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Conformational Changes of the Small Ribosomal
Subunit During Elongation Factor G-dependent
tRNA–mRNA Translocation
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Translocation, a coordinated movement of two tRNAs together with
mRNA on the ribosome, is catalyzed by elongation factor G (EF-G). The
reaction is accompanied by conformational rearrangements of the
ribosome that are, as yet, not well characterized. Here, we analyze those
rearrangements by restricting the conformational flexibility of the ribosome
by antibiotics binding to specific sites of the ribosome. Paromomycin (Par),
viomycin (Vio), spectinomycin (Spc), and hygromycin B (HygB) inhibited
the tRNA–mRNA movement, while the other partial reactions of
translocation, including the unlocking rearrangement of the ribosome
that precedes tRNA–mRNA movement, were not affected. The functional
cycle of EF-G, i.e. binding of EF-G$GTP to the ribosome, GTP hydrolysis, Pi
release, and dissociation of EF-G$GDP from the ribosome, was not affected
either, indicating that EF-G turnover is not coupled directly to tRNA–
mRNA movement. The inhibition of translocation by Par and Vio is
attributed to the stabilization of tRNA binding in the A site, whereas Spc
and HygB had a direct inhibitory effect on tRNA–mRNA movement.
Streptomycin (Str) had essentially no effect on translocation, although it
caused a large increase in tRNA affinity to the A site. These results suggest
that conformational changes in the vicinity of the decoding region at the
binding sites of Spc and HygB are important for tRNA–mRNA movement,
whereas Str seems to stabilize a conformation of the ribosome that is prone
to rapid translocation, thereby compensating the effect on tRNA affinity.

q 2004 Elsevier Ltd. All rights reserved.

Keywords: rapid kinetics; fluorescence; translation; antibiotics; regulation
*Corresponding author
Introduction

Translocation is a step in protein synthesis during
which two tRNAs bound to themRNAmove a large
distance on the ribosome. The reaction is promoted
by elongation factor G (EF-G), a GTP-binding
protein that hydrolyzes GTP during the reaction.
Translocation is much slower without GTP
lsevier Ltd. All rights reserve
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hydrolysis,1,2 and extremely slow, but significant,
without EF-G under certain conditions in vitro.3,4

Prior to translocation, peptidyl-tRNA and deacyl-
ated tRNA are bound to the A and P sites of the
ribosome, respectively. There are extensive contacts
between tRNAs and various regions of the ribo-
some: in the decoding site where residues of 16 S
rRNA interact with the codon–anticodon duplex
and the anticodon arms of the tRNAs;5–8 at the
peptidyl transferase center where residues of 23 S
rRNA form base-specific interactions with the 3 0-
terminal CCA sequences of both A and P-site
tRNAs;5,9–12 and at the subunit interface where
bridges that connect the subunits also contact the
tRNAs.5,7,8 These interactions have to be disrupted,
in order to allow movement, and re-established
after translocation. This implies that structural
elements of the ribosome have to move and
rearrange in the course of reaction.
d.
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Detailed structural information as to how and in
which sequence structural changes occur during
translocation is lacking. Cryo-electron microscopy
(cryo-EM) indicates large-scale structural
rearrangements of the ribosome that are induced
by EF-G.13–16 The most extensive changes are seen
in the 30 S subunit, where the arrangement of the
head relative to the body changes,14 and the relative
orientation of the subunits also changes upon EF-G
binding,13,15,16 suggesting rearrangements at the
subunit interface. Chemical footprinting revealed
an EF-G-induced conformational change in the
head domain involving residues of helix 3417 in
the vicinity of themRNA in the decoding center.6,18,19

Conformational rearrangements of the L7/12 stalk
of the 50 S subunit have been implicated in
translocation,20 and cryo-EM has revealed different
arrangements of the stalk in ribosome–EF-G
complexes in different biochemical states.13,14

Translocation is a complex process that entails
several elemental steps, as identified and charac-
terized by biochemical and rapid kinetic techniques
(Figure 1).1,2,21 EF-G$GTP binds to the ribosome
rapidly and reversibly. Subsequent rapid hydrolysis
of GTP causes a coupled conformational change of
EF-G and the ribosome (unlocking) that facilitates
tRNA–mRNA movement. On the basis of kinetic
analyses, movement is rapid intrinsically and
instantaneously follows the unlocking rearrange-
ment of the ribosome. The two steps, unlocking and
Figure 1. Kinetic model of translocation. Ribosomes are de
unlocking. EF-G is depicted in different conformations and ori
Values of k7 and k9 are preliminary (B. Wilden, A.S., W.W. &
translocation, are physically distinct events,
because translocation can be inhibited without
affecting the unlocking rearrangement.21,22 Pi is
released from EF-G in parallel with and inde-
pendently of translocation, and the order of the
two reactions, translocation and Pi release, is
random. Following Pi release, EF-G changes the
conformation from the GDP$Pi to the GDP form (B.
Wilden, M.V.R. & W.W., unpublished results).
Further conformational changes of both EF-G and
the ribosome take place before EF-G dissociates;
some of these changes have been visualized by
cryo-EM.14,16,23 At the end of translocation, the
ribosome is in the post-translocation state with
peptidyl-tRNA in the P site and an overall structure
characteristic for the ground state of the ribosome.

Here, we examined which conformational
changes of the ribosome are important for trans-
location. We interfered with the conformational
mobility of the ribosome by using antibiotics and
studied the effect of antibiotic binding on the
elemental steps of translocation. For most of the
antibiotics used, crystallographic studies have
revealed the molecular details of the interactions
with ribosomal residues.24–28 Generally, the anti-
biotics bind to rRNA and stabilize or induce a
particular conformation of the region they are
bound to. A number of antibiotics are known to
inhibit or block translocation by association with
specific sites on the ribosome. The antibiotics
picted in two conformations, closed and open, to indicate
entations on the ribosome, based on cryo-EMmodels.14–16

M.V.R., unpublished results).
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selected for the 30 S subunit bind to regions of 16 S
rRNA that were shown to be involved, or were
implicated, in translocation, i.e. to helix 34 in the 30
S head (spectinomycin, Spc, and tetracycline, Tet),
helix 44 in the decoding site (paromomycin, Par,
viomycin, Vio, and hygromycin B, HygB), or in the
vicinity of helix 27 (streptomycin, Str, and tetra-
cycline, Tet). A number of antibiotics bind at, or in
close proximity to, the peptidyltransferase center on
the 50 S subunit, and many of them inhibit peptide
bond formation, either by direct competition within
the active site or by interfering with structural
changes (erythromycin, Ery; linezolid, Lin; sparso-
mycin, Sps). Since such changes may affect the
movement of the 3 0 ends of tRNAs within the active
site, those antibiotics were studied also for their
effects on translocation.
Figure 2. Multiple-turnover translocation. Time-
courses of translocation were monitored by reaction
with Pmn. Pretranslocation complexes (0.2 mM) were
stabilized by addition of Mg2C to 14 mM and
translocation was measured after addition of 0.5 nM
EF-G. (a) Effect of Spc, Par, HygB, and Vio. (b) Effect of Str,
Tet, Ery, and Lin.
Results

Multiple turnover translocation

The effect of antibiotics on translocation was
first examined under conditions of multiple turn-
over of EF-G.29 Pretranslocation complexes with
deacylated tRNAfMet in the P site and
f[3H]Met[14C]Phe-tRNAPhe in the A site (Materials
and Methods) were mixed with catalytic amounts
of EF-G. The displacement of fMetPhe-tRNAPhe

from the A to the P site was monitored by the
reaction of P site-bound fMetPhe-tRNAPhe with
puromycin (Pmn) forming the tripeptide fMet-
PhePmn (Materials and Methods). As expected,30–37

translocation was blocked by Par, HygB, and Vio,
whereas Spc had a smaller effect (Figure 2(a)). Other
antibiotics that have not been reported as transloca-
tion inhibitors influenced translocation; however,
the effect on both rate (fourfold at most) and extent
(twofold) of translocation was moderate
(Figure 2(b)). Lin had no significant effect.

Multiple-turnover translocation may be affected
by changes at any elemental step of translocation
(Figure 1). To understand the mechanism of action
of antibiotics, and to correlate antibiotic-induced
structural changes with effects on translocation,
further experiments were performed under single-
round conditions where elemental steps of trans-
location could be monitored individually.

tRNA–mRNA Movement

The movement of the tRNA–mRNA complex
through the ribosome during translocation was
monitored kinetically by fluorescence stopped-flow,
using an mRNA labeled with fluorescein at the 3 0

end (Figure 3(a)).21 Pretranslocation complexes
with deacylated tRNAfMet in the P site and
fMetPhe-tRNAPhe in the A site were prepared
using a fluorescein-labeled mRNA fragment with
a coding sequence of 14 nucleotides. Upon mRNA
displacement during translocation, the fluorescence
increased due to movement of the dye towards the
mRNA entrance channel of the ribosome.19 Upon
addition of EF-G at saturating concentrations,21

rapid mRNA translocation was observed
(Figure 3(b)). Spc, Par, and HygB inhibited the rate
of translocation strongly, while the final level of
translocation was unchanged (Figure 3(b) and (c);
Table 1), and Vio abolished translocation com-
pletely (data not shown).1,21 Str and Ery decreased
the rate of translocation twofold, whereas Tet, Lin,
and Sps did not affect the reaction appreciably. The
same results were obtained when translocation was
monitored by fluorescence changes of proflavin in
fMetPhe-tRNAPhe(Prf16/17)1 (data not shown).
Detailed analysis of the time-courses showed that

the fluorescence change, monitored with either
fluorescent mRNA or tRNA, was biphasic, with
O85% of the amplitude due to a rapid reaction,
16 sK1, and !15% to a slower reaction, 0.5 sK1

(Figure 3(d)). Upon addition of Spc in increasing
concentration, the amplitude of the slow reaction
increased at the cost of the rapid reaction, while the
rates of both reactions did not change (Figure 3(e)).
At saturating Spc, the fast reaction was virtually
absent and O80% of the signal change was due to
the slow reaction. These data suggest that there
are two alternative conformations of the



Figure 3. tRNA-mRNA movement. (a) Experimental approach. Pretranslocation complexes containing fluorescein-
labeled mRNA (star) were rapidly mixed in a stopped-flow apparatus with excess saturation concentrations of EF-G to
0.1 mM and 2 mM final concentrations, respectively. Fluorescence change of fluorescein upon translocation was
measured. (b) Time-courses of movement in the absence of antibiotic and in the presence of Str, Tet, or Spc. (c) Time-
courses of movement in the presence of Par andHygB. (d) Time-courses of translocation in the absence of antibiotic (1) or
in the presence of Spc; 20 mM (2), 100 mM (3), 200 mM (4), and 1000 mM (5) antibiotic. The time-courses are biphasic, with a
fast (16 sK1) and a slow (0.5 sK1) reaction. (e) Spc-dependent changes of the amplitudes (filled symbols) and apparent
rate constants (open symbols) of fast (circles) and slow (triangles) reactions.
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pretranslocation complex that differ in their ability
to undergo rapid translocation. In the absence of
antibiotic, most of the ribosomes (O85%) are
capable of rapid translocation and only a small
portion (!15%) is slow, whereas binding of Spc
Table 1. Effect of antibiotics on the rate of single-round
translocation

Antibiotic Rate (sK1) Fold decrease

None 16 –
Str 7 2.3
Tet 10 1.6
Spc 0.5 32
Par 0.1 160
HygB 0.05 320
Vio !0.001 O10,000
Ery 8 2
Lin 12 1.3
Sps 15 1

The rates given are averages of two to four independent
experiments. Standard deviations are !15%.
appears to shift the conformational equilibrium
towards the slowly translocating form of the
ribosomes.

Phosphate release

Antibiotics may affect translocation by several
mechanisms. They may interfere with EF-G binding
or with conformational changes required for any of
the elemental steps prior to tRNA–mRNA move-
ment depicted in Figure 1, i.e. GTP hydrolysis or
ribosome unlocking. To identify the step that is
affected, we measured the rate of phosphate (Pi)
release from EF-G following GTP hydrolysis and
ribosome unlocking (Figure 1), monitoring the
fluorescence change of 7-diethylamino-3-((((2-
maleimidyl)ethyl) amino)carbonyl)coumarin
(MDCC)-labeled phosphate-binding protein
(PBP).21 None of the antibiotics influenced signifi-
cantly the rate of Pi release in the first round
(Figure 4(a)) or subsequent multiple rounds
(Figure 4(b)). This indicates that the steps up to,



Figure 4. Time-courses of Pi release. (a) Long time
window. The rate of multiple turnover was 2.5(G0.5) sK1

in all cases. (b) Single-round Pi release; rate constants
were 15(G5) sK1. Concentrations of the ribosomes and
EF-G were 0.5 mM and 0.5 mM, respectively. Pi release in
the absence of antibiotics (1), or in the presence of Str (2),
Tet (3), Spc (4), Par (5), or HygB (6).
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and including, Pi release are not affected by any of
the antibiotics studied here, and that tRNA–mRNA
movement is the only step that is inhibited.
Stability of peptidyl-tRNA binding in the A site

The codon–anticodon complex interacts with
ribosomal residues in the decoding center, thereby
stabilizing tRNA binding in the A site.6 Antibiotics
that bind to the 30 S subunit may further stabilize
the binding.38–40 This would result in the stabiliz-
ation of the ribosome–tRNA–mRNA complex prior
to translocation and lead to a higher-energy barrier
of translocation; hence the observed decrease in the
rate of translocation. To quantify the effect of
antibiotics on the stability of fMetPhe-tRNAPhe

binding, we used the following experimental
approach.41,42 Pretranslocation complexes were
prepared and purified at elevated concentrations
of Mg2C as described in Materials and Methods.
Dissociation of f[3H]Met[14C]Phe-tRNAPhe was
initiated by diluting the complexes into a buffer
with a low concentration of Mg2C (7 mM). Time-
courses of dissociation were followed until the new
equilibrium was established (Figure 5). To account
for peptidyl-tRNA hydrolysis during prolonged
incubation times, fMetPhe formed by hydrolysis
was determined by extraction into ethylacetate.
Rate constants, koff and kon, of peptidyl-tRNA
interaction with the A site were calculated by
numerical integration from the combined time-
courses of dissociation and hydrolysis (Materials
and Methods). The equilibrium constant of
fMetPhe-tRNAPhe dissociation from the A site, Kd,
was calculated from the dissociation and associ-
ation rate constants determined in the absence of
antibiotics or in the presence of Spc, Str, and HygB,
i.e. the antibiotics that affected the rate of transloca-
tion. The affinity of peptidyl-tRNA to the A site in
the presence of Par has been determined.41

The antibiotics stabilized fMetPhe-tRNA in the A
site between 210-fold and 30-fold in the order ParO
StrOHygB (Table 2). The stabilization was due to
both slower dissociation from the A site and faster
rebinding of tRNA to the ribosome in the presence
of antibiotic. In terms of free energy, the ground
state of translocation with respect to A-site binding
was stabilized by 2.1–3.2 kcal/mol (Table 3; 1 calZ
4.184 J). This effect alone, without any specific
effects on ribosome flexibility, may inhibit trans-
location considerably. Interestingly, Spc weakened
the binding of fMetPhe-tRNAPhe to the A site by
0.8 kcal/mol, thereby slightly destabilizing the
ground state of translocation.

Effects of antibiotics on hybrid state formation
of peptidyl-tRNA on the 50 S subunit

Movement of tRNA during translocation pro-
ceeds through a number of intermediate states.43 In
an early intermediate, the 3 0 end of the A site-bound
peptidyl-tRNA becomes flexible and samples the P
site on the 50 S subunit (A/P hybrid state) where it
can react with Pmn, albeit at a very low rate.4,44,45

Antibiotics may impair hybrid state formation by
restricting the mobility of the 3 0 end. To test this
possibility, we measured the reaction of fMetPhe-
tRNA with Pmn in the absence of EF-G (Figure 6).
Spc, Vio, and HygB did not affect the slow
Pmn reaction, which took place at a rate of 0.002–
0.004 sK1 at the concentration of Pmn used (1 mM).
Str had a small inhibitory effect. Interestingly, Par
reduced the rate of the reaction about fourfold, to
0.0007 sK1, suggesting a long-range conformational
effect by the antibiotic which is, however, too small
to explain the inhibition of translocation by Par.
Discussion

Effects of antibiotics on translocation on the 30
S and 50 S subunits

There are two possible mechanisms by which
antibiotics may inhibit translocation. Antibiotic
binding may stabilize tRNA in the respective
binding site on the ribosome, i.e. stabilize the pre-
translocation state (ground-state stabilization),
thereby increasing the energy barrier of



Figure 5. fMetPhe-tRNAPhe dissociation from the A site. Time-courses of fMetPhe-tRNAPhe dissociation from the
ribosome (squares) were measured at conditions of translocation experiments (7 mM Mg2C, 37 8C) by nitrocellulose
filtration. The amount of fMetPhe-tRNA hydrolyzed during the incubation time and the extent of the spontaneous
translocation was measured by extraction of both fMetPhe and fMetPhe-Pmn into ethylacetate (triangles). (a) In the
absence of antibiotics. (b) Spc. (c) Str. (d) HygB.
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translocation. Alternatively, antibiotics may block
conformational changes of the ribosome that are
required for tRNA movement.

Several antibiotics that bind to the 30 S subunit,
including Par, HygB, Spc, and Vio, inhibited
translocation strongly; Vio binds also to the 50 S
subunit.46,47 Par, HygB, and Str increase the affinity
of tRNA binding in the A site, i.e. stabilize the
pretranslocation state of the ribosome. (The faster
binding of tRNA to the A site observed in the
presence of those antibiotics suggests that the
activation energy of tRNA binding is compensated,
in part, by antibiotic binding, which may stabilize a
particular rRNA conformation that facilitates tRNA
binding.) The free energy of stabilization of the
pretranslocation state caused by antibiotic binding
can be compared to the concomitant increase in the
activation energy of translocation (Table 3). If the
inhibition of translocation were due solely to
Table 2. Effect of antibiotics on A-site binding of peptidyl-tR

Rate constantsa

Antibiotic
Association
(mMK1 hK1) Dissociatio

None 1.64 0.57
Str 15.2 0.10
Spc 0.63 0.68
HygB 10.3 0.11
Par 200b 0.30b

a Standard deviations of the rate constants were below 20%.
b A. Konevega, V.I.K. & M.V.R., (unpublished results).
c From Pape et al.40
ground-state stabilization, the decrease of DDG8 is
expected to be equal to the increase of DDGs, and
DDG8CDDGs should be zero. This is in fact the case
for Par and Vio, which increased the affinity of
tRNA to the A site 210-fold and O1000-fold,48

while translocation is inhibited by a factor of 160
andO10,000, respectively. HygB stabilized tRNA in
the A site, but to an extent that does not fully
explain its effect on the translocation rate. Spc
destabilized pept-tRNA in the A site, which should
decrease the activation energy of translocation and
facilitate tRNA movement; however, instead of an
increase, a decrease in the translocation rate is
observed. This indicates an additional specific effect
on translocation that presumably originates from
the restricted flexibility of the 30 S subunit caused
by the binding of the antibiotics. Finally, Str, which
stabilized tRNA quite considerably, reduced the
rate of translocation only marginally (about
NA

n (hK1) Kd (nM) Affinity increase

310 –
7 45

1000 0.3
10 30
1.5c 210



Table 3. Free energy (kcal/mol) of A-site binding of peptidyl-tRNA (DG8) and free energy of activation of translocation
(DGs)

Antibiotic DG8 DGs DDG8a DDGs DDG8CDDGs

None K5.0 16.5 – –
Str K7.3 16.9 K2.3 0.4 K1.9
Spc K4.2 18.6 C0.8 2.1 2.9
HygB K7.1 20.0 K2.1 3.5 1.4
Par K8.2 19.6 K3.2 3.1 K0.1

a DDG8 andDDGs represent the differences of the respective values of DG8 and DGs determined in the presence and in the absence of
antibiotic. Standard deviations were below 20%, except DG8 with Par, which was 25%.
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twofold). This may be explained by assuming that
Str induces a conformation of the 30 S subunit that
is more prone to translocation, thereby compensat-
ing the unfavorable effect of ground-state stabiliz-
ation by lowering the activation energy barrier. In
conclusion, HygB, Spc, and Str seem to influence
translocation by affecting the conformational
dynamics of the 30 S subunit.

As a result of peptide bond formation on the 50 S
subunit, the 3 0 end of the A-site tRNA seems to gain
some flexibility and can move over to the P site,
leading to the formation of the A/P hybrid state, as
indicated by footprinting and biochemical
studies.4,42,43,45 This movement on the 50 S subunit
appears to be largely independent of the movement
of the anticodon domain of the tRNA on the 30 S
subunit, as antibiotics that inhibited translocation
strongly by binding to the 30 S subunit had no or
little effect on hybrid state formation. Aa-tRNA,
which does not adopt the hybrid state, is trans-
located 130 times more slowly than peptidyl-
tRNA.42 Conformational changes related to the
formation of the hybrid state are likely to be subtle
and reversible, and could not be visualized by low-
resolution cryo-EM.16 Binding of Sps to the A site on
the 50 S subunit stimulated spontaneous transloca-
tion in the absence of EF-G, possibly by restricting
the backward movement of the 3 0 end of the
tRNA.37 However, in the presence of EF-G, stimu-
lation of translocation by the antibiotic is
Figure 6. Pmn reactivity of peptidyl-tRNA in the A/P
hybrid state. Pretranslocation complexes (0.2 mM, 100%)
in the absence or in the presence of antibiotics were
incubated with Pmn (1 mM) in the absence of EF-G. No
spontaneous translocation was observed within the
incubation time (up to 120minutes; data not shown).4,44,45
insignificant. Furthermore, cryo-EM analysis
showed that the 3 0 end of the P-site tRNA changed
its position upon EF-G binding and moved into the
E site, thereby adopting a stable hybrid state.16 This
suggest that the factor may act similarly to Sps in
promoting translocation on the 50 S subunit, either
by stabilizing the 3 0 ends of the two tRNAs in the
post-translocation position or by favoring the
unidirectionality of movement.
Conformational changes of the 30 S subunit in
translocation

In the following, structural changes of the 30 S
subunit required for translocation are discussed on
the basis of the crystal structures of 30 S–antibiotic
complexes.24,25
Hygromycin B

HygB has a single binding site on the 30 S subunit
that is located at the very top of helix 44. The
antibiotic makes contacts to nucleotides in both
strands of 16 S rRNA in the region 1490–1500 and
1400–1410.24 Resistance to HygB is caused by
impaired binding of HygB to the 30 S subunit that
is caused by mutations at the HygB binding site,49

or the disruption of the G1491:C1409 base-pair
outside the binding site.50 Binding of HygB does not
seem to induce any significant alterations in the
structure of 16 S rRNA.24 The antibiotic interacts
with bases of 16 S rRNA that contact the tRNAs in
both A and P sites. The part of helix 44 to which
HygB binds has been implicated in movements
during translocation.51,52 There are several ways in
which the mobility of this region of helix 44 may be
involved in tRNA displacement. The tRNA–mRNA
complex has extensive contacts to 16 S rRNA in the
A site decoding center.6 Movement of 16 S rRNA in
the complex with tRNA–mRNA into the direction
of the P site may occur, at least partly, without the
disruption of these contacts.52 According to that
model, EF-G induces a conformation of the 16 S
rRNA that participates actively in tRNAmovement.
Alternatively, a conformational change of helix 44,
in particular in the region where HygB binds, may
be necessary to disrupt the interactions between the
codon–anticodon complex and 16 S rRNA prior to
movement and/or to vacate the space between the
A and P sites to allow for tRNA–mRNA movement
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independently of 16 S rRNA. A direct steric
hindrance for tRNA displacement by HygB, with-
out invoking conformational changes of helix 44, is
less likely, because HygB is bound in the major
groove of helix 44, on the side opposite the codon–
anticodon complex. An additional stabilization of
the P site-bound tRNA through the contacts
between HygB and U1498 in 16 S rRNA,24 and
potentially the mRNA in the P site, leading to
inhibition of the tRNA movement from the P to the
E site, cannot be excluded.
Spectinomycin

Spc binds in the minor groove at one end of helix
34, where it contacts C1064 and C1192.25 Mutations
of these 16 S rRNA residues impair Spc binding and
lead to Spc resistance.53–55 However, mutations in
the ribosomal protein S5, which does not make
direct contacts with Spc, were also shown to cause
resistance to Spc.55,56 These mutations map to a loop
of S5 that stabilizes interactions within the central
pseudoknot, helix 28, 35, and 36.25 Although the
crystal structure shows no contact of Spc with that
region, it is possible that such interactions take
place in other 30 S conformations. The present data
(Figure 3(d) and (e)) suggest that Spc stabilizes a
conformation of the 70 S pretranslocation complex
that is present, albeit at low frequency, also in the
absence of the antibiotic and is intrinsically slow in
translocation. Mutations in S5 that cause resistance
to Spc may shift the equilibrium between the two
structures towards the rapidly translocating one
even in the presence of Spc. Translocation is likely to
involve movement of elements of the head of the
30 S subunit, as indicated by cryo-EM reconstruc-
tions.13,14,57 The movement of the head may be
involved in tRNA displacement directly or
indirectly, by affecting the structure or orientation
of structural elements of the 30 S subunit that
interact with the 50 S subunit (intersubunit
bridges).5,58 Interestingly, another antibiotic that
binds to helix 34, Tet, did not inhibit translocation at
all. The Tet binding site is located between helices
34 and 31 of 16 S rRNA,24 further away from helices
28, 35, and 36, as compared to Spc. UV cross-linking
suggested that both antibiotics induce subtle long-
range effects on the 30 S subunits.59 However, the
30 S structures stabilized by Tet and Spc are
probably different, as they have different functional
effects on translation.
Streptomycin

The antibiotic binds between helices 1, 18, 27, 28,
and 44 of 16 S rRNA protein S12.25 It connects and
immobilizes the shoulder (S12 and G530 loop) and
the central part of the subunit (helices 27/44). By
increasing the number of interactions between these
regions, streptomycin moves the head towards the
shoulder of the 30 S subunit, but into a position
different from that induced by cognate codon-
anticodon recognition.60 The antibiotic stabilizes
aminoacyl-tRNA binding in the A site and alters the
rates of GTP hydrolysis by elongation factor Tu in a
reciprocal way on cognate and near-cognate
codons, resulting in almost identical rates of GTP
hydrolysis for cognate and near-cognate ternary
complexes.39 Str decreases the rate of translocation
only twofold, despite the 45-fold tRNA stabilization
in the A site. This suggests that Str freezes the 30 S
subunit in a conformation that is inherently more
prone to rapid translocation, and this effect may
compensate the increased activation energy of
translocation that results from ground-state stabil-
ization. Thus, the conformation that the 30 S subunit
assumes upon binding of Str25 may show structural
features that are characteristic for the transition
state of translocation during which tRNA move-
ment takes place.
Ribosome unlocking and tRNA translocation

The cryo-EM reconstructions show that EF-G
binding to ribosomes or ribosome-tRNA complexes
induces conformational changes of the ribo-
some,14,16,57 which involve a rearrangement
between the subunits, changes in the positions of
the L1 and L7/12 stalks, and changes of the 30 S
subunit. It was reported that the binding of EF-
G$GDPNP required the presence of deacylated
tRNA in the P site and does not take place when
there is peptidyl-tRNA in the P site.61 From this
observation, it was deduced that the ability of P site-
bound tRNA to adopt the P/E hybrid state is a
requirement for the binding of EF-G in the GTP
form (mimicked by GDPNP), and called the state
after peptidyl transfer the unlocked state of the
ribosome, although cryo-EM did not reveal a
conformational change of the ribosome.16,61 How-
ever, when the interaction of EF-G$GTP with
ribosomes was studied kinetically, the rate of EF-G
binding and both the rate and extent of GTP
hydrolysis were the same regardless of whether
charged or uncharged tRNAwas bound to the P site
or whether the A site was vacant or occupied.1

These results indicated that the presence of charged
tRNA in the P site (P/P state) does not interfere
with ribosome binding of EF-G$GTP and GTP
hydrolysis, whereas the rate of translocation is
decreased.62 We attribute the different observations
to differences between GTP and GDPNP, in keeping
with the 50-fold inhibition of EF-G-dependent
translocation that is observed when GTP is replaced
with GDPNP, other non-hydrolyzable GTP analogs,
or GDP.1,2 According to the kinetic analysis,21 the
slow translocation is due to the inhibition of a
conformational rearrangement of the ribosome that
is induced by EF-G binding and strongly acceler-
ated by GTP hydrolysis. That rearrangement was
referred to as unlocking,21 in order to indicate that it
constitutes a global structural change of the ribo-
some that presumably includes changes at the
subunit interface such as those observed by cryo-
EM.16,23 Aside from the different use of the term
unlocking, the principal difference between the two
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models is whether unlocking of the ribosome and
tRNA–mRNA movement constitute a single
rearrangement,16 or whether unlocking and move-
ment are two physically distinct steps, as indicated
by rapid kinetic and biochemical analysis
(Figure 1).21

The present data show that several antibiotics
inhibited the movement of tRNAs on the ribosome,
whereas other steps of translocation, including the
release of phosphate, were not affected. This
indicates strongly that none of the antibiotics tested
interferes with the unlocking rearrangement of the
ribosome that rate-limits both tRNAmovement and
Pi release, and supports the view that ribosome
unlocking and tRNA movement are two physically
distinct steps.21 In the absence of antibiotics, the rate
of unlocking limits the following steps of transloca-
tion and Pi release; therefore, the steps are not
separated kinetically. Furthermore, the present data
indicate that the functional cycle of EF-G (binding,
GTP hydrolysis, Pi release, and dissociation) is
independent on tRNA movement. This suggests
that movement can be inhibited without interfering
with unlocking, indicating that movement is a step
after unlocking.

These results have important implications for
understanding the mechanism by which EF-G
catalyzes tRNA translocation. If EF-G were a
deterministic motor that moves actively the
tRNAs through the ribosome, perhaps coupled to
rearrangements of the ribosome, one would expect
GTP hydrolysis to be coupled to the movement via
release of Pi. Such a model of EF-G function is
disfavoured for the following reasons. First, as
described above, the conformational rearrange-
ments of EF-G and the ribosome that are induced
by GTP hydrolysis are independent of tRNA
movement, indicating the lack of direct coupling.
Second, rapid translocation requires GTP hydroly-
sis, but not Pi release, indicating indirect coupling
between chemical and mechanical steps.21 Finally,
translocation can occur spontaneously without EF-
G, albeit very slowly, or with EF-G but without GTP
hydrolysis, i.e. under conditions where movement
is due to thermal motion only.1,2,58 These facts are
reconciled more easily in a scenario in which EF-G
utilizes the energy of GTP hydrolysis to induce a
rearrangement of the ribosome and subsequently,
presumably driven by Pi release, biases forward
movement, which itself takes place by spontaneous
diffusion enabled by the unlocking rearrangement.
Thus, we favor a model in which EF-G has two
functions in translocation catalysis. One, carried out
by EF-G$GDP$Pi, is to impose conformational
strain upon the ribosome in order to promote
unlocking, which is the prerequisite for tRNA
movement. The second is to bias diffusion to
produce forward movement. The first function is
driven by GTP hydrolysis directly, i.e. can be
referred to as mechanochemical function, while
the other involves a reorientation of EF-G$GDP that
presumably is induced by a conformational change
accompanying Pi release, resembling the function
of a Brownian ratchet.
Materials and Methods

Materials

Experiments were carried out in buffer A (50 mM Tris–
HCl (pH 7.5), 70 mMNH4Cl, 30 mMKCl, 7 mMMgCl2) at
37 8C. To prepare fluorescently labeled mRNA (54 nt,
coding sequence of 14 nt starting with fMetPhe.), MF-
mRNAwas oxidized by potassium periodate and reacted
with fluorescein-5-thiosemicarbazide (Molecular
Probes).21 f[3H]Met-tRNAfMet (Escherichia coli), [14C]Phe-
tRNAPhe (yeast), and tRNAPhe(Prf16/17) (yeast) were
prepared as described,63,64 as were ribosomes from E. coli
MRE600, MF-mRNA, initiation factors, EF-Tu, and EF-
G.65 MDCC-labeled PBP was prepared as described.21

Antibiotics were from Sigma or Fluka and were used at
the following concentrations: Par, 5 mM; HygB, 20 mM;
Vio, 200 mM; Spc, 1 mM; Str, 20 mM; Tet, 50 mM; Sps,
250 mM; Ery, 200 mM; Lin, 250 mM (a kind gift from Bayer
HealthCare AG).

Biochemical assays

The preparation of pretranslocation complexes pro-
grammed with MF-mRNA (or fluorescein-labeled MF-
mRNA) and carrying deacylated tRNAfMet in the P site
and fMetPhe-tRNAPhe in the A site has been described.21

Ribosomes (1 mM) were incubated with a twofold excess
of MF-mRNA in the presence of 1.5 mM initiation factors
IF1, IF2, IF3, 1.5 mM f[3H]Met-tRNAfMet, and 1 mM GTP
in buffer A (7 mM Mg2C) for one hour at 37 8C. Ternary
complex, EF-Tu$GTP$[14C]Phe-tRNAPhe, was prepared
by incubating 10 mM EF-Tu with 1 mM GTP, 3 mM
phosphoenol pyruvate, 0.1 mg/l of pyruvate kinase for
15 minutes at 37 8C, followed by addition of 5 mM
[14C]Phe-tRNAPhe. Ternary complex was added to the
initiation complex and incubated for 30 s at 20 8C to form
the pretranslocation complex carrying fMetPhe-tRNAPhe

in the A site. Then, the concentration of Mg2C was
adjusted to 20 mM to prevent drop-off of fMetPhe-
tRNAPhe from the A site. Pretranslocation complexes
were purified by ultracentrifugation through 400 ml of a
1.1 M sucrose cushion in buffer A with 20 mM Mg2C for
two hours at 259,000g in a Sorvall M120GX centrifuge.
The amount of [14C]Phe and [3H]Met bound to ribosomes
was determined by nitrocellulose filtration by applying
aliquots of the reaction mixture to the filters (0.45 mm,
Sartorius) and subsequent washing with 5 ml of buffer A.
Filters were dissolved and radioactivity measured in
QS361 scintillation cocktail (Zinsser Analytic): O95% of
the ribosomes carried the tRNAs as indicated. To induce
translocation, EF-G, preincubated with 1 mM of GTP for
15 minutes at 37 8C, was mixed with pretranslocation
complex at the indicated concentrations. The extent of
translocation (O85%) was determined by reaction with
Pmn (1 mM Pmn, 10 s, 37 8C).1 Hybrid state formation of
fMetPhe-tRNAPhe on the 50 S subunit was measured in
the absence of EF-G upon prolonged incubations of
pretranslocation complexes with 1 mM Pmn at 37 8C in
buffer A with 14 mM MgCl2. Pmn reactions were
quenched with 500 ml of 1.5 M sodium acetate saturated
with MgSO4. After addition of 750 ml of ethyl acetate,
extraction for five minutes at room temperature, and
phase separation by centrifugation, 500 ml of the organic
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phase was taken for counting in Luma Safe Plus
(LumacLSC). Rates of Pi release were measured in the
presence of 200 mM GTP and 2.5 mM MDCC-labeled
PBP.21

To initiate the dissociation of fMetPhe-tRNAPhe from
the A site, the concentration of Mg2C was adjusted as
indicated, and pept-tRNA bound to the A site after
incubation for different times was determined by nitro-
cellulose filtration. Dissociation time-courses were eval-
uated by numerical integration, using the Scientist
software (Micromath Scientific Software) as described.41
Rapid kinetics

Fluorescence stopped-flow measurements were per-
formed and the data evaluated as described.1,21 Fluor-
escein and proflavin were excited at 470 nm, and the
fluorescence was measured after passing a KV500 cut-off
filter (Schott); MDCC fluorescence was excited at 425 nm
and measured after passing a KV450 filter. Experiments
were performed in buffer A at 37 8C by rapidly mixing
equal volumes (50 ml) each of the pretranslocation
complex (0.2 mM in the syringe) and EF-G$GTP (4 mM in
the syringe). The data were evaluated by exponential
fitting using TableCurve software (Jandel Scientific).
Acknowledgements

We thank Carmen Schillings, Astrid Böhm,
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