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Ribosome recycling factor (RRF) together with
elongation factor G (EF-G) disassembles the post-
termination ribosomal complex. Inhibitors of trans-
location, thiostrepton, viomycin and aminoglycosides,
inhibited the release of tRNA and mRNA from the
post-termination complex. In contrast, fusidic acid
and a GTP analog that ®x EF-G to the ribosome,
allowing one round of tRNA translocation, inhibited
mRNA but not tRNA release from the complex. The
release of tRNA is a prerequisite for mRNA release
but partially takes place with EF-G alone. The data
are consistent with the notion that RRF binds to the
A-site and is translocated to the P-site, releasing de-
acylated tRNA from the P- and E-sites. The ®nal step,
the release of mRNA, is accompanied by the release
of RRF and EF-G from the ribosome. With the
model post-termination complex, 70S ribosomes were
released from the post-termination complex by the
RRF reaction and were then dissociated into subunits
by IF3.
Keywords: antibiotics/elongation factor G/
protein synthesis/RRF/translocation

Introduction

After the translation termination step in prokaryotes,
ribosome recycling factor (RRF) and elongation factor G
(EF-G) disassemble the post-termination ribosomal com-
plex of ribosome, deacylated tRNA and mRNA (for
reviews, see Janosi et al., 1996a,b; Kaji and Hirokawa,
2000; Kaji et al., 2001). The disassembly requires GTP
hydrolysis (Hirashima and Kaji, 1972; Ogawa and Kaji,
1975). These conclusions were mostly derived from
experiments using a model post-termination complex,
puromycin-treated polysome. In this system, the release of
ribosome from mRNA was measured by following the
conversion of polysome to monosome (70S ribosome).
The conclusions obtained with this model post-termination

complex were con®rmed by a system with a natural
termination complex formed at the amber codon situated
at the seventh codon of the coat cistron of phage R17
(Ogawa and Kaji, 1975).

The crystal structure of Thermotoga maritima RRF has
been solved and was shown to be a near perfect mimic of
tRNA. RRF has two domains, I and II, corresponding to
the anticodon and acceptor arms of tRNA, respectively.
On the basis of this structural similarity between tRNA and
RRF, it was postulated that RRF might be translocated like
tRNA on the ribosome during the disassembly of the post-
termination complex (Selmer et al., 1999).

In this study, we examined the effects of various
inhibitors on the release of tRNA and mRNA from the
model post-termination complex by RRF and EF-G, and
propose that RRF is not only a near perfect mimic of tRNA
but also performs a functional mimicry on the ribosome.
The release of tRNA partially took place with EF-G alone,
but the release of mRNA was strictly dependent on both
RRF and EF-G. The dissociation constant of RRF for
the 50S subunit was ~2 3 10±6 M. IF3 was shown to
dissociate the 70S ribosomes released by RRF and EF-G
from the model post-termination complex.

Results

Release of ribosome-bound tRNA by the concerted
action of RRF and EF-G or by EF-G alone
As shown in Figure 1, we examined the dose-dependent
release of tRNA by RRF. It is clear from this ®gure that the
release of tRNA took place in an RRF dose-dependent
manner. More importantly, RRF and EF-G released all of
the bound tRNA during the disassembly reaction. When
the complex was incubated with 1.5 mM RRF and 0.5 mM
EF-G, almost all of the ribosome-bound deacylated tRNA
was released in 15 min. Most of the ribosomes in naturally
occurring polysome isolated from growing Escherichia
coli are known to have peptidyl-tRNA in the P-site and
deacylated tRNA in the E-site (the A-site is empty)
(Remme et al., 1989; Stark et al., 1997). During our
preparation of polysome, tetracycline is present in the
crude extract to ensure that the A-site is empty. In fact,
puromycin removed 100% of the ribosome-bound peptidyl
group from our polysome, indicating that all of the
peptidyl-tRNA was on the P-site (Hirashima and Kaji,
1972). In other words, all of the ribosomes were in the
post-translocation state with the A-site empty. From
Figure 1, we conclude that RRF and EF-G release tRNA
from both the P- and E-sites. This ®gure also shows
another important point that RRF alone does not release
tRNA.

As shown in Table I, the release of deacylated tRNA
from the model complex by RRF and EF-G took place
with GMPPCP (a non-hydrolyzable GTP analog) almost
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as well as with GTP. This is understandable because a
single round of tRNA translocation by EF-G occurs even
in the presence of GMPPCP (Inoue-Yokosawa et al., 1974;
Rodnina et al., 1997) and this will permit the release of
tRNA by a single round of translocation of RRF. Although
GMPPCP is known as a translocation inhibitor because it
®xes EF-G on the ribosome (Kuriki et al., 1970), this
action will not in¯uence the release of tRNA by RRF that
involves a single round of translocation. In contrast, as
shown in Table I, GDP did not release tRNA. GDP has
been reported not to promote normal translocation (Inoue-
Yokosawa et al., 1974; Rodnina et al., 1997), although
complete translocation, albeit slow, was observed with
GDP under certain conditions (Rodnina et al., 1997). In
this context, the data shown in Table I are consistent with
the notion that RRF is translocated from the A- to the
P-site by EF-G and releases the ribosome-bound tRNA by
this movement.

Figure 1B shows that tRNA is released partially in the
presence of EF-G alone. Since the release of mRNA,
measured by the conversion of puromycin-treated poly-
some to monosome, does not take place with EF-G alone
(Hirashima and Kaji, 1973), the data presented in this

®gure show that the release of tRNA during the
disassembly reaction is not tightly coupled with the
release of mRNA from the ribosome. More importantly,
it shows that the primary function of RRF and EF-G in the
disassembly reaction is the release of mRNA, because the
release of tRNA, though a prerequisite for the release of
mRNA, can be achieved partially by EF-G without RRF.

Effect of EF-G inhibitors on the release of tRNAÐ
evidence for a translocation-like movement of RRF
Our early work (Ishitsuka et al., 1970) as well as work
from other laboratories (Lucas-Lenard and Haenni, 1969;
Roufa et al., 1970; Inoue-Yokosawa et al., 1974; Spirin,
1985; Rodnina et al., 1997) established that the release of
tRNA from the ribosome is an indication of the trans-
location of tRNA. The translocation of ribosome-bound
tRNA by EF-G (Agrawal et al., 1998; Frank and Agrawal,
2000; Stark et al., 2000) can be detected by measuring
the release of the ribosome-bound deacylated tRNA. As
discussed in the Introduction and the Discussion, the near
perfect structural mimicry of tRNA by RRF (Selmer et al.,
1999) strongly suggests a functional mimicry of tRNA by
RRF. As shown below, this expectation was met in that the
release of tRNA by RRF and EF-G has every characteristic
expected of the concept that RRF is translocated on the
ribosome by EF-G.

Thiostrepton is known to prevent translocation of tRNA
by EF-G (Hausner et al., 1988; Rodnina et al., 1997,
1999). It has been reported that GTP hydrolysis is
inhibited by this antibiotic (Cundliffe, 1990) by preventing
the binding of EF-G/GTP to the ribosome (Bodley et al.,
1970). In contrast, a recent report suggests that it actually
permits the binding of EF-G and GTP hydrolysis but
inhibits the release of produced inorganic phosphate and
hence translocation (Rodnina et al., 1999). Thus, one can
obtain a ribosomal complex with EF-G in the pre-
translocation state ®xed by thiostrepton (Stark et al.,
2000). As shown in Figure 2A, thiostrepton inhibited the
release of tRNA from the post-termination complex by
RRF and EF-G. Approximately 90 mM of thiostrepton
inhibited the tRNA release ~50% (Figure 2A and Table II).

Viomycin is also known to prevent translocation of
tRNA (Modolell and Vazquez, 1977; Hausner et al.,
1988), but the GTP hydrolysis is not inhibited by this
antibiotic (Rodnina et al., 1997). Like thiostrepton,
viomycin also inhibited the release of tRNA by RRF and
EF-G (Figure 2A). The concentration of viomycin for 50%
inhibition was estimated to be ~60 mM (Table II).

Table I. Requirement for GTP or GTP analog for the release of tRNA
from the model post-termination complex by RRF and EF-G

Nucleotides [14C]AA-tRNAmix formeda

(c.p.m.)

GTP 1859.5 6 132.0
GDP 330.2 6 22.2
GMPPCP 1846.6 6 315.5
No nucleotides 310.8 6 141.9
Total tRNA 1756.0 6 113.0

aRelease of tRNA from the model post-termination complex (1.5 A260

units) by RRF (1.5 mM) and EF-G (0.5 mM) was examined as in
Figure 1A, except that 0.4 mM GTP, GDP, GMPPCP or no nucleotide
was used. The average 6 SEM are shown.

Fig. 1. Release of deacylated tRNA from the model post-termination
complex by RRF and EF-G. Release of deacylated tRNA from the
model post-termination complex (1.0 A260 units) was examined as de-
scribed in Materials and methods. (A) Release of tRNA by various con-
centrations of RRF in the presence (open circles) or absence (closed
circles) of EF-G (0.5 mM). (B) Release of tRNA by various concentra-
tions of EF-G alone. The percentage tRNA release relative to the total
number of deacylated tRNAs bound to the model post-termination com-
plex (1838 c.p.m., measured by the aminoacylation with [14C]amino
acids mixture) was plotted against the amount of added RRF (A) or
EF-G (B).
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Fusidic acid, an effective inhibitor of the elongation step
(Pestka, 1968; Tanaka et al., 1968), is known to inhibit
neither hydrolysis of EF-G-bound GTP (Bodley et al.,
1969) nor translocation of aminoacyl-tRNA by EF-G
(Inoue-Yokosawa et al., 1974). However, after the
hydrolysis and the translocation, the release of EF-G is
inhibited by this antibiotic (Bodley et al., 1969).
Therefore, it permits a single round of tRNA translocation
but prevents multiple rounds. As shown in Figure 2A,
release of ribosome-bound tRNA by RRF and EF-G took
place even with high concentrations of fusidic acid. This is
what one would expect following the hypothesis that the
release of tRNA by RRF and EF-G is due to a single round
of a translocation-like movement of RRF by EF-G on the
ribosome.

As shown in the preceding section, a signi®cant amount
of tRNA was released in the presence of EF-G alone.
Figure 2B shows that this release of tRNA by EF-G alone
was equally sensitive to the translocation inhibitor
thiostrepton. Another inhibitor, viomycin, was also
inhibitory to this release of tRNA by EF-G (data not
shown). Therefore, the release of tRNA observed in
Figures 1B and 2B can be regarded as a result of the
translocation of mRNA on the ribosome. It should be
mentioned here again that the model post-termination
complex used here has both the P- and E-sites occupied but
the A-site is empty. The data presented in Figures 1B and
2B therefore establish an important new concept that EF-G
can release the P- and/or E-site-bound deacylated tRNA
from the ribosome even if the A-site is empty. This is in
sharp contrast to the well-accepted concept that the A-site
has to be ®lled with tRNA for the release of tRNA by EF-G
from the ribosome programmed with synthetic poly-
nucleotides containing poly(U) (Ishitsuka et al., 1970;
Holschuh et al., 1980).

Aminoglycosides inhibit tRNA release from the
model post-termination complex
Our early work (Igarashi et al., 1969) as well as work from
other laboratories (Cabanas et al., 1978; Misumi et al.,
1978; Hausner et al., 1988) showed that streptomycin,

one of the aminoglycosides, inhibits translocation. It has
also been shown to inhibit disassembly of the model
post-termination complex as measured by the release
of ribosome from mRNA (Hirashima and Kaji, 1973).
Streptomycin causes misreading during translation
(Davies et al., 1964; Ruusala and Kurland, 1984). The
misreading caused by aminoglycosides is at the step of
binding of aminoacyl-tRNA to the programmed ribosome
(Kaji and Kaji, 1965) due to the decreased dissociation rate
of tRNA from the A-site (Karimi and Ehrenberg, 1994;
Pape et al., 2000).

As shown in Figure 2C, 50% inhibition of the release of
tRNA by RRF and EF-G was observed in the presence of
2 mM gentamicin or 11 mM paromomycin. It is noted that
streptomycin was the weakest of all these aminoglycosides
tested (~70 mM was required for 50% inhibition) and this
compares well with the equally weak inhibitory effect on
the release of mRNA found in our early work (Hirashima
and Kaji, 1973) (see Table II). These results also suggest
that during the disassembly of the model post-termination
complex, a translocation-like movement of RRF occurs on
the ribosome, resulting in the release of tRNA from the
ribosome.

Fig. 2. Effects of antibiotics on the release of tRNA from the model post-termination complex. (A) Effects of EF-G/translocation inhibitors on tRNA
release by RRF and EF-G. Effects of viomycin (open circles), thiostrepton (closed circles) and fusidic acid (closed triangles) on the release of tRNA
by RRF (1.5 mM) and EF-G (0.5 mM) were examined as in Figure 1A. (B) Effect of thiostrepton on tRNA release by EF-G only. The effect of thio-
strepton on the release of tRNA by EF-G (2.4 mM) alone was examined as in Figure 1B. (C) Effects of aminoglycosides on tRNA release by RRF and
EF-G. The effects of paromomycin (open circles), gentamicin (closed circles) and streptomycin (open squares) on the release of tRNA by RRF
(1.5 mM) and EF-G (0.5 mM) were examined as in Figure 1A.

Table II. Comparison of concentrations of inhibitors required for 50%
inhibition of the release of tRNA and mRNA from the model post-
termination complex by RRF and EF-G

Inhibitors Concentration required for 50% inhibition

tRNA release mRNA release

Thiostrepton 92.3 mM 12.5 mM
Viomycin 58.3 mM 25.0 mM
Fusidic acid No inhibition 10.0 mMa

Paromomycin 11.4 mM 1.2 mM
Gentamicin 2.1 mM 0.5 mM
Streptomycin 68.5 mM 25.0 mMa

Tobramycin Not tested 3.7 mM
Neomycin Not tested 1.7 mM
G418 Not tested 63.0 mM
Kanamycin Not tested 20.4 mM

aThese values were estimated from Hirashima and Kaji (1973).
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Effect of EF-G inhibitors on the release of mRNA
from ribosomes
In this section, we show the effect of various concentra-
tions of inhibitors on the release of mRNA. The important

conclusion derived from this series of experiments shown
in Figure 3 is that the release of tRNA is a prerequisite for
the release of mRNA that is the major function of RRF. As
shown in Figure 3A, fusidic acid and GMPPCP, which did

Fig. 3. Effects of antibiotics on the release of mRNA from ribosome by RRF and EF-G. (A) Effects of fusidic acid, GMPPCP (EF-G release inhibitors)
and thiostrepton. The release of ribosome from the model substrate was examined by measuring the conversion of puromycin-treated polysome
(marked as Poly) to monosome (marked as Mono) as described in Materials and methods except that 760 pmol of RRF and EF-G, and 3.2 A260 units
of polysome were used. The ribosome sedimentation pattern was analyzed by 15±30% sucrose density gradient ultracentrifugation (Beckman SW50.1,
40 000 r.p.m., 75 min). Fractions were taken from the bottom of the tube and the A260 was measured. Sedimentation is from left to right. The ®rst and
second panel from the left show the control (minus EF-G) and complete reaction mixture, respectively. Note that in the control, the major portion of
the ribosomes were polysomes, while the complete mixture showed that the polysomes were converted to the monosome. The effect of 370 mM
GMPPCP (third panel from the left), 200 mM fusidic acid (fourth panel) and 20 mM thiostrepton (®fth panel) are shown. In the experiment where the
effect of GMPPCP was tested, GTP was omitted. The positions of 70S ribosomes (6th panel) and subunits (7th panel) were determined by sedimenta-
tion of washed ribosome (2.0 A260 units) either in buffer R or in buffer R containing 8 mM EDTA, respectively. Note that the background level of
these panels was completely ¯at, indicating that the polysomes observed in the ®rst, third, fourth and ®fth panels were signi®cantly above the back-
ground. (B) Effect of thiostrepton. Effect of various amounts of thiostrepton on the release of mRNA from the model post-termination complex was
examined as in (A). (C) Effect of various concentration of viomycin. Experimental conditions were the same as (A) except that A254 was measured
continuously by an ISCO UA-6 spectrophotometer (ISCO). Sedimentation was from left to right. (D) Absence of ribosome subunit formation during
the RRF reactionÐeffect of IF3. Left trace: the experimental conditions were identical to those of (C) except that the ultracentrifugation time was in-
creased to 240 min. Right trace: the same as the left panel except that 100 mg of IF3 was added. (E) Effect of aminoglycosides. The conditions were
the same as (B) except that an ISCO UA-6 spectrophotometer was used. Gentamicin (open circles), tobramycin (closed triangles), G418 (open
squares), paromomycin (closed circles), neomycin (open triangles) and kanamycin (closed squares) were tested. In (B) and (E), 88% of polysomes
were converted to monosome by RRF and EF-G without inhibitor, and this value was set as 100% conversion.
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not in¯uence the release of tRNA (see Figure 2A and
Table I), inhibited the release of mRNA from the
ribosome. Since both of these inhibitors are known to ®x
EF-G on the ribosome, these data strongly suggest that the
release of EF-G from the ribosome is required for the
release of mRNA by RRF and EF-G.

As shown in Figure 3B and C, the translocation
inhibitors thiostrepton and viomycin also inhibited the
release of mRNA. Concentrations of thiostrepton and
viomycin required to give 50% inhibition of mRNA
release were estimated to be ~12.5 and 25.0 mM, respect-
ively. This is less than those required for the inhibition of
tRNA release (summarized in Table II). Table II shows
that, without any exception, concentrations required to
inhibit tRNA release are higher than those that inhibit
mRNA release. These results show that the release of
tRNA appears to be a necessary but not suf®cient
condition for the release of mRNA. The extreme left
panel of Figure 3A and the extreme left panel of Figure 3C
establish that neither RRF nor EF-G alone release mRNA
from the post-termination complex, respectively. In the
second panels (from the left) of Figure 3A and C, very few
if any ribosomal subunits were observed. These panels
show that disassembly is complete, yet there is no peak at
the position where the subunits are sedimented (see the
extreme right panel of Figure 3A for the positions of

subunits). This point was strengthened further in the next
experiment shown in Figure 3D.

In Figure 3D, the same experiments as in Figure 3A
and C were performed but the centrifugation time was
increased to show that there were no signi®cant amounts
of subunits present after the RRF reaction (left panel).
Furthermore, when IF3 was added to the RRF reaction
mixture, most of the released 70S ribosomes were
dissociated into their subunits (right panel). We conclude
that in our system the major products, if not all, of the RRF
reaction are in the form of 70S ribosomes that can be
dissociated into their subunits by IF3. It appears therefore
that the `recycled ribosome' is dissociated by IF3 into
subunits, which are ready to engage in a new round of
translation as suggested in an early work (Subramanian
et al., 1968).

Effect of aminoglycosides on the release of mRNA
from ribosomes
Figure 3E shows the effect of various concentrations of
aminoglycosides on the release of mRNA from the model
post-termination complex. As shown in this ®gure, all
aminoglycosides tested showed inhibitory effects on the
release of mRNA from the ribosome. Since all of them
inhibit translocation, these data, together with their effect
on the release of tRNA, further support the notion that
RRF is translocated on the post-termination complex by
EF-G. Gentamicin is an effective inhibitor of this reaction,
with 50% inhibition at ~0.5 mM. This is comparable with
but less than the concentration required for 50% inhibition
of tRNA release (2 mM) (Figure 2C and Table II).
Likewise, the effectiveness of paromomycin on the release
of tRNA (50% inhibition at 11 mM) was similar but less
than that on the release of mRNA (50% inhibition at 1 mM).
These data are consistent with the concept that the release
of tRNA precedes the release of mRNA in the disassembly
of the model post-termination complex. It is noted in
Table II and Figure 3E that other aminoglycosides,
tobramycin, kanamycin, G148 and neomycin, are all
inhibitory to the release of mRNA, supporting the notion
that aminoglycosides in general are inhibitory to the action
of RRF and EF-G. This result further supports the notion
that the disassembly catalyzed by RRF involves a
translocation-like movement of RRF.

Determination of the binding constant of RRF to
the 50S ribosomal subunits
As noted in the Discussion, it is important to measure the
binding constant of RRF to the subunits of the ribosome in
order to explain the observation that the ribosome may be
dissociated into subunits during the RRF reaction on the
post-termination complex of mRNA with high af®nity for
the ribosome (Karimi et al., 1999). In the experiments
described in Figure 4, various amounts of RRF were mixed
with the 50S subunits and the bound RRF was determined
(Figure 4A). The dissociation constant of RRF from 50S
ribosomes was estimated to be 1.92 3 10±6 M (Figure 4B).
Since the amount of bound RRF was measured after
isolation of the RRF±ribosome complex by the microcon
technique, the off rate of bound RRF must be much slower
than the on rate. In a similar way, the complex of
aminoacyl-tRNA with the programmed ribosome can be
isolated through sucrose gradients (Kaji and Kaji, 1963) or

Fig. 4. Binding of RRF to the 50S ribosomal subunit. (A) The binding
of RRF (at the indicated amounts) to 10 pmol of the 50S ribosomal
subunit was examined as described in Materials and methods.
Approximate Kd values were determined from the Scatchard plot (B) of
the data shown in (A).
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by the millipore ®lter technique (Nirenberg and Leder,
1964). Therefore, the dissociation constant calculated
above does not represent the true dissociation constant.
Rather, the value obtained in this fashion represents a
value proportionally related to the true dissociation
constant. In fact, the dissociation constant of tRNA from
the tRNA±ribosome complex measured after isolation of
the complex was comparable to the value obtained without
isolation of the complex (Lill et al., 1986). It is important
to point out that the binding of RRF to 30S subunits was
too low to calculate a dissociation constant (data not
shown). This is in contrast to the report that RRF binds
to 30S subunits as detected by the BIACORE technique,
which also detected binding of RRF to 50S subunits (Ishino
et al., 2000). We refrained from using this technique
because our preliminary results suggested that modi®ca-
tion of RRF often changes the behavior of the native RRF
with regard to its interaction with the ribosome.

Discussion

In this study, we examined the effects of various inhibitors
on the disassembly of the post-termination complex by
RRF and EF-G to reveal the molecular process of the
disassembly reaction. Based on these data, we propose the
possible action of RRF for the disassembly of a typical
post-termination complex as shown in Figure 5.

In the ®rst step (step A), RRF binds to the A-site of the
post-termination complex. In support of this concept, the
RRF reaction is inhibited, though weakly, by tetracycline,
an A-site-speci®c inhibitor (Hirashima and Kaji, 1973;
Kaji and Hirokawa, 2000). In addition, RRF competes
with the peptide release factor, which presumably binds to
the A-site (Pavlov et al., 1997). At this step, EF-G binds
to the factor binding site of the ribosome.

Next (step B), we propose that RRF goes through a
`translocation-like' motion to occupy the P-site with the

help of EF-G, resulting in the release of deacylated tRNA
bound at the P- and E-sites [our model post-termination
complex contains tRNA on the P- and E-sites (Remme
et al., 1989; Stark et al., 1997) but the A-site is empty
(Hirashima and Kaji, 1973)]. In this ®gure, we depict that
the release of the P-site-bound tRNA by RRF is performed
while a portion of RRF still keeps the A-site occupied. The
rationale for this concept is that it is important for RRF to
keep aminoacyl-tRNA away from the A-site during the
disassembly reaction. Failure to do so would make
disassembly very dif®cult.

Alternatively, the protection of the A-site against the
incoming EF-Tu±aminoacyl-tRNA complex may be
achieved in two different ways. First, EF-G occupies the
factor-binding site until the complete disassembly occurs.
Since the factor-binding site of the 70S ribosome is shared
by both EF-G and EF-Tu (Moazed et al., 1988; Agrawal
et al., 2000), this would prevent the A-site from being
occupied by aminoacyl-tRNA. Another possibility is that
the release of the tRNA is followed rapidly by the release
of mRNA, so that there is no opportunity for the unwanted
incoming aminoacyl-tRNA to occupy the A-site vacated
by RRF. It should be pointed out that in Figure 5, RRF is
not shown to occupy the E-site. This is based on our
studies on the binding of RRF in relation to that of
deacylated tRNA to the E-site (G.Hirokawa, M.C.Kiel,
A.Muto, K.Igarashi and A.Kaji, in preparation).

Data consistent with the notion that RRF is translocated
on the ribosome are as follows. (i) Release of mRNA from
the model post-termination complex is accompanied by
the release of tRNA (Figures 1 and 2). Our work (Ishitsuka
et al., 1970) and that of others (Lucas-Lenard and Haenni,
1969; Roufa et al., 1970; Inoue-Yokosawa et al., 1974;
Spirin, 1985; Rodnina et al., 1997) established that
translocation can be observed by following the release of
tRNA from the ribosome. (ii) Disassembly of the model
post-termination complex takes place only when two

Fig. 5. Model for disassembly of the post-termination complex by EF-G and RRF. (A) RRF binds to the A-site of the post-termination complex. EF-G
binds to the factor-binding site. (B) RRF is translocated (or makes a certain movement, see Discussion) by EF-G, resulting in the release of tRNA
from the complex. Two tRNAs, one each from the P- and E-sites, are presumed to be released in this step. This step is sensitive to thiostrepton,
viomycin and aminoglycosides. (C) The next step is the release of mRNA, RRF and EF-G. EF-G release is required for the release of mRNA from the
ribosome, hence fusidic acid and GMPPCP inhibit this step.
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factors, EF-G and RRF, are present simultaneously
(Hirashima and Kaji, 1973). (iii) Inhibitors of translocation
such as thiostrepton, viomycin and aminoglycosides
inhibit the release of tRNA (Figure 2 and Table II) and
mRNA (Figure 3 and Table II). (iv) Fusidic acid or
GMPPCP do not inhibit the release of tRNA (Figure 2A
and Table I), whereas they inhibit the release of mRNA
(Figure 3A). This is because fusidic acid and GMPPCP
allow for one round of translocation (Inoue-Yokosawa
et al., 1974; Rodnina et al., 1997). Multiple rounds of
translocation are inhibited by these agents because they ®x
EF-G on the ribosome (Bodley et al., 1969; Kuriki et al.,
1970).

The release of tRNA must take place prior to the release
of mRNA for three reasons. First, EF-G alone caused
partial release of tRNA (Figure 1B) while the release of
mRNA from the ribosome is strictly dependent on the
presence of both EF-G and RRF (Figure 3). Secondly,
every inhibitor that inhibits the release of tRNA also
inhibits the release of mRNA at similar but lower
concentrations (Table II). Thirdly, no inhibitor was
found that stops tRNA release but does not stop mRNA
release.

The last step of the disassembly is the release of mRNA
as shown in Figure 5. We propose that EF-G must be
released from the ribosome in order for the release of
mRNA to occur. We arrive at this conclusion because
fusidic acid and GMPPCP, which inhibit the release of
EF-G from the ribosome, inhibit the release of mRNA
(Figure 3A). In this last step, or in the earlier `trans-
location-like' step, movement of domain I relative to
domain II of RRF may take place. The relative movement
of domains I and II of RRF was ®rst suggested by the
observation that the contact area of domains I and II is
unusually small (Selmer et al., 1999). This notion was
supported by our recent determination of the solution
structure of RRF by NMR (Yoshida et al., 2001) as well as
structural determination of other RRFs (Kim et al., 2000;
Toyoda et al., 2000), which con®rmed the structure
determined by Selmer et al. (1999). It is possible that a
speci®c interaction of RRF with EF-G (Rao and Varshney,
2001) may cause this intramolecular movement, resulting
in the release of mRNA, tRNA and, ®nally, RRF from the
ribosome. Since mRNA is tacked between the subunits
(Shatsky et al., 1991; Noller et al., 2000; Yusupov et al.,
2001) around the neck of the 30S subunit (Frank et al.,
2000; Yusupova et al., 2001), the release of mRNA must
require the concerted structural changes of the ribosome
by EF-G (Frank and Agrawal, 2000) in addition to the
¯exing of the two domains of RRF. As shown in Figure 5,
RRF is removed from the ribosome, probably by EF-G,
during this process (M.C.Kiel and A.Kaji, unpublished
observation).

We should point out that the above steps described in
Figure 5 represent a typical mode of disassembly of a
typical post-termination complex. These steps may not
occur with certain types of mRNA. One example of such
an mRNA is the short synthetic mRNA with a strong
Shine±Dalgarno (SD) sequence and homopolynucleotides
near the termination codon (Karimi et al., 1999). With
such an mRNA, neither tRNA nor mRNA is released from
the ribosomes. Instead, the ribosomes are dissociated into
their subunits during the RRF reaction. In the mRNA used

by Karimi et al. (1999), the strong SD sequence and
homopolymer are close enough to the termination codon
(Steitz, 1969; Yusupova et al., 2001) that the ribosome of
the post-termination complex is in¯uenced by these
mRNA sequences. We propose that these two elements
in the mRNA confer high af®nity for the ribosome and
make the P-site-bound tRNA dif®cult to be released by
RRF and EF-G. As discussed above, the release of tRNA is
a necessary requirement for the release of mRNA.
Therefore, under these unusual conditions, mRNA and
tRNA remain on the ribosome.

There are several observations that support the notion
that homopolymers in the mRNA make the af®nity of the
mRNA for the ribosome unusually high. First, it is well
known that one does not need any soluble factors to
synthesize polypeptides in vitro under the direction of
homopolymers (Pestka, 1969; Gavrilova and Spirin,
1974), while factors are necessary for the binding of
natural mRNA to the ribosome. Secondly, as shown in
Figure 1B, EF-G alone releases ~50% of the bound tRNA
from our model post-termination complex, which has
deacylated tRNA at the P- and E-sites but no tRNA at the
A-site. In contrast to these natural mRNAs, the release of
tRNA by EF-G from the homopolymer ribosomal complex
with deacylated tRNA is dependent on the presence of an
A-site-bound tRNA (Ishitsuka et al., 1970; Holschuh et al.,
1980). Thirdly, the ribosome can slide along natural
mRNA in vivo for as far as 45 nucleotides without making
polypeptides (Table 5 of Janosi et al., 1998). No such
sliding has been reported with an in vitro system using
synthetic homopolymers. Fourthly, RRF and EF-G do not
release deacylated tRNA from the complex of homo-
polymer, ribosome and tRNA (M.C.Kiel and A.Kaji,
unpublished observation).

Turning our attention to the strong SD sequence, it is
well accepted that this sequence is designed to bind to the
ribosome. In support of the notion that the SD sequence
makes it harder for the ribosome to slide along mRNA, we
mention here two observations. First, the `in vivo sliding of
the ribosome' mentioned above is effectively stopped by
the presence of an SD sequence and an AUG (Figure 7 of
Janosi et al., 1998). Secondly, the release of tRNA by
EF-G from the natural initiation complex with a strong SD
sequence requires tRNA on the A-site (Roufa et al., 1970).
This is in contrast to the EF-G-dependent release of tRNA
from the puromycin-treated polysome having the A-site
empty (Figure 1B). In other words, mRNA of the naturally
occurring polysome represents an average typical mRNA
that is more easily moved by EF-G without an A-site-
bound tRNA. This concept that the conditions required for
the movement of the ribosome-bound mRNA or tRNA by
EF-G are dependent on the mRNA sequence is of general
importance for understanding the ribosome slippage
observed in vivo (Janosi et al., 1998). We should
emphasize, however, that the function of EF-G remains
the same during the slippage of the ribosome; it is still an
enzyme promoting `translocation' of the ribosome-bound
mRNA.

Regarding the subunit dissociation during the disas-
sembly reaction, we focus attention on the fact that RRF
has a signi®cant af®nity for the 50S subunit (Figure 4).
Based on this information, we postulate that RRF anchors
itself on the 50S subunit and `lifts' mRNA using its
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`footing' on the 50S subunit. If the 30S subunit is tightly
bound to mRNA due to the presence of tRNA, this action
would `lift' the 30S subunit together with mRNA,
resulting in subunit dissociation because RRF has a
footing on the 50S subunit. This has indeed been observed
with high af®nity mRNA (Karimi et al., 1999).

Another example of the case where the scheme shown in
Figure 5 may not apply is the unusual situation where the
termination codon is shared with the initiation codon as
UAAUG. One such example is the behavior of the
ribosome in translating RNA phage GA coat and lysis
protein genes. In this system, the upstream ribosome is
responsible exclusively for the translation of the down-
stream open reading frame (lysis gene). It appears that at
this junction, 25% of released ribosomes are re-captured
precisely at the AUG codon through the help of RRF. RRF
is essential for correct initiation from the AUG codon
(Inokuchi et al., 2000). A similar situation may exist at
the junction between tryptophan synthetase A and B
(Oppenheim and Yanofsky, 1980).

Materials and methods

Release of tRNA from the model post-termination
complex
Release of tRNA from the model post-termination complex was
examined as described in Hirashima and Kaji (1973) with modi®cations
as follows. Polysome (0.6±1.8 A260 units) isolated from tetracycline-
treated E.coli Q13 cells (Hirashima and Kaji, 1972) was incubated with
275 mM puromycin, RRF, EF-G and 0.4 mM GTP in 550 ml of buffer R
[10 mM Tris±HCl, pH 7.4, 8.2 mM MgSO4, 80 mM NH4Cl, 0.14 mM
dithiothreitol (DTT)] at 30°C for 15 min. The released tRNA was
separated from the ribosomal complex either by nitrocellulose membrane
(Millipore, f13 mm) or by Microcon 100 ®ltration (Millipore, 330 g). The
ribosome-bound ®lter was washed once more by 550 ml of buffer R and
the wash was combined with the ®rst eluate. Released tRNA thus
obtained was concentrated either by Microcon 10 (Millipore, 14 000 g) or
by ethanol precipitation with 20 mg of salmon testis DNA as a carrier, and
the concentrated tRNA was aminoacylated with 0.15 mCi of [14C]amino
acid mixture (Amersham, CFB25) according to Momose and Kaji (1965).
The cold (4°C) trichloroacetic acid-insoluble radioactivity thus formed
was regarded as a mixture of [14C]aminoacyl-tRNA ([14C]AA-tRNAmix)
formed from deacylated tRNA released from the model post-termination
complex.

To obtain the value of total tRNA bound to the model post-termination
complex, polysome was incubated with 275 mM puromycin in buffer R
at 30°C for 8 min, and further incubated in the presence of
18.5 mM EDTA for 7 min. Released tRNA was separated and
[14C]aminoacylated as described above except that the ®lter was washed
with a buffer (10 mM Tris±HCl, pH 7.4, 80 mM NH4Cl, 0.14 mM DTT).
The exact amount of released tRNA could not be estimated, because
neither the precise speci®c activity of commercially available [14C]amino
acids mixture nor the purity of the commercial deacylated tRNA mixture
was known.

Release of mRNA from the model post-termination
complex
Release of mRNA from puromycin-treated polysome was examined as
described in Hirashima and Kaji (1973). Brie¯y, polysome (0.5±1 A260

unit) (Hirashima and Kaji, 1972) was incubated with 1 mg of RRF, 108 mg
of EF-G, 0.37 mM GTP and 275 mM puromycin in buffer R at 30°C for
15 min. The sedimentation pro®le of the ribosomes and the remaining
polysomes in sucrose density gradient centrifugation (15±30% sucrose in
buffer R; Beckman SW50.1 or Hitachi p55ST-2 rotor, 40 000 r.p.m.,
75 min, 4°C) was analyzed either by A254 measurement with an ISCO
UA-6 spectrometer or by A260 measurement of a manually fractionated
sample. The conversion was expressed by measuring the area corres-
ponding to the 70S ribosome and calculating the percentage of the total
amount of ribosomes including residual polysomes before and after the
RRF reaction. Where indicated, IF3 as prepared according to Shimizu
et al. (2001) was added.

Binding of RRF to ribosomes
Washed ribosomes were prepared from MRE 600 cells as described in
Kaji et al. (1966). Ribosomal subunits were prepared as described in
Spedding (1990). RRF was incubated with ribosome in 40 ml of buffer BD
[20 mM Tris±HCl, pH 7.4, 10 mM Mg(OAc)2, 25 mM KCl, 1 mM DTT]
at 30°C for 10 min. The mixture was applied onto Microcon 100
(Millipore) and centrifuged for 5 min at 3000 g. The micro-spin column
was washed with 40 ml of the same buffer and centrifuged again for 12 min
at 3000 g. The washing was repeated again. Then, 40 ml of the buffer was
added on the ®lter and the column was inverted after 1 min incubation at
room temperature. The ribosome-bound RRF was recovered by
centrifugation (1 min, 3000 g) of the inverted column. The ribosome-
bound RRF was detected by western blot with rabbit antiserum against
E.coli RRF (1:15 000 dilution). Bound RRF was quanti®ed from the
blotting of known amounts of RRF standards.
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