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ABSTRACT
Elongation factor G (EF-G) promotes the translocation step in bacterial protein synthesis and, together with ribosome recycling
factor (RRF), the disassembly of the post-termination ribosome. Unlike translocation, ribosome disassembly strictly requires
GTP hydrolysis by EF-G. Here we report that ribosome disassembly is strongly inhibited by vanadate, an analog of inorganic
phosphate (Pi), indicating that Pi release is required for ribosome disassembly. In contrast, the function of EF-G in single-round
translocation is not affected by vanadate, while the turnover reaction is strongly inhibited. We also show that the antibiotic
fusidic acid blocks ribosome disassembly by EF-G/RRF at a 1000-fold lower concentration than required for the inhibition of
EF-G turnover in vitro and close to the effective inhibitory concentration in vivo, suggesting that the antimicrobial activity of
fusidic acid is primarily due to the direct inhibition of ribosome recycling. Our results indicate that conformational coupling
between EF-G and the ribosome is principally different in translocation and ribosome disassembly. Pi release is not required for
the mechanochemical function of EF-G in translocation, whereas the interactions between RRF and EF-G introduce tight
coupling between the conformational change of EF-G induced by Pi release and ribosome disassembly.
Keywords: translation; rapid kinetics; phosphate release; translation factor; GTPase

INTRODUCTION
Among the translation factors assisting the ribosome in
synthesizing proteins, elongation factor G (EF-G) is the
only one that has two distinct functions in different phases
of protein synthesis. During the elongation phase, EF-G
promotes translocation—the movement of the tRNApeptidyl-tRNA-mRNA complex from the pre- to the
post-translocation position—after a peptide bond has been
formed. Following termination, which entails the hydrolytic release of the completed nascent peptide from P sitebound peptidyl-tRNA and results in a ribosome with
deacylated tRNA in the P site and an empty A site, EF-G,
together with another factor, the ribosome recycling factor
(RRF) (Hirashima and Kaji 1973), brings about the rapid
dissociation of the post-termination ribosome into ribosomal subunits (Karimi et al. 1999; Ito et al. 2002; Fujiwara
et al. 2004; Peske et al. 2005; Zavialov et al. 2005a). Sub-
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sequently, initiation factor 3 (IF3) binds to the 30S subunit,
preventing reassociation of the subunits and preparing the
30S subunit for initiation by promoting the release of tRNA
and mRNA (Karimi et al. 1999; Peske et al. 2005). RRF is an
essential protein, indicating that rapid disassembly of the
post-termination complex is essential for cell growth (Janosi
et al. 1998).
During both translocation and ribosome disassembly,
EF-G hydrolyzes GTP. When GTP hydrolysis is prevented
by replacing GTP with nonhydrolyzable analogs, translocation still takes place, albeit slowly (Rodnina et al. 1997),
whereas ribosome disassembly by EF-G/RRF is completely
blocked (Karimi et al. 1999; Hirokawa et al. 2002; Peske
et al. 2005; Zavialov et al. 2005a). In the absence of IF3,
reassociation of subunits resumes when the GTP concentration decreases as a result of turnover GTP hydrolysis by
EF-G (Peske et al. 2005); this ‘‘transient’’ behavior of the
in vitro system was reanalyzed and confirmed recently
(Hirokawa et al. 2008). The dependence of ribosome
disassembly on GTP hydrolysis may reflect a requirement
for GTP hydrolysis itself, as is the case with ribosome
unlocking in translocation (Savelsbergh et al. 2003). Alternatively, it may reflect the necessity for phosphate (Pi)
release in addition to GTP hydrolysis to drive the reaction.
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To clarify this question, Pi release and the effect of
inhibiting Pi release were studied kinetically.
Fusidic acid (FA) is a well-known inhibitor of EF-G
function. FA inhibits EF-G turnover, in either GTP hydrolysis or translocation (Bodley et al. 1969; Lee-Huang et al.
1974; Johanson et al. 1996). However, under single-round
conditions, i.e., when EF-G is present in excess over ribosomes, FA does not block translocation or GTP hydrolysis
(Bodley et al. 1969; Inoue-Yokosawa et al. 1974; Seo et al.
2004). It has been reported that FA inhibits the EF-G/RRFdependent release of tRNA from post-termination complexes and the release of mRNA from post-termination
polysomes, i.e., the formation of monosomes from polysomes
as analyzed by sucrose gradient centrifugation (Hirashima
and Kaji 1973; Hirokawa et al. 2002, 2005). While these
results indicated that FA impaired ribosome disassembly, the
effect was not studied further. In order to characterize the
mechanism of inhibition, we have examined the effect of FA
on ribosome disassembly in more detail.
RESULTS
Influence of RRF on GTP hydrolysis by EF-G
and release of inorganic phosphate
Upon binding to ribosomes (vacant, pre-translocation, posttranslocation), EF-G undergoes a conformational change
that leads to rapid GTP hydrolysis followed by slower release
of inorganic phosphate (Pi) (Savelsbergh et al. 2003). The
timing of GTP hydrolysis and Pi release during EF-G/RRFdependent ribosome recycling is not known. We have used
the quench-flow technique to measure the rate of GTP
hydrolysis at near-saturating concentration of EF-G (3 mM)
on post-termination complexes in the presence and absence
of RRF (Fig. 1). At 37°C, the rate of GTP hydrolysis by EF-G
on vacant or pre-translocation ribosomes is >250 sec 1
(Rodnina et al. 1997; Savelsbergh et al. 2003), which is close
to the resolution limit of the quench-flow technique.
Therefore, we carried out the experiments at 4°C to slow

FIGURE 1. Single-round GTP hydrolysis by EF-G in the absence and
presence of RRF. Post-termination complex (Materials and Methods;
1 mM final concentration after mixing) was rapidly mixed with IF3 (2
mM), [g-32P]GTP (30 mM), and EF-G (3 mM) alone (d) or together
with RRF (5 mM) (s). The extent of GTP hydrolysis is presented
relative to the input of post-termination complex. Single-exponential
fitting yielded a rate of GTP hydrolysis of 75 6 25 sec 1 (4°C).

down the reaction such that accurate measurements could
be performed. Under these conditions, the rate of GTP
hydrolysis by EF-G on post-termination complex was 75 6
25 sec 1 in the absence or presence of RRF (Fig. 1), indicating
that the GTPase activity of EF-G is not influenced by the
presence of RRF on the ribosome.
During translocation, the release of Pi from EF-G is ratelimited by ribosome unlocking, which in the presence of
EF-G takes place with a rate constant of 35 sec 1 and is
required for the rapid translocation movement of the
tRNA-mRNA complex to take place (Savelsbergh et al.
2003, 2005). Unlocking represents a conformational change
of the ribosome that follows the ratcheting movement of
the subunits relative to one another as revealed by cryo-EM
(Frank and Agrawal 2000; Agirrezabala et al. 2008; Julian
et al. 2008). In order to examine whether RRF had an effect
on Pi release from EF-G-bound to the post-termination
complex, we monitored the kinetics of Pi release using
fluorescence-labeled phosphate-binding protein (PBP)
which shows a fluorescence increase upon Pi uptake (Fig.
2A; Brune et al. 1994; Savelsbergh et al. 2005). With EF-G
alone (Fig. 2A, trace 1), Pi release on the post-termination
complex showed the same characteristics as on vacant
ribosomes or the pre-translocation complex (Savelsbergh
et al. 2003, 2005), i.e., after a delay of z15 msec, Pi was
released in a rapid burst which was followed by a quasilinear turnover phase. When RRF was present, the initial
lag phase of Pi release was longer, z30 msec (Fig. 2A, trace
2), indicating that Pi release is preceded by a step with a
rate of z30 sec 1. As GTP hydrolysis is much faster than
that (Fig. 1), the latter step is attributed to a conformational change that follows GTP hydrolysis and precedes, or
enables, Pi release and may be related to unlocking. The
turnover rate of Pi release, as deduced from the quasi-linear
fluorescence increase following the delay (Fig. 2A, traces 1
and 2), was comparable in the absence and presence of
RRF, 1.6 6 0.1 sec 1 and 1.4 6 0.1 sec 1, respectively. The
smaller amplitude of turnover Pi release observed in the
presence of RRF (Fig. 2A, trace 2) is attributed to the fact
that the 50S subunits that formed progressively under these
conditions did not stimulate the GTPase activity of EF-G
(Voigt et al. 1974; data not shown).
In order to determine the rate of single-round Pi release
from EF-G in the presence of RRF, the turnover reaction,
which under the present experimental conditions masked the
initial Pi release, had to be suppressed. This was accomplished by adding fusidic acid (FA), a well-known inhibitor
of EF-G turnover. FA binds to EF-G on the ribosome and
stabilizes the ribosome-EF-G complex, such that the dissociation of EF-G from the ribosome is inhibited. When FA was
added, neither the initial delay nor the burst phase observed
in the absence (Fig. 2B,C, trace 3) or presence (Fig. 2B,C,
trace 4) of RRF were affected, while the turnover was strongly
suppressed in both cases. The rate of the first round of Pi
release, z6 sec 1, observed with the post-termination
www.rnajournal.org
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FIGURE 2. Effect of RRF on the release of inorganic phosphate from
ribosome-bound EF-G. (A) Effect of RRF on the delay of Pi release.
Post-termination complex (Materials and Methods; final concentration after mixing, 0.2 mM) with GTP (200 mM) was rapidly mixed in a
stopped-flow apparatus with IF3 (2 mM), GTP (200 mM), and EF-G
(2 mM) (1) or EF-G (2 mM) and RRF (5 mM) (2). The release of Pi
from ribosome-bound EF-G was monitored by the fluorescence
increase of MDCC-labeled PBP (2.5 mM) caused by the binding of
Pi. The delays are indicated by vertical dotted lines. (B) Pi release in
the presence of FA, short time window. Pi release was measured as in
A (traces 1 and 2) or in the presence of FA (200 mM) without (trace 3)
or with RRF (trace 4). (C) Pi release in the presence of FA, long time
window.

complex in the absence of RRF was somewhat lower than
that observed previously with vacant ribosomes or pretranslocation complex at comparable conditions, which was
20 sec 1 (Savelsbergh et al. 2003, 2005). This difference may
reflect different states of the ribosome in those complexes. In
the presence of RRF, the rate of single-round Pi release was
slowed down about twofold to z3 sec 1 (Fig. 2B).
Ribosome disassembly depends on Pi release
following GTP hydrolysis
EF-G promotes translocation, albeit slowly, when GTP is
replaced with a nonhydrolyzable analog, such as GDPNP
(Inoue-Yokosawa et al. 1974; Rodnina et al. 1997; Katunin
et al. 2002). Furthermore, translocation is independent of the
release of Pi, which, however, limits the dissociation of EF-G
from the ribosome (Savelsbergh et al. 2003, 2005). In
774
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contrast, as outlined above, the function of EF-G in ribosome
disassembly strictly depends on GTP hydrolysis. Whether Pi
release is also required to bring about the reaction is not
known. Thus, we set out to examine the effect of inhibiting
phosphate release on ribosome disassembly. In principle, Pi
release may be suppressed by the addition of excess exogenous Pi, as has been shown for instance by inhibiting the
function of kinesin (Schief et al. 2004). However, such
experiments were not feasible in the buffer required for
maintaining ribosome activity, due to the formation of
insoluble complex salts containing phosphate. Therefore,
we have used metavanadate (VO3 ), which can act as an
analog of Pi by occupying the Pi binding site in the active site
of enzymes. For instance, vanadate inhibits force generation
in muscle actomyosin by binding to myosinADP and
inhibiting the transition from the ADP-Pi state to the ADP
state of myosin (Wilson et al. 1995). Metavanadate is readily
soluble in translation buffer and forms a mixture of metaand orthovanadate in aqueous solution around neutrality.
Ribosome disassembly by EF-G/RRF, as monitored by lightscattering stopped-flow (Wishnia et al. 1975), was effectively
inhibited by vanadate (Fig. 3A), indicating that Pi release
following GTP hydrolysis is indeed required for EF-G
function in disassembly. The full inhibitory effect (z30-fold
inhibition) was attained at z1 mM vanadate, and the IC50
(concentration for 50% inhibition) was z0.1 mM (Fig. 3B).
In contrast, EF-G-catalyzed tRNA–mRNA translocation was
not inhibited by vanadate (Fig. 3C), in keeping with the
kinetic analysis which indicated that tRNA movement and Pi
release are parallel, independent steps (Savelsbergh et al.
2003). In contrast, vanadate strongly inhibited the turnover
of EF-G in multiple-round translocation (Fig. 3C), in
keeping with the notion that Pi release is required for EF-G
to dissociate from the ribosome (Savelsbergh et al. 2005). The
inhibitory effects of vanadate are not due to an inhibition of
GTP binding, as rapid kinetic experiments have not shown
any significant effect of vanadate on GTP binding to EF-G
(data not shown). Thus, although translocation and ribosome disassembly are both driven by EF-G, the requirements
with respect to GTP hydrolysis and Pi release are different,
ribosome disassembly requiring both.
Fusidic acid effectively inhibits ribosome recycling
FA causes an inhibition of EF-G turnover, whereas singleround GTP hydrolysis and translocation are not blocked by
the antibiotic (Bodley et al. 1969; Inoue-Yokosawa et al.
1974). We have examined the effect of FA on EF-G/RRFdependent ribosome disassembly using the light-scattering
stopped-flow assay introduced above, which—unlike sucrose gradient centrifugation (Hirashima and Kaji 1973;
Hirokawa et al. 2002, 2005)—directly monitors the disassembly of the ribosome into subunits in real time. We
observed that ribosome disassembly by EF-GGTP/RRF was
practically completely inhibited by FA even at single-round
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i.e., >1000-fold higher (Fig. 4B). The latter IC50 value is
similar to previously published values determined by
poly(Phe) synthesis and GTPase turnover assays, which
were z100 mM (Okura et al. 1970) or 10 mM (Bodley et al.
1969), respectively. A high IC50 of FA in EF-G turnover is
also indicated by recent data (Seo et al. 2004) which
showed a further decrease of the GTPase turnover rate
when the concentration of FA was increased from 50 mM to
500 mM. High IC50 values are consistent with FA acting as
a ‘‘slow’’ inhibitor (Seo et al. 2006) which allows several
rounds of EF-G turnover before the inhibition becomes
effective (see Discussion). The rate of single-round translocation was not affected by FA (Fig. 4C). These results
show that, unlike translocation, EF-G/RRF-dependent ribosome disassembly is directly inhibited by FA and—compared
with the inhibition of EF-G turnover—rather effectively,
i.e., at submicromolar concentration of the antibiotic.

FIGURE 3. Effect of vanadate on EF-G function on the ribosome. (A)
Inhibition by vanadate of post-termination complex disassembly.
Post-termination complex was rapidly mixed with EF-G/RRF in the
absence (1) or presence (2) of vanadate (2 mM), and complex
disassembly was monitored by light scattering (LS) (Materials and
Methods). (B) Concentration dependence of the inhibition by
vanadate. Post-termination complex disassembly was measured as in
A in the presence of increasing concentrations of vanadate. Plotted is
the half-life (t1/2) of the reaction measured in the absence relative to
that measured in the presence of vanadate; t1/2 was z5 sec in the
absence and z150 sec in the presence of vanadate. (C) Comparison of
post-termination complex disassembly and translocation. Rates of
post-termination complex disassembly (black bars) were measured as
in A. The rate of single-round translocation (z15 sec 1, open bars)
was measured by fluorescence stopped-flow, multiple-round translocation (hatched bars) by the puromycin assay (Materials and
Methods); plotted is the relative initial rate of translocation measured
in the absence (2 sec 1, set to 1.0) and presence (0.17 sec 1) of
vanadate. The concentration of vanadate was 2 mM.

conditions (Fig. 4A). The inhibition was complete at
unexpectedly low concentrations of FA (Fig. 4B). FA
strongly inhibited subunit dissociation with an IC50 value
z0.1 mM and caused a nearly 100-fold reduction of the
reaction rate (to 0.003 sec 1) at a concentration of 1 mM
FA, a concentration at which EF-G turnover, measured
here by translocation, was not affected at all (Fig. 4B). The
much higher IC50 of 15 mM FA reported previously
(Hirokawa et al. 2005) probably has to be attributed to
the assay (sucrose gradient centrifugation) used for monitoring the disassembly of a model post-termination complex derived from polysomes. The IC50 for the inhibition
of EF-G turnover, assayed by translocation, was z200 mM,

FIGURE 4. Effect of fusidic acid (FA) on EF-G function on the
ribosome. (A) Inhibition of post-termination complex disassembly.
Post-termination complex was rapidly mixed with EF-G/RRF as in
Figure 3A in the absence (1) and presence (2) of FA (200 mM), and
ribosome disassembly was monitored by light scattering (LS). (B)
Dependence of the inhibition on FA concentration. Post-termination
complex disassembly by EF-G/RRF was measured as in A at various
concentrations of FA (d); 50% inhibition was observed at 0.1 mM FA.
For comparison, the inhibition of EF-G turnover in translocation is
shown (s); 50% inhibition was observed at z200 mM FA. (C) Time
course of translocation in the absence and presence of FA. Translocation was monitored by the fluorescence of fluorescence-labeled
peptidyl-tRNA (Materials and Methods).

www.rnajournal.org

775

Downloaded from rnajournal.cshlp.org on October 1, 2015 - Published by Cold Spring Harbor Laboratory Press

Savelsbergh et al.

DISCUSSION
Distinct functions of EF-G
in translocation and ribosome
disassembly
The functions of EF-G in translocation
and ribosome disassembly are similar in
several aspects, including effects of EFG mutations or the inhibition by a
number of antibiotics, but—as reported
here—there are important differences in
mechanistic detail. The main differences
are the following: (1) Unlike translocation, which takes place reasonably fast
with nonhydrolyzable GTP analogs, ribosome disassembly does not take place FIGURE 5. Sequence of steps in translocation (A) and ribosome disassembly (B). The
with GTP analogs (Karimi et al. 1999; ribosomal subunits are depicted in light blue (50S) and yellow (30S) in the ratcheted (50S
tilted) or nonratcheted (50S straight) conformation with the tRNAs (red, P site; green, A site)
Hirokawa et al. 2002; Peske et al. 2005; in hybrid (tilted) or classic (upright) positions. EF-G is colored in blue, RRF in magenta.
Zavialov et al. 2005a), indicating that it Different conformations of EF-G are not indicated. In B, it is assumed that ribosome
requires GTP hydrolysis. (2) In contrast disassembly proceeds through the ratcheted conformation of the ribosome. The inhibition by
to single-round translocation, ribosome fusidic acid (FA) of ribosome relocking following tRNA-mRNA movement (A) or of subunit
splitting (B) is indicated. The mRNA bound to the 30S subunit is omitted for clarity.
disassembly is inhibited by vanadate, indicating that it requires Pi release. (3) In
On the other hand, at 3 sec 1 single-round Pi release is still
ribosome disassembly, Pi is released later and more slowly,
faster than subunit dissociation, which takes place at a rate
compared with translocation. (4) Ribosome disassembly is
of z0.2–0.3 sec 1. Thus, GTP hydrolysis and Pi release
blocked by FA, whereas translocation is not. Apparently,
precede subunit dissociation. Pi release presumably induces
the differences in the behavior of EF-G in translocation and
a further conformational change of EF-G that is essential
ribosome disassembly are to be attributed to the presence
for ribosome disassembly to take place, in analogy to the
of RRF on the ribosome and its interactions with EF-G.
On the ribosome, GTP hydrolysis and Pi release induce
initiation of the power stroke of motor ATPases by Pi
different conformations of EF-G. GDP-GTP exchange is
release (Keller and Bustamante 2000). The conformational
extremely rapid on unbound EF-G (Wilden et al. 2006),
change appears to involve changes of the switch I and II
contrary to a recent report (Zavialov et al. 2005b). As there
regions in the G domain (Gao et al. 2007) that change the
is much more GTP than GDP in the cell, the factor enters
conformation upon loss of interactions with the g-phosphate
the ribosome predominantly in the GTP-bound form. The
and relay the change to the neighboring domains. The low
sequence of steps in translocation and ribosome disassemrate of ribosome disassembly, compared with unlocking in
bly is depicted in Figure 5. Upon binding to the ribosome,
translocation (30 sec 1; Savelsbergh et al. 2003), presumthe nucleotide-binding pocket of EF-G closes (Wilden et al.
ably reflects the fact that the large-scale conformational
2006), presumably in conjunction with GTPase activation,
changes of the ribosome that are required for disassembly
and the ratcheted conformation of the ribosome with
take more time to accomplish than unlocking.
tRNAs in their hybrid states is induced or stabilized (Frank
The turnover rate of Pi release, which was z1.5 sec 1 at
saturation with both EF-G and RRF, was higher than the rate
and Agrawal 2000; Spiegel et al. 2007; Agirrezabala et al.
of ribosome disassembly, 0.2–0.3 sec 1. This difference may
2008; Julian et al. 2008). Upon GTP hydrolysis, EF-G
indicate that, on the average, more than one molecule of GTP
changes conformation, thereby causing another conformais hydrolyzed until ribosome disassembly takes place, i.e.,
tional change of the ribosome (‘‘unlocking’’) (Savelsbergh
that the two processes are not tightly coupled. The same is
et al. 2003), which in turn leads to tRNA-mRNA movement
probably true for translocation, as a twofold difference
and, in parallel, reopening of the nucleotide-binding pocket
between the turnover numbers of GTP hydrolysis and
and the rapid release of Pi (Fig. 5). The delay, i.e., the
translocation was observed (Savelsbergh et al. 2005), and
duration of the steps preceding Pi release, is z15 msec
some extent of uncoupled GTP hydrolysis was consistently
(Savelsbergh et al. 2003). In the presence of RRF, singleobserved during translation in purified systems (e.g., Chinali
round Pi release is delayed somewhat longer, z30 msec,
and Parmeggiani 1980). Loose coupling of the GTPase cycle
and slowed down to z3 sec 1. These observations indicate
that the presence of RRF on the ribosome impairs opening
of EF-G and ribosome disassembly may lower the risk of
of the nucleotide-binding pocket of EF-G and release of Pi.
premature ribosome disassembly in cases where RRF has
776
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entered a post-translocation ribosome, despite the inhibition
of RRF binding by peptidyl-tRNA in the P site (P/P state) that
is suggested by chemical probing (Lancaster et al. 2002),
structural data (Wilson et al. 2005; Weixlbaumer et al. 2007),
and biochemical recycling assays (Peske et al. 2005).
Ribosome disassembly as an in vivo target of fusidic acid
A striking, unexpected result of this study is the inhibition
of EF-G/RRF-dependent ribosome disassembly by FA at
very low concentrations. The inhibitory concentration is
close to MIC50 values observed in vivo, suggesting that the
inhibition of EF-G/RRF-dependent disassembly of the
post-termination complex may be the mechanism by which
FA inhibits cell growth, rather than the inhibition of EF-G
turnover in translation, as is generally assumed. The IC50
value observed for EF-G/RRF-dependent ribosome disassembly, z0.1 mM, is very close to the affinity of FA binding
to EF-G on the ribosome, z0.2–0.4 mM, as determined by
direct binding assays (Okura et al. 1970; Willie et al. 1975).
Binding of FA to EF-G on the ribosome seems to block a
conformational change of EF-G that follows GTP hydrolysis and Pi release—both unaffected by FA—and is required
for EF-G to dissociate from the ribosome. Assuming that
the same or a similar conformational change of EF-G,
enhanced by RRF, drives subunit dissociation, the inhibition by FA of ribosome disassembly may be explained by an
inhibition of that transition.
An alternative possibility to explain the extraordinary
sensitivity against FA of the recycling reaction could be that
EF-G undergoes turnover before ribosome disassembly
takes place and that it is the turnover reaction, i.e., the
dissociation of EF-G from the ribosome, that is inhibited,
rather than the function in ribosome disassembly. We
consider such a scenario unlikely, because (1) a twofold
turnover can hardly produce the observed 100- to 1000fold difference in the effective inhibitory FA concentrations,
and (2) the turnover—at least in the absence of RRF—is
not affected at all at a concentration of FA (1 mM) that
completely blocks ribosome disassembly.
One possibility to explain the grossly different effective
inhibitory FA concentrations observed in ribosome disassembly and translocation is kinetic partitioning. Assuming
that strong binding of FA to ribosome-bound EF-G takes
place only after Pi release, the extent of FA binding and,
with that, of inhibition may be determined by a kinetic
competition between the binding of FA and a rearrangement of the ribosome-EF-G complex to a conformation
that is refractory to FA binding (Fig. 5). During translocation, this rearrangement, which is followed by the
dissociation of EF-G from the ribosome, is relatively rapid,
z5 sec 1, whereas in ribosome disassembly the rearrangement is much slower, 0.2–0.3 sec 1. Thus, in the latter case
the time window for FA binding is longer and, as a
consequence, a lower concentration of FA may be required

to achieve full binding, i.e., full inhibition. Alternatively, or
in addition, FA may inhibit a conformational transition of
EF-G that is essential for ribosome disassembly, but not for
unlocking in translocation, and may be induced by the
presence of RRF.
The interaction of RRF with the ribosome has been
studied by directed hydroxyl radical footprinting on ribosomal RNA (Lancaster et al. 2002), by cryo-EM (Agrawal
et al. 2004; Gao et al. 2005; Barat et al. 2007; Gao et al.
2007), and by X-ray crystallography (Wilson et al. 2005;
Borovinskaya et al. 2007; Weixlbaumer et al. 2007; Pai et al.
2008). RRF is bound at the interface between the subunits
where it interacts mainly with the 50S subunit. RRF
contacts helix 69 (H69) of 23S rRNA on the 50S subunit,
which connects to helix 44 (h44) of 16S rRNA on the 30S
subunit to form bridge 2a. Bridge 2a is most important for
holding the subunits together, as the deletion of H69
destabilizes subunit interaction considerably (Ali et al.
2006). A displacement of H69 by RRF bound to 70S
ribosomes from Escherichia coli has been observed (Gao
et al. 2005; Wilson et al. 2005; Borovinskaya et al. 2007;
Gao et al. 2007), whereas on ribosomes from Thermus
thermophilus the binding of RRF did not have this effect
(Weixlbaumer et al. 2007). These observations suggest that
EF-G, driven by GTP hydrolysis and, as shown here, by Pi
release induces a movement of RRF that, in turn, displaces
H69 and possibly other bridges, thereby destabilizing the
interactions between the subunits such that disassembly is
promoted. A movement of domain II of RRF, which is
flexibly attached to domain I, seems to play an important
role (Gao et al. 2005, 2007).
The structure of the post-termination complex containing both RRF and EF-G is not known. There is evidence,
however, indicating that the two factors interact on the
ribosome. Interactions have been demonstrated by mutational analysis of EF-G and RRF (Ito et al. 2002), by
monitoring factor binding to the ribosome (Seo et al.
2004), or by cryo-EM reconstructions of complexes of 50S
ribosomal subunits with the two factors (Gao et al. 2005,
2007). According to these data, the interaction between the
two factors involves residues in domain III of EF-G and the
hinge region in RRF as well as in domain IV of EF-G and
domain II of RRF. The conformation of EF-G bound to FA
on the ribosome has been characterized by cryo-EM of
ribosome–EF-G complexes stalled by FA (Agrawal et al.
1998; Stark et al. 2000). Compared to the conformation of
unbound EF-G, determined crystallographically (Ævarsson
et al. 1994; Czworkowski et al. 1994; Al-Karadaghi et al.
1996; Hansson et al. 2005), in the ribosome-bound conformation domain IV of EF-G is tilted relative to the body
of the molecule formed of domains I and II. Based on cryoEM, it has been suggested that the rearrangement of EF-G
that is induced by GTP hydrolysis consists of a movement
of domain IV. The movement may be transmitted to RRF
and drive the ribosome rearrangement that leads to
www.rnajournal.org
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dissociation of the subunits. With FA bound to EF-G, the
movement would be precluded, explaining the strong inhibition of ribosome disassembly by FA. The latter scenario is
consistent with a function in ribosome disassembly of EF-G
as a molecular motor that brings about subunit dissociation
at the expense of GTP hydrolysis and Pi release, rather than
its function in translocation, where EF-G—after unlocking
the ribosome at the expense of GTP hydrolysis—appears to
act as a Brownian ratchet that biases tRNA-mRNA movement toward the post-translocation state.
MATERIALS AND METHODS

complex (0.2 mM) and incubating for 1 min at 37°C. The extent
of translocation was determined by the reactivity of P site peptidyl–
tRNA with puromycin (Rodnina et al. 1997). Single-round translocation was measured by fluorescence stopped-flow using a pretranslocation complex with f[3H]Met[14C]Phe-tRNAPhe(Prf16/17)
in the A site, EF-G (3 mM), and GTP (1 mM) (Savelsbergh et al.
2003).

Ribosome recycling
Subunit disassembly was measured in a stopped-flow system
(Applied Photophysics) by rapidly mixing post-termination complex (0.05 mM) with EF-G (3 mM), RRF (5 mM), IF3 (2 mM), and
GTP (1 mM) in buffer A and monitoring light-scattering at
435 nm (all concentrations after mixing).

Buffers and reagents
All measurements were done in buffer A: 50 mM Tris-HCl at pH
7.5, 70 mM NH4Cl, 30 mM KCl, and 7 mM MgCl2. GTP,
phosphoenolpyruvate, and pyruvate kinase were purchased from
Roche Diagnostics. 7-methylguanosine and purine nucleoside
phosphorylase were from Sigma. Radioactive compounds were
from Hartmann Analytics. All other chemicals were from Merck.

Ribosomes, mRNAs, tRNAs, and translation factors
Ribosomes from E. coli MRE 600 were prepared as described
(Rodnina et al. 1995). f[3H]Met-tRNAfMet, [14C]Phe-tRNAPhe,
EF-Tu, EF-G, MFTI-mRNA, phosphate-binding protein, and
initiation factors were prepared as described (Rodnina et al.
1994, 1997, 1999; Savelsbergh et al. 2003). RRF was prepared as
described (Peske et al. 2005).

Ribosome complexes
Pre-translocation complex: Ribosomes (1 mM) were incubated
with a threefold excess of MFTI-mRNA (Rodnina et al. 1999) and
a 1.5-fold excess each of IF1, IF2, IF3, and f[3H]Met-tRNAfMet in
buffer A containing 1 mM GTP for 30 min at 37°C. Ternary
complex EF-Tu[14C]Phe-tRNAPheGTP was prepared by incubating EF-Tu (2 mM) with GTP (1 mM), phosphoenolpyruvate (3
mM), and pyruvate kinase (0.5 mg/mL) for 30 min at 37°C and
then with [14C]Phe-tRNAPhe (1 mM) for an additional 5 min.
Equal volumes of initiation complex and ternary complex were
mixed and incubated for 1 min at 37°C to form pre-translocation
complex carrying tRNAfMet in the P site and f[3H]Met[14C]PhetRNAPhe in the A site. Pre-translocation complexes used for
stopped-flow experiments on translocation contained fluorescent
f[3H]Met[14C]Phe-tRNAPhe(Prf16/17) in the A site. Ribosome
complexes were purified from excess factors, mRNA, and tRNAs
by centrifugation through a 1.1 M sucrose cushion in buffer A
with 20 mM MgCl2. Pellets were dissolved in buffer A with 7 mM
MgCl2 and tRNA binding was verified by nitrocellulose filtration.
Post-termination complex: Ribosomes (1 mM) were incubated
with MFTI-mRNA (2 mM) and tRNAPhe (4 mM) for 30 min at 37°C
in buffer A with 20 mM MgCl2. The MgCl2 concentration was
reduced to 7 mM before using the complexes for subunit disassembly.

Translocation
Multiple-turnover translocation was induced by adding EF-G (final
concentration 0.02 mM) and GTP (1 mM) to the pre-translocation
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GTP hydrolysis
Single-round GTP hydrolysis was measured by quench-flow, using
[g-32P]GTP, and liberated 32Pi was determined as previously
described (Savelsbergh et al. 2005).

Release of inorganic phosphate
Pi release from EF-G after GTP hydrolysis was measured by the
fluorescence change of MDCC-labeled phosphate-binding protein
(PBP-MDCC) (Brune et al. 1994) in buffer A at 37°C (Mohr et al.
2000; Savelsbergh et al. 2003, 2005). Post-termination complex
(final concentration, 0.2 mM) was mixed in the stopped-flow
apparatus with EF-G (2 mM) and GTP (30 mM). Where indicated,
RRF (5 mM) and/or FA (200 mM) were present. PBP-MDCC (2.5
mM), 7-methylguanosine (100 mM), and purine nucleoside
phosphorylase (0.1 U/mL) were present in all reactions.
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