The acceptor stem
contacts the switch regions, while the T stem binds to domain
3. A later structure of the ternary complex containing Cys-
tRNACys suggested it was possible that the mode of aa-tRNA
binding observed in the first structure was universal.23

In 1996, the structures of the complex between EF-Tu and
EF-Ts from two different species became available (Figure
2E).24,25 EF-Ts was found to bind across domains 1 and 3 of
EF-Tu. In particular, a conserved phenylalanine residue from
EF-Ts, Phe81, attracted attention because of its intrusion
between two histidines, His84 and His118, in domain 1 of EF-
Tu. A comparison of the crystal structures of EF-Tu·GDP and
EF-Tu·EF-Ts suggested that the displacement of His118 would
release the β-phosphate of GDP, while the displacement of
His84 in the switch II region would disrupt the Mg2+ binding
site. Finally, a movement of helix D was predicted to loosen the
binding of the ribose and the guanine base.
In the past few years, the structures of different complexes

containing antibiotics have been determined.26 Enacyloxin and
kirromycin were found to bind at the interface between
domains 1 and 3, thereby locking the two domains in a
conformation similar to the active one despite the nature of the
bound nucleotide. Consequently, EF-Tu does not dissociate
from the ribosome and aa-tRNA after GTP hydrolysis, thereby
causing a “traffic jam” of ribosomes on the mRNA. The binding

sites of pulvomycin and GE2270 overlap with the site used for
binding of the 3′ end of aa-tRNA, thereby preventing its
binding. In addition, pulvomycin is in contact with the amino
acids normally engaged in the binding of the 5′ end of the
tRNA.
When the RNA virus Qβ infects bacteria, the β-subunit

encoded by the virus hijacks the host proteins EF-Tu, EF-Ts,
and ribosomal protein S1 to accomplish genome replication.27

The β-subunit is an RNA-dependent RNA polymerase, and the
EF-Tu·EF-Ts complex is important for the initiation of
amplification of the bacteriophage genome. Specifically, EF-
Tu plays a role in template recognition and binding. Recently,
the crystal structure of the Qβ replicase core complex
composed of the β-subunit in complex with EF-Tu·EF-Ts has
been determined at a resolution of 2.5 Å (Figure 2F).28,29 The
structure of the EF-Tu·EF-Ts unit within the Qβ replicase
complex is identical to the previously determined structures of
the isolated EF-Tu·EF-Ts complex (see above). Notably, two
α-helices belonging to the C-terminal region of the β-subunit
are placed in the proximity of parts of EF-Tu with important
roles during translation: the first α-helix interacts directly with
the CCA-binding pocket of EF-Tu, while the second is placed
in the proximity of the switch regions of EF-Tu. Very recently,
six structures of the Qβ replicase core complex bound to
various RNAs representing template and product strands
during different stages of replication from initiation to
elongation were published.30 When the double-stranded RNA
consisting of the template and a nascent product RNA reaches
a length of approximately 10 bp, the 3′ end of the template

Figure 2. Structures of various EF-Tu complexes. (A) EF-Tu in its inactive, GDP-bound conformation (PDB entry 1DG1). (B) EF-Tu in the active,
GTP-bound conformation (PDB entry 1EXM). (C) Close-up of the guanine nucleotide-binding pocket of EF-Tu·GDP (PDB entry 1DG1). Color-
coded regions: consensus sequences I (red), II (green), and III (magenta), SAL motif (blue), effector region (orange and light orange), switch I
(light orange), and switch II (yellow). (D) EF-Tu·GDPNP·Phe-tRNAPhe ternary complex (PDB entry 1TTT). (E) EF-Tu in a complex with EF-Ts
(PDB entry 1EFU). (F) EF-Tu in a complex with EF-Ts and the β-subunit constituting the Qβ replicase core complex (PDB entry 3MMP). The
following color code is applied: red for EF-Ts, cyan for EF-Tu, and green for the β-subunit. All figures were prepared with PyMol.
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appears to enter an exit channel between the C-terminal region
of the β-subunit and domains 2 and 3 of EF-Tu. In this way,
EF-Tu may assist the β-subunit in peeling the product strand
off the template strand during the elongation phase of
replication. Thereby, exponential amplification of the bacter-
iophage genome is allowed, because both template and product
will be released in their single-stranded form and be able to act
as new templates in the next round of replication.28

■ FUNCTIONAL STUDIES OF EF-TU ON THE
RIBOSOME

Since the 1960s, EF-Tu has been subjected to extensive
biochemical studies aimed at deducing different aspects of the
factor’s multifunctionality during translation. Most recently,
pre-steady state kinetic studies31 and single-molecule techni-
ques32 have allowed the resolution of the elongation phase into
a number of discrete steps (Figure 1) via the application of
different fluorescent and radioactive probes.
By and large, the results obtained using these two types of

techniques are in agreement with each other. The elongation
cycle is subsectioned into the three processes of aa-tRNA
selection, peptide bond formation, and translocation, which are
managed by EF-Tu, 23S rRNA of the large ribosomal subunit
assisted by the 3′ terminal 2′-OH group of P site-bound
tRNA,33 and EF-G,34 respectively. The decoding process has so
far been further divided into initial binding of the ternary
complex, codon−anticodon recognition, GTPase activation,
GTP hydrolysis, Pi release, and A site accommodation of the aa-
tRNA (Figure 1). These steps play a vital role in ensuring a
high fidelity when the anticodons of incoming aa-tRNAs are
tested against the codon exposed in the ribosomal A site.
All cognate tRNA anticodons display very similar affinities

for the A site as a result of post-transcriptional modifications in
the anticodon regions. The binding of a cognate versus a
noncognate anticodon can be easily distinguished in this
manner, while near-cognate tRNAs with one mismatched base
pair of the three possible exhibit a challenge during decoding.
EF-Tu plays a central role in weeding out the near-cognate
tRNAs.
Initial binding is a reversible reaction (Figure 1, step 1),

which is independent of the codon exposed in the A site.
Accordingly, the ribosomal site of initial binding is not
overlapping with the A site.35 Also, the subsequent step of
codon recognition is reversible (Figure 1, step 2) but may lead
to GTPase activation (Figure 1, step 3) if a proper codon−
anticodon interaction is established. GTPase activation depends
on a rate-limiting conformational change, which is transmitted
via the tRNA and parts of the ribosome to the G-domain of EF-
Tu (see below). GTPase activation is considerably faster
(approximately 100−1000 times) for cognate tRNA species
than for near-cognate species,36−38 and near-cognate as well as
noncognate ternary complexes may be rejected at this point
without triggering GTP hydrolysis. Single-molecule FRET
studies indicate that the ribosome with a bound ternary
complex attempts to reach the GTPase-activated state several
times via the reversible sampling of a pseudo-GTPase-activated
state (Figure 1, step 3′). The sampling occurs more frequently
for a cognate ribosome complex than for a near-cognate
complex and with a higher success rate.39 The cognate
conformational changes associated with codon−anticodon
recognition cause the proper positioning of the catalytic
machinery and allow the chemical step of GTP hydrolysis
(Figure 1, step 4). The cleaved-off γ-phosphate is then released

whereupon the conformational switch of EF-Tu occurs (Figure
1, step 5). Dissociation of Pi appears to depend on the mobility
of the switch 2 region and limits the rate of the structural
rearrangement of EF-Tu into its inactive GDP-bound
conformation.40 As a consequence of the structural transition,
the factor looses its affinity for the aa-tRNA and the ribosome
and dissociates (Figure 1, step 7). The aa-tRNA is thereby set
free to fully accommodate in the ribosomal A site, whereafter
peptide bond formation can occur (Figure 1, step 8). This step,
like the step of GTPase activation, is accelerated in the case of
cognate tRNAs.36 Alternatively, the aa-tRNA may be rejected at
this point (Figure 1, step 6). Thus, the forward rate constants of
GTPase activation and tRNA accommodation are selectively
increased for cognate tRNAs relative to those for near-cognate
ones via the mechanism of “induced fit”. In summary, the
sequence of events during decoding defines two possibilities of
aa-tRNA selection occurring on the basis of their different
stabilities on the ribosome.41 The first possibility, termed
“initial selection”, occurs before GTP hydrolysis (Figure 1,
reverse of step 2), while the second option occurs after and is
known as “proofreading” (Figure 1, step 6). According to the
current model of elongation, the irreversible nature of GTP
hydrolysis separates the two selection steps, and their overall
effect on accuracy is therefore a product of the individual error
frequencies. Recent single-molecule FRET studies, however,
indicate that the assumed strict separation of the two selective
events by GTP hydrolysis may be an oversimplification of the
actual steps occurring during tRNA selection on the ribosome.
Most likely, fluctuations of aa-tRNA molecules also contribute
to the accuracy of translation during both initial selection and
proofreading.42−44 This is in accordance with the proposed role
of the tRNA molecule as a transmitter of signals in the
decoding center of the 30S subunit to regions of the 50S
subunit involved in GTPase activation and peptide bond
formation,45 respectively. Frequent excursions of the aa-tRNA
positioned within the A site can be detected on the ribosome
both before and after GTP hydrolysis with the possible aim of
aligning ternary complexes and rRNA (rRNA) for GTP
hydrolysis and peptide bond formation to occur.42−44 Notably,
cognate aa-tRNAs have been observed to make more frequent
attempts than near-cognate ones to reach the accommodated
state before GTP hydrolysis. These studies imply that GTP
hydrolysis does not strictly partition the two selection steps; i.e.,
accommodation-like transitions can occur before GTP
hydrolysis, while codon recognition-like excursions can take
place after GTP hydrolysis. The precise role of tRNA
fluctuations during selection is still unclear but may be a
means by which the ternary complex searches for and
establishes stabilizing contacts with the ribosome.
In vivo, the error frequency during decoding appears to vary

among different codons (ranging from 10−3 to 10−4) and is
mainly determined by tRNA competition.46 After translocation,
erroneous decoding results in mismatched codon−anticodon
pairs in the P and/or E site. Such mismatches have been
reported to stimulate premature release of the peptide chain on
sense codons as a mechanism of reducing the number of
malfunctioning proteins in the cell.47

Apart from the vital role of EF-Tu in preventing missense
reading of the genetic message, EF-Tu also helps in the
prevention of translational read-through at stop codons as well
as frameshifting. The responsible mechanisms, however, are
poorly understood.48
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■ STRUCTURAL STUDIES OF EF-TU ON THE
RIBOSOME

For the past four decades, researchers have been struggling to
obtain structural information about the ribosome by using cryo-
electron microscopy (cryo-EM), neutron scattering, and X-ray
crystallography techniques. The lack of sophisticated tools and
difficulties in getting a high-quality sample postponed the
discovery until 2000, when the first high-resolution structures
of the 30S49 and 50S50 subunits were reported. Already, one
year later, the structure of the 70S complex containing mRNA
and tRNAs bound in the A, P, and E sites was published at 5.5
Å resolution.51

X-ray studies of the 30S subunit during decoding have shed
light on how highly conserved bases in 16S rRNA [G530,
A1492, and A1493 (Figure 3)] monitor the formation of

correct Watson−Crick base pairs at the first and second codon
positions via formation of hydrogen bonds within the minor
groove of a correctly formed base pair, which displays a
characteristic stereochemical geometry.52 Furthermore, the
establishment of a cognate codon−anticodon minihelix in the
decoding center induces a characteristic rotation of the head
and shoulder domains of the 30S subunit termed “domain
closure”. This is a prerequisite for the subsequent steps in the
tRNA selection process involving EF-Tu.
The binding of EF-Tu·GTP·aa-tRNA to the ribosome is

transient but can be stabilized in the presence of antibiotics
and/or a nonhydrolyzable GTP analogue, which has allowed
structural studies of the ribosome-bound complex by cryo-EM
or X-ray crystallography. The available structures of EF-Tu
complexes bound to the ribosome are summarized in Table 2.
The first view of the ternary complex on the ribosome was

Figure 3. Structure of the EF-Tu·GDPCP·Trp-tRNATrp ternary complex bound to the 70S ribosome. Elements of the ribosome that make important
contributions to binding of the complex are emphasized. EF-Tu and the tRNA are colored cyan and magenta, respectively. The figure was prepared
with PyMol using PDB entries 2XQE and 2XQD. The structure does not contain density for any of the four copies of L12. However, L10 is
indicated, which constitutes the platform for the anchoring of copies of L12.

Table 2. Available Cryo-EM and Crystal Structures of EF-Tu Complexes on the Ribosome

source of EF-Tu complex resolution (Å) PDB, EMDB entries

Crystal Structures
T. thermophilus EF-Tu·GDP·kirromycin·Thr-tRNAThr·70S 3.6 2WRN, 2WRO, 2WRQ, 2WRR
T. thermophilus EF-Tu·GDPCP·Trp-tRNATrp·70S 3.2 2XQE, 2XQD
T. thermophilus EF-Tu·GDP·kirromycin·Trp-tRNATrp·70S (cognate) 3.1 2Y10, 2Y11, 2Y18, 2Y19
T. thermophilus EF-Tu·GDP·kirromycin·Trp-tRNATrp(G24A)·70S (cognate) 3.1 2Y14, 2Y15, 2Y16, 2Y17
T. thermophilus EF-Tu·GDP·kirromycin·Trp-tRNATrp(G24A)·70S (near-cognate) 3.1 2Y0Y, 2Y0Z, 2Y12, 2Y13
T. thermophilus EF-Tu·GDP·kirromycin·Trp-tRNATrp(A9C)·70S (near-cognate) 3.1 2Y0U, 2Y0V, 2Y0W, 2Y0X

Cryo-EM Structures
E. coli EF-Tu·GDP·kirromycin·Phe-tRNAPhe·70S 16.8 1LS2, 1045
E. coli EF-Tu·GDP·kirromycin·Phe-tRNAPhe·70S 13 1MJ1, 1004
E. coli EF-Tu·GDP·kirromycin·Phe-tRNAPhe·70S 9 1QZD, 1055, 1056
E. coli EF-Tu·GDP·kirromycin·Phe-tRNAPhe·70S 6.7 3FIH, 3FIK, 5036
T. thermophilus EF-Tu·GDP·kirromycin·Phe-tRNAPhe·70S 6.4 3FIC, 3FIN, 5030
E. coli EF-Tu·GDP·kirromycin·Leu-tRNALeu·70S 12 3EQ4, 1564
E. coli EF-Tu·GDP·kirromycin·Trp-tRNATrp·70S 9 3EQ3, 1565
E. coli EF-Tu·GDP·kirromycin·Trp-tRNATrp·70S (cognate) 8.25 3IZU, 3IZW, 1849
E. coli EF-Tu·GDP·kirromycin·Trp-tRNATrp·70S (near-cognate) 13.2 3IZT, 3IZV, 1850
T. thermophilus EF-Tu·GDP·kirromycin·tmRNA·70S·SmpB 13 1ZC8, 1122
T. thermophilus EF-Tu·GDP·kirromycin·tmRNA·70S·(SmpB)2·S1 13 1311, 1312
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reported in 1997,53 where cryo-EM showed an aa-tRNA
molecule with an aminoacyl end bound to EF-Tu and an
anticodon end interacting with the decoding center of the small
ribosomal subunit. The conformation was suggested to
correspond to an A/T state, where testing of the codon−
anticodon match is taking place. Later, studies at higher
resolutions revealed that the occupation of this state required
the tRNA to bend and twist to allow its simultaneous binding
of the mRNA codon and EF-Tu.54 Evidence has been obtained
indicating that this is a universal mechanism of aa-tRNA
testing,55 and EF-Tu seems to ensure that all aa-tRNAs are
presented in the same way to the ribosome.
The first encounter between the 70S ribosome and EF-

Tu·GTP·aa-tRNA is supposed to occur via the “stalk” of the
50S subunit, which is a flexible protrusion consisting of four
copies of L12 proteins (E. coli) bound as dimers to protein L10
close to L11 (Figure 3).56,57 Subsequently, the long,
unstructured hinge of L12 as well as the flexible connection
between L10 and L12 may allow the transfer of the ternary
complex to its ribosomal binding site. On the ribosome, the EF-
Tu binding site consists of the sarcin−ricin loop (SRL) of the
23S rRNA, the shoulder region of 16S rRNA, the L11 protein,
and associated rRNA as well as protein S12. These sites of
interaction are shared with the tRNA, which furthermore
interacts with the decoding center as well as C1914 of helix 69
in 23S rRNA (Figure 3).54

All structures of the ternary complex bound on the ribosome
have been carefully examined with the aim of understanding
how the sensing of a correctly proportioned codon−anticodon
minihelix by the decoding center of the 30S subunit can be
faithfully relayed to the GTPase site of EF-Tu approximately 80
Å away. For a long time, however, the only successful strategy
for arresting EF-Tu on the ribosome was the inclusion of
kirromycin during structure analysis (Table 2), whereby EF-Tu
was captured in its posthydrolytic state leaving interpretations
of the mechanism of GTPase activation speculative. Very
recently, a more convincing reconstruction of the structural
rearrangements responsible for transmitting the signal of
cognate codon−anticodon interaction to the GTPase center
of EF-Tu has been presented on the basis of the crystal
structure of EF-Tu·GDPCP·Trp-tRNATrp bound to the 70S
ribosome in the presence of the antibiotic paramomycin.58

Paramomycin causes decoding errors by facilitating the
conformational changes leading to GTP hydrolysis by EF-Tu.

After the initial binding of the ternary complex by the L7−
L12 stalk, subtle rotations of domain 1 of EF-Tu with respect to
domains 2 and 3 allow the factor to adopt different aa-tRNA
structures and present them to the ribosome in a uniform
manner.59 Next, the codon−anticodon interaction is subjected
to testing, causing the tRNA to bend and twist. The structural
change in the tRNA induces the “closed” conformation of the
30S subunit that moves the 16S rRNA toward EF-Tu. This
results in structural changes in two loops of domain 2 of EF-Tu
(see below), which are thereby brought into contact with the
16S rRNA shoulder.54 Also, contacts between EF-Tu and tRNA
change as a consequence of the 30S closure. Notably, the
interaction between the switch II region of EF-Tu containing
the catalytic His84 and the 5′ end of tRNA is altered, while the
contact between the switch I region of EF-Tu containing one-
half of the hydrophobic gate (Ile60) and the tRNA 3′ end is
abolished. The residues of the hydrophobic gate undergo only
small changes, which may not be critical for GTP hydrolysis
contrary to previous predictions.58 The series of conformational
changes mentioned above are concluded by an ordering of
His84 into its catalytic conformation by the phosphate residue
of A2662 of the SRL in 23S rRNA (compare panels A and B of
Figure 4). The essential role of A2662 explains the toxicity of α-
sarcin, which cleaves the phosphodiester bond containing the
phosphate group activating His84. α-Sarcin acts on both
prokaryotic and eukaryotic ribosomes, suggesting that the
mechanism of GTPase activation involving A2662 may be
common to all GTPases involved in ribosomal protein
synthesis. His84 has been suggested to serve as a general
base that deprotonates the catalytic water molecule to facilitate
its nucleophilic attack of the γ-phosphate of GTP. After GTP
hydrolysis, the cleaved-off γ-phosphate is released, leading to
disorder of the switch I region and a rotation of His84 into its
inactive state, which appears to be stabilized via an interaction
with the 2′-OH group of G2661 of the SRL (Figure 4C).54 The
ability of His84 to act as a general base during ribosome-
induced GTP hydrolysis by EF-Tu has recently been
questioned.60,61 However, the importance of His84 seems
unequivocal,62,63 yet the precise mechanism of action needs to
be defined via biochemical analysis and further structural
studies. In particular, the pH dependency of the GTPase
reaction needs to be carefully studied. Also, the role of the
ribosomal L7−L12 protein during the decoding process
remains unclear; e.g., the reason for its ability to stimulate

Figure 4. Snapshots of the GTP binding site of EF-Tu illustrating the structural changes accompanying GTPase activation and GTP hydrolysis. (A)
Structure of the isolated ternary complex, EF-Tu·GDPNP·Phe-tRNAPhe (PDB entry 1TTT), illustrating the GTPase incompetent conformation with
a closed hydrophobic gate (Val20 and Ile60) and the catalytic His84 pointing away from the γ-phosphate. (B) Structure of the GTPase-activated
state of EF-Tu·GDPCP·Trp-tRNATrp bound on the 70S ribosome (PDB entries 2XQE and 2XQD). One wing of the hydrophobic gate has opened,
and His84 has been positioned for activation of the catalytic water molecule by interaction with the conserved A2662 of the sarcin−ricin loop (SRL).
(C) Posthydrolytic state illustrated by the structure of EF-Tu·GDP·kirromycin·Trp-tRNATrp on the 70S ribosome (PDB entries 2WRN and 2WRO).
After Pi dissociation, His84 rotates away from the GDP molecule and is stabilized in this position by G2661 of the SRL. The switch I region becomes
disordered and is not visible in the structure.
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the GTPase activity of EF-Tu by 2500-fold is not yet
apparent.64

Very recently, cryo-EM studies have shed new light on the
tRNA selection process by comparing the binding modes of
near-cognate and cognate ternary complexes in the presence of
kirromycin.65 The two types of tRNAs were shown to bind to
the A/T site in two distinct conformations with different
geometries with respect to their interaction with EF-Tu. The
acceptor arm seems to be more flexible for the near-cognate
tRNA, which gives rise to changes in the structure of EF-Tu.
Notably, the hydrophobic gate appears to be less open in the
near-cognate ternary complex, while the switch II region
containing the catalytic His84 seems to be more flexible
because of the absence of a clearly defined acceptor arm. These
changes along with changes in the positions of elements of the
GTPase-associated center within the 50S subunit as well as the
head and shoulder domains of the 30S subunit may explain the
reduced rate of GTPase activation for the near-cognate ternary
complex.

■ STRUCTURE−FUNCTION STUDIES OF EF-TU
The structures of EF-Tu described above serve as excellent
starting points for structure−function studies via engineered
mutants. In this way, the following issues of EF-Tu functionality
have been addressed: guanine nucleotide binding and exchange,
GTP hydrolysis, conformational switching, tRNA binding, and
ribosome binding.
With respect to the mechanism of guanine nucleotide

exhange, the roles of EF-Tu residues His8466 and His11867 as
well as residues in helix D68 have been studied. In addition, the
functions of residues Asp80 and Phe81 of EF-Ts have been
investigated.69 Among the residues mutated, no single side
chain can account for the 60000-fold acceleration of nucleotide
exchange achieved by the action of EF-Ts, and the mechanism
appears to be more complex than first predicted on the basis of
structural studies (see above).
Deduction of the mechanism of GTP hydrolysis off and on

the ribosome has been the goal of another extensive series of
point mutations of EF-Tu. The most dramatic effect was
observed upon mutation of His84 to alanine, which resulted in
a 105-fold decrease in the rate of ribosome-stimulated GTP
hydrolysis,62 in accordance with the most recent structural
studies of EF-Tu on the ribosome.58

Pre-steady state kinetic studies of EF-Tu mutants affected at
glycine residues providing flexibility around the switch II region
have revealed the functional reason behind the strict
conservation of these residues. The C-terminal glycine at
position 94 appears to control Pi release40 as well as
conformational switching,70 while the N-terminal glycine at
postion 83 plays a role during GTP hydrolysis70 by
coordinating the catalytic water molecule and allowing the
structural transition required for GTPase activation.58

Recently, mutations identified via classical selection schemes
have attracted new attention because of novel structural studies
of EF-Tu on the ribosome.54 EF-TuB0 was identified on the
basis of resistance toward kirromycin and results of the
Gly222Asp substitution in the tuf B gene.71 EF-TuB0 binds
kirromycin but leaves the ribosome in a complex with the
antibiotic (i.e., the phenotype is recessive). In addition, EF-
TuB0 is deficient in ribosome-stimulated GTP hydrolysis
indicative of problems in transmitting codon−anticodon
recognition to the GTPase center. The deficiency can be
rescued by high concentrations of Mg2+.72 Inspection of the X-

ray structure of the kirromycin-stalled ternary complex on the
ribosome explains the need for flexibility at this position.54

Gly222 is positioned in one of the two domain 2 loops
(residues 219−226) that undergo structural rearrangements
upon domain closure of the 30S subunit. Most likely, the
introduction of an aspartate affects the structural transition and
disables the interaction with the backbone of 16S rRNA via
electrostatic repulsion. Mg2+ concentrations of >10 mM may
screen the negative charge of the aspartate side chain and
thereby rescue the defective signal transmission. Similarly, the
restriction of flexibility in the second domain 2 loop subjected
to conformational changes on the ribosome (residues 256−
273) by mutation of Gly280 to valine severely affects the
productive interaction between the ternary complex and the
ribosome.73

■ REMAINING CHALLENGES

The abundant structural information about components of the
translation apparatus has been like a treasure chest for scientists
with an interest in the translation process. Most astonishing are
the structures of several ribosomal complexes. The solution of
the structure of the ribosome may serve as an ideal example to
the scientific community showing how a combination of crazy
ideas, patience, technical developments, timely coincidences,
and hard work may pave the way to reaching even the most
unbelievable goals.
The structures of an almost complete set of stable EF-Tu

complexes have provided tremendous insight into the
mechanism of decoding the genetic message by fuelling an
amazing number of functional studies, yet a number of
functionally relevant intermediates such as the complexes
formed upon initial binding and codon recognition as well as
the transition state of GTP hydrolysis are not amenable to
structural studies because of their transient nature. Contrary to
a number of other GTP-binding proteins, fluoroaluminates do
not mimic the γ-phosphoryl transfer of GTP in EF-Tu,53 and an
alternative transition state analogue has not been reported yet
for EF-Tu; however, mutant forms may be helpful. Another
approach to obtaining information about the dynamic aspects
of the decoding process could be to identify short-lived
intermediates and relate these to functional events. In
particular, the sequence of structural changes resulting from
cognate codon−anticodon interaction that ultimately leads to
GTP hydrolysis by EF-Tu remains to be clearly delineated with
specific attention to differences between transitions evoked by
noncognate, near-cognate, and cognate ternary complexes.
The usage of single-molecule techniques in the studies of

translation is relatively new and probably still in its infancy with
respect to labeling, immobilization, and resolution in time and
space. Such techniques have not yet been applied directly to
EF-Tu but may in the future become feasible and result in a
more complete picture regarding the role of EF-Tu during early
decoding events as well as tRNA accommodation.74

The ribosome is the target of ∼50% of all medically relevant
antibiotics, which act by interference with decoding, blockage of
translocation, inhibition of peptide bond formation, or
hindrance of the progression of growing peptide chains.75

However, the development of resistance among pathogenic
bacteria is becoming a growing problem, and new targets need
to be explored via structure-based drug design and/or
functional assays for lead compound discovery. EF-Tu
represents a poorly exploited drug target of potential value in
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the treatment of infections in humans caused by Gram-negative
as well as Gram-positive bacteria.
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