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Peptidyl-tRNA dissociation from ribosomes is an ener-
getically costly but apparently inevitable process that
accompanies normal protein synthesis. The drop-off
products of these events are hydrolysed by peptidyl-
tRNA hydrolase. Mutant selections have been made to
identify genes involved in the drop-off of peptidyl-
tRNA, using a thermosensitive peptidyl-tRNA hydrol-
ase mutant in Escherichia coli Transposon insertions
upstream of thefrr gene, which encodes RF4 (ribosome
release or recycling factor), restored growth to this
mutant. The insertions impaired expression of the
frr gene. Mutations inactivating prfC, encoding RF3
(release factor 3), displayed a similar phenotype. Con-
versely, production of RF4 from a plasmid increased
the thermosensitivity of the peptidyl-tRNA hydrolase
mutant. In vitro measurements of peptidyl-tRNA
release from ribosomes paused at stop signals or sense
codons confirmed that RF3 and RF4 were able to
stimulate peptidyl-tRNA release from ribosomes, and
showed that this action of RF4 required the presence
of translocation factor EF2, known to be needed for
the function of RF4 in ribosome recycling. When
present together, the three factors were able to stimulate
release up to 12-fold. It is suggested that RF4 may
displace peptidyl-tRNA from the ribosome in a manner
related to its proposed function in removing deacylated
tRNA during ribosome recycling.
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Introduction

ribosome at some point during protein synthesis (Manley,
1978; Jagrgensen and Kurland, 1990). During the translation
of lacz, aborted intermediates are ~40% as frequent as
completed chains. For a protein of average size, a similar
frequency of ‘drop-off’ would give rise to truncated chains
~10% as often as the full-length protein. Such failures in
processivity represent an enormous energetic loss for the
cell, but are believed to be an unavoidable consequence
of optimizing the level of translational accuracy (Kurland
and Ehrenberg, 1985). The dissociation events accumulate
amino acids in useless polypeptides that subsequently
must be degraded, and furthermore sequester tRNAs in a
form that renders them unavailable for protein synthesis.

The sequestered tRNA molecules are released in bacteria
(Cuzin et al, 1967; Kossel and RajBhandary, 1968;
Chapeville et al, 1969) and yeast (Kossel and
RajBhandary, 1968; Jost and Bock, 1969) by the esterase
activity of peptidyl-tRNA hydrolase (Pth; EC 3.1.1.29),
though in higher eukaryotes a phosphodiesterase performs
this function (Grosset al, 1992). The bacterial enzyme
is essential for cell growth, since a mutant form of Pth
results in thermosensitive growth and cell death at non-
permissive temperatures (Atherly and Menninger, 1972;
Menninger, 1979; Garcia Villegagt al, 1991). The
isolation of extragenic suppressors of this Pth thermosensi-
tive mutant has shown that the inhibition of growth in
Pth-deficient cells results from starvation for tRNA
sequestered as peptidyl-tRNA (HeurgueHamardet al,,
1996), an isoacceptor species previously shown to
accumulate as peptidyl-tRNA particularly rapidly in the
thermosensitive mutant at a non-permissive temperature
(Menninger, 1978). The particular propensity of tRIN#A
for drop-off may be related to an unusual conformation
of the anticodon loop due to an interaction involving
modified nucleotides (Agrist al., 1997).

Termination signals on mRNA are recognized by two
release factors ikscherichia coliRF1 and RF2 (Scolnick
et al, 1968), encoded respectively by the gepe# and
prfB (Caskeyet al, 1984; Weisset al, 1984). A third
factor, RF3 (Casket al, 1969; Milmanet al, 1969;
Grentzmanret al, 1994; Mikuniet al., 1994), catalyses
the dissociation of RF1 and RF2 from the ribosome in a
process which requires GTP hydrolysis (Freistroétal.,
1997). In a further sequence of reactions that remains
poorly understood, the release of ribosomes from the

The normal process of protein synthesis involves the termination site is catalysed by a fourth factor, RF4

formation of initiation complexes on mMRNA, repeated

(previously called RRF) (Hirashima and Kaji, 1972),

cycles of elongation as the mRNA is decoded, and releaseacting together with elongation factor EF2 (previously

of the polypeptide chain by hydrolysis of peptidyl-tRNA

called EF-G) (Pavloet al., 1997b), whose normal function

when the ribosome encounters a termination signal onis to catalyse ribosome translocation during translation

mRNA (for a review, see Hershey, 1987). However,

elongation (for revised translation factor nomenclature,

the protein synthetic machinery generates peptidyl-tRNA see Grunberg-Managet al, 1996). The factor RF4 is
molecules not attached to ribosomes at a rate that is faressential to cell viability (Janogt al., 1994); however,

from negligible, as a result of dissociation from the
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RF3 and RF4 stimulate peptidyl-tRNA drop-off
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Fig. 1. Mini-transposon insertions upstream of the gene that restore growth at 42°C to a thermosensfithéis) mutant. The BEE95 element is
described by Bouchél1995). Nucleotide numbers are with respect to the centre of symmetry of the BEE95 element. Suppression of thermosensitivity
was observed with mini-TkOkan insertions at either position —7ffrP(zeb-9:Tn10kan)] or position 32 fir5(zeb-5:Tn10kan)].

though cell growth is affected (Grentzmaehal,, 1994; no insertion near 60 minutes was found. Inverse PCR was

Mikuni et al, 1994). employed to group different mutants into classes of
The experiments presented here show that two classegprobably similar loci, and to generate templates for nucleo-

of mutation, resulting respectively in reductd expres- tide sequencing of the regions adjacent to the transposon.

sion andprfC inactivation, act as suppressors of thermo- Six classes of mutant were distinguished on the basis of
sensitive growth in a Pth mutant strain. We argue that inverse PCR fragment size, and nucleotide sequencing
this effect is due to reduced levels of peptidyl-tRNA showed that two classes (with one and at least three
dissociation from the ribosome in the mutant strains. members respectively) represented insertions upstream of
This interpretation is supported bg vitro experiments, the genefrr, encoding the ribosome release factor RF4
showing that RF3, RF4 and EF2 provoke the release of (see Figure 1). The insertions fall in or just upstream of
peptidyl-tRNA from the P-site of ribosomes. The finding a repeated sequence element of unknown function found
is unexpected, since drop-off generally has been consideredat several locations in the chromosome=oéoli and other

to be a passive event, rather than one directly catalysedprokaryotic organisms (Bou¢hd995). The suppression
by protein factors (Kurland and Ehrenberg, 1985). We activity due to these mini-transposon insertions on the
conclude that the factor-induced drop-off we describe here growth of streaked colonies of theh(ts) strain and the
competes with the normal steps in translation and must suppressed mutants is shown in Figure 2A and B (sections
account for a significant part of the total peptidyl-tRNA b and c).

drop-off in the cell.

Two pth(ts) transposon insertion suppressors

reduce frr expression

Results The two mini-transposon insertions shown in Figure 1 fall
Isolation of transposon insertion suppressor well upstream of the —35 region of thier promoter

mutations restoring growth to a thermosensitive characterized by Shimizu and Kaji (1991). Nevertheless,
pth(ts) mutant it seemed possible that the primary effect of the insertions

Suppressor mutations that restore growth at non- was to reducdrr expression. To test this hypothesis, the
permissive temperature to the thermosensitits) strain suppressegth(ts) mutant strains were transformed by a
previously have been isolated by selecting for spontaneousplasmid pFRR4 derived from pACYC177 (Chang and
chromosomal mutations (Anderson and Menninger, 1987; Cohen, 1978) carrying thigr gene on a 787 bplindlll-
HeurgueHamard et al, 1996), by selecting for wild-  EcdRlfragment. Transformation with this plasmid restored
type genes which suppress when overexpressed from ahermosensitivity to the suppressed strain, whereas a
multicopy plasmid (Heurguélamardet al,, 1996) or, in derivative pFRR4-12 of pFRR, with a frameshift in the
one instance, by selecting random insertions of transposondrr coding sequence, had no effect. This observation
which give rise to suppression (Atherly, 1979). Adopting strongly supported the notion that a reduction in the
the latter approach, random insertions of a minikOn  cellular concentration of RF4 was responsible for the
carrying a kanamycin resistance marker were isolated andsuppression of thermosensitivity. Furthermquti(ts) cells
suppressor mutations were selected by plating at 42 orwere clearly more thermosensitive when plasmids carrying
43°C. Following the observation of Atherly (1979) that the frr gene were present than they were with control
12 randomly selected insertions suppresgitits) were plasmids (Figure 2C). Thus, no growth of tpi(ts) strain

all co-transducible witlargA at 60 minutes on the chromo- VH733 was observed at 37°C when transformed by pFRR4
some, 31 of our suppressor insertions were screened forexpressing RF4 (except for revertants where a high density
co-transduction with aargA::Tn10 marker. Surprisingly, of cells was plated), whereas transformation with plasmid
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CL2 CL2
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VH748 - - fr9
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d / e f
Fig. 2. Suppression of thermosensitive growth opth(ts) mutant strain by transposon insertion mutations upstreaim of in prfC. (A) Growth at
42°C on LB plates opth(ts) strain VH733 and suppressed derivatives of this strain, @HZtet), VH745 frr5(zeb-5:Tn10kan)] and CL3
[prfC::tet, frr5(zeb-5:Tn10kan)]. B) As in (A) but with thefrr9 insertion mutant in place of thier5 mutant. C) Growth at 37°C on glucose
minimal-Met-ampicillin plates opth(ts) strain VH733 transformed by plasmid pFRR4 expressing RF4 (sections e and f), plasmid pFRR4-12
expressing an RF4 mutant truncated after 67 amino acids (sections a and d) and control plasmid pACYC177 without insert (sections b and c).
(D) Patch growth at 44°C on LB plates of four sets of similar but independent colonjgh(tf) strain VH733 and suppressed derivatives of this
strain, CL2 prfC::tet), VH745 [rr5(zeb-5:Tn10kan)], CL3 [prfC::tet, frr5(zeb-5:Tn10kan)], VH748 frr9(zeb-9:Tnl0kan)] and CL4 prfC::tet,
frr9(zeb-9:Tn10kan)].

pFRR4-12 in which the coding sequence for RF4 is departure of RF1 or RF2 from the ribosome, a step

disrupted by a frameshift, or with the parent plasmid catalysed by the G protein RF3 (Pavlet al, 1997a,b).

pACYC177, allows normal growth under these conditions Though not isolated by using the selection method

(see Figure 2C). This result may be readily understood if described above, mutants inactivating the genfi€ encod-

RF4 plays a direct role in peptidyl-tRNA drop-off, in ing RF3 have also been found to supprps¥ts) thermo-

terms of the higher cellular concentration of the factor in sensitivity. The re-establishment of growth at 42°C on

cells transformed with plasmid pFRR4. The observation inactivation ofprfC is shown in Figure 2A and B (sections

also argues that the suppression of thermosensitivity inb and d). Neither therr nor the prfC mutation when

the pth(ts) strain is not due to some small negative effect alone were able to restore growth of th#(ts) strain at

of reducingfrr expression on the general level of protein 44°C to any significant extent. However, the two mutations

synthesis in the cell. together do restore growth at this temperature, as shown
To confirm that RF4 mRNA levels were depressed clearly by the growth of patches after replica plating of

in the transposon insertion strains, Northern blots were the mutant strains (Figure 2D).

performed on RNA extracted from the suppressed and

non-suppressepth(ts) strains, using a probe hybridizing Effect of suppressor mutations and RRF

to part of the coding region dfr. In the non-suppressed overproduction on growth in liquid medium of

strain, a transcript was visible of a size consistent with pth(ts) strains

the observations of Shimizu and Kaji (1991), but which The suppression of thermosensitive growth of le(ts)

decreased to low, barely detectable levels in the suppressednutant by transposon insertions affectifig expression

strains (results not shown). (see Figure 2) was examined further in experiments on
growth rate in solution (Table I). In these experiments,
prfC inactivation suppresses pth(ts) the thermosensitivepth(ts) mutant and the suppressed

According to the current model of polypeptide chain mutant strains were grown at the permissive temperature
termination, RF4 binds to the ribosome following the of 30°C to a density of ~§10’ cells/ml before shifting
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Table I. Suppression of thermosensitive growth of fite(ts) strain by
mutations affecting RF4 and RF3: growth rates (generations/h) of the
pth(ts) strain and suppressed mutants following an increase from 30°C
to the indicated temperature

Strain Relevant genotype Temperature

42°C 43°C 44°C
VH733 pth(ts) 0.0 0.0 0.0
VH745 pth(ts), frr5 1.03 0.73 0.17
VH748 pth(ts), frr9 0.74 0.60 0.11
CL2 pth(ts), prfC 0.95 0.16 0.0
CL3 pth(ts), prfC, frr5 1.38 1.08 0.71
CcL4 pth(ts), prfC, frr9 1.28 1.00 0.70

Table Il. Inhibition of growth (generations/h) gith(ts) mutant strain
VH733 and control strain FTP4993 at 37°C resulting from
overproduction of RF4

Plasmid designation Insert Host strain
pth(ts) pth*
pACYC177 none 0.68 0.90
pFRR4 frr 0.01 0.86
pFRR4-12 frr (frameshift) 0.67 0.89

to a temperature of 42, 43 or 44°C. Growth of hté(ts)

RF3 and RF4 stimulate peptidyl-tRNA drop-off

tidyl-tRNA-mRNA-ribosome complexes separated from
other components required for translation. A system for
protein synthesi# vitro using purified translation factors
and synthetic mRNAs possessing a Shine—Dalgarno
sequence and encoding short peptides has been described
recently (Freistrofferet al., 1997; Pavlovet al, 1997b).

An mRNA with the coding sequence AUG-UUQUG-
UAA was employed in this system to synthesize the
tripeptide fMet—Phe—Leu (fMFL) in the absence of ter-
mination factors, and the stalled release complex was
isolated by gel filtration as previously described
(Freistrofferet al, 1997). The rate of fMFL-tRNA release
from such ribosomal complexes may be studied readily
in the presence of Pth, since the tripeptide released from
tRNA by the enzyme is soluble in cold trichloroacetic
acid (TCA). No detectable fMFL was released from tRNA
in the absence of Pth. The rate of fMFL-tRNA drop-off
in the absence of added factors was>415%min, but
was found to be stimulated 10-fold by the addition of
RF3, RF4 and EF2 (UM each; see Figure 3A). Higher
concentrations of RF3 and RF4 increased the drop-off
rate to ~2.0/min (see Figure 4). An inverse plot of drop-
off rate and factor concentration (not shown) indicates
that higher rates can be attained. Elongation factor EF2
was added with the other factors because it is known
to be required for RF4 function in ribosome recycling
(Hirashima and Kaji, 1973; Janost al., 1996; Pavlov

et al, 1997b). The presence of the three proteins was
necessary to achieve a high rate of peptidyl-tRNA release:

strain ceased rapidly at any of these temperatures. Thegther combinations of factors did not produce more than
cell density of cultures of the suppressed strains was g 3-fold stimulation of drop-off (Figure 3A and B).

monitored for periods of up to 9 h after the temperature
shift to allow doubling rates during the exponential phase
to be quantitated. Both T® insertions restored growth
in liquid culture at 42°C, and to lesser extent at 43 and
44°C; thefrr5 insertion, closer to th&r promoter, was
significantly more efficient as a suppressor than fth@
insertion (see Table I). Growth in liquid media demon-
strated clearly the suppressor activity of gréC mutation:

Stimulation of drop-off occurs from both

elongation and termination complexes

The specificity for recognition of termination signals is
thought to reside exclusively in termination factors RF1
and RF2 inE.coli. Nevertheless, since the only known
functions of factors RF3 and RF4 are related to polypeptide

growth was |arge|y restored at 42°C, to a small extent at chain termination and ribosome recyC”ng, it was of interest
43°C and not at all at 44°C (Table I). As observed on to determine whether the factor-catalysed drop-off seen
solid media, combination of the two suppressor mutations, in the experiments of Figure 3A was dependent on the
prfC and frr5 or frr9, restored growth at 44°C far more Ppresence of a stop codon in the ribosomal A-site. Similar

efficiently than either suppressor alone.
The effect of overproducing RF4 from plasmid pFRR4
on the growth ofpth(ts) strains at the permissive temper-

experiments were therefore performed with ribosomal
complexes bearing the same fMFL nascent peptide but
paused at an AUC sense codon instead of a stop codon.

ature of 37°C (see Figure 2C) was also re-examined in As shown in Figure 3B, the rate of spontaneous drop-off

liquid cultures (Table II). A shift in temperature from 30
to 37°C completely arrested the growth mh(ts) strains
carrying plasmid pFRR4, but not of strains carrying
plasmid pFRR4-12 with a frameshift in the RF4 coding
sequence, or the parent plasmid pACYC177 with no insert.
The presence of plasmid pFRR4 did not affect growth of
the controlpth™ strain (Table II).

Peptidyl-tRNA is released from ribosomes in vitro

by RF3, RF4 and EF2

The isolation of mutants affectindrr and prfC that
suppress the thermosensitive growth of pib(ts) strain
strongly suggests that RF4 and RF3 are involved in
peptidyl-tRNA drop-offin vivo. In order to determine
whether their effect on elongation complexes is direct,
peptidyl-tRNA drop-off was studieéh vitro, using pep-

was lower from these ribosomal complexes (2162
min) than from the complexes paused at the UAA stop
codon (4.5¢<10-%min), indicating that the sequence down-
stream of the Leu codon influences this rate. However,
RF3, RF4 and EF2 added together stimulated the drop-
off rate by approximately the same factor (12-fold) as
found previously. The drop-off rate for both complexes
was found to increase steadily with the concentration of
RF4 within the range 0.2-2uM under conditions of
constant RF3 and EF2 concentration |fM each, see
Table 1ll). The fact that similar observations can be made
when ribosomal complexes are paused at sense codons as
opposed to stop codons is also an indication that the factor-
stimulated peptidyl-tRNA release cannot be accounted for
in terms of traces of release factors in the preparations of
RF3, RF4, EF2 or Pth.
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mRNA: -AUG-UUC-UUG-UAA-

No factors
¥ RF4, EF2

RF3, EF2
RF3, RF4

In(fraction of fMFL-tRNA remaining)
In(fraction of fMFL-tRNA remaining)

-1.5
-2 T T T T
0 2 4 6 8
Time (min) Time (min)
Fig. 4. Dependence on RF3 and RF4 concentration of the release of
peptidyl-tRNA from ribosomal complexén vitro. Purified ribosomal
B 0.5 complexes resulting from AUG-UUCUG-UAA translation and
AUG-UUCUUGAUC-UAA. containing fH]fMet-Phe-Leu-tRNAV in the P-site were incubated
9 mMRNA: -AUG-UUC-UUG-AUC-UAA with RF3 and RF4 at the equimolar concentrations indicated and EF2
£ (1 pM). Dissociation of peptidyl-tRNA was measured as TCA-soluble
g No factors tripeptide released by Pth in the reaction mixture. The natural
g s’;zr 'éi; logarithm of the fraction of fMFL-tRNA remaining ribosome bound is
2 RF3, EF2 shown as a function of time.
-
T
g
g Table Ill. Dependence on RF4 concentration of fMFL dissociation
3 15 RF4, RF3, EF2 from ribosomal complexes in the presence of RF3 and EF2
© -1.0 7]
s
£ RF4 M) mMRNA Lifetime (min)
2 ' T ' J ' ! i ! - -AUG-UUC-UUG-UAA- 9.2
0 2 4 6 8 0.2 -AUG-UUCUUG-UAA- 4.1
Time (min) 0.5 -AUG-UUCUUG-UAA- 3.1
i . ) 1.0 -AUG-UUCUUG-UAA- 2.3
Fig. 3. Factor-catalysed release of peptidyl-tRNA from ribosomal 20 -AUG-UUCUUG-UAA- 15
complexesn vitro. Purified ribosomal complexes containing _ AUG-UUC-UUG-AUC-UAA- 13.2
[3H]fMet-Phe-Leu-tRNAY paused with a stop codor) or a sense 0.2 -AUG-UUCUUG-AUC-UAA- 58
codon B) in the A-site were incubated with RF3, RF4 and ER) ( 0.5 -AUG-UUCUUG-AUC-UAA- 4.3
RF3 and RF4 4), RF3 and EF2R), RF4 and EF2Y) or no factors 1.0 -AUG-UUCUUG-AUC-UAA- 4.0
(@). Dissociation of peptidyl-tRNA was measured as TCA-soluble 2.0 -AUG-UUCUUG-AUC-UAA- 24

tripeptide released by Pth in the reaction mixture. Each factor was
present at a concentration ofuM. The natural logarithm of the
fraction of fMFL-tRNA remaining ribosome bound is plotted as a
function of time.

Table IV. Dependence on guanine nucleotide of factor-stimulated
drop-off of tripeptide fMFL translated from mRNA

Dependence of factor-stimulated drop-off on “AUG-UUC-UUG UAA-

guanine nucleotide Factors (1uM) Lifetime (min)

The replacement of GTP by GDP was found to abolish

the stimulation by RF3, RF4 and EF2 of peptidyl-tRNA GTP GDP GDPNP
drop-off (see Table 1V). However, in the presence of the 40 35 3
non-hydrolysable GTP analogue GDPNP, stimulation was rg3 12.4 35 41
still observed and was indeed somewhat more markedRF4, EF2 15.2 35 115
than with GTP. This was also true in the case of RF3 RF3, RF4, EF2 35 20 19

added alone or when RF4 and EF2 were added without
RF3 (Table IV). This may be due to the prolonged presence
on the ribosome of factors RF3 or EF2 unable to undergo Discussion

a conformational change needed for release, and indicates

that GTP hydrolysis is not necessary for the effect on Pth is believed to be an essential enzyme because it is
drop-off. Experiments using the antibiotic fusidic acid, necessary to recycle peptidyl-tRNAs that dissociate from
which is thought to maintain EF-2 in the GTP conformation the ribosome during mRNA translation, allowing the
even after the hydrolysis of GTP, indicated that the rate tRNA species to return to the pool of aminoacyl-tRNAs
of peptidyl-tRNA drop-off in the presence of RF3, RF4, available for protein synthesis. Previous work has shown
EF2 and GTP was unaffected by the addition of fusidic that the immediate reason for protein synthesis inhibition
acid. when Pth activity is insufficient is starvation for tRINA
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(HeurgueHamardet al, 1996). Thus, overproduction of
this species of tRNA from a plasmid will supprgst(ts)

RF3 and RF4 stimulate peptidyl-tRNA drop-off

The size distribution of peptidyl-tRNAs dissociating
from the ribosome has not been well studied, and deserves

thermosensitivity, whereas overproducing a wide variety closer attention in view of current hypotheses concerning

of other tRNAs is without effect. Apart from this multicopy

the exit route of nascent polypeptides from the ribosome.

suppressor, chromosomal suppressors were isolated whiclRecent models for the 50S ribosomal subunit based on
mapped at two locations, and probably also functioned by cryo-electron microscopy show a tunnel of ~85 A in

increasing the intracellular level of tRNYX (Heurgtie
Hamardet al, 1996).

The selection for temperature-resistant
revertants ofpth(ts) should also be expected to produce

pseudo-

length (Franket al, 1995). Combined with the finding

that 30—40 amino acids of the nascent peptide are protected
against protease attack under some circumstances, it has
been proposed that the large subunit tunnel serves as an

mutations affecting ribosomal components or factors that exit route for polypeptide from both prokaryotic and
associate with the ribosome during protein synthesis, the eukaryotic ribosomes (Malkin and Rich, 1967; Sabatini

effect of which would be to reduce drop-off of peptidyl-
tRNA from the ribosome. This is the most likely explan-

and Blobel, 1970; Milligan and Unwin, 1986; Fraekal,
1995). Supposing this to be true, it is difficult to envisage

ation for the mechanism of suppression associated with how peptidyl-tRNA could any longer dissociate from the

thefrr andprfC mutants. Direct measurement of peptidyl-
tRNA dissociation from the ribosomén vitro shows

ribosome once the nascent peptide has folded extensively
on the exit side of the tunnel, unless the tunnel itself can

that RF4 and RF3 considerably stimulate the rate of open as a result of some conformational change to the

dissociation, strongly supporting this interpretation. This

50S ribosomal subunit. However, several observations are

is an unexpected finding, since it has generally beenincompatible with polypeptide export via a tunnel of the

thought that drop-off of peptidyl-tRNA from the ribosomal

dimensions seen by microscopy, and raise severe doubts

P-site is a spontaneous event rather than one directlythat the tunnel serves this purpose at all (Kabal,

involving translation factors (Kurland and Ehrenberg,
1985). The action of RF4 in dissociating peptidyl-tRNA
from the ribosome requires elongation factor EF2, as in
the case of ribosome recycling, the normal function of the
factor (Janosiet al, 1996; Pavlovet al, 1997b). The
involvement of both RF3 and RF4 in stimulating drop-
off, seen clearly in thén vitro experiments, is corroborated
by the observation vivo that combining the suppressor
mutations affecting the two proteins restores growth to
the pth(ts) strain at 44°C, which neither of the mutations
alone is able to do.

1987; Ryaboveet al, 1988; Komaret al, 1997). It is
now clear that in eukaryotic organisms, an extra-ribosomal
protein is responsible for protection of the nascent peptide
from proteolysis and can be cross-linked to it close to the
peptidyl transfer centre (Wanrgt al, 1995).

Published data do not allow us to exclude that most
peptidyl-tRNA drop-off involves short peptides. To our
knowledge, the only direct attempt to determine the size
of drop-off products has been due to Menninger (1976),
who observed a broad distribution of peptide size up to
~1(? amino acids. Larger peptidyl-tRNAs might not have

It has been proposed that the normal action of RF4 is been extracted by the procedures used. The failures in

to catalyse the removal of deacylated tRNA from the
ribosome (Pavloet al, 1997a,b). According to this model,
RF4 binds to the A-site of the ribosome, or a site

translational processivity measured by Manley (1978)
and by Jgrgensen and Kurland (1990) did involve long
peptides, but it has not been shown conclusively that they

overlapping the A-site, and provides a substrate for EF2 were the result of peptidyl-tRNA drop-off. On the other
in a translocation reaction analogous to that which occurs hand, modifications near the 8nd of long messengers

during elongation. This would displace deacylated tRNA

highly expressedn vivo can considerably modify the

from the ribosomal P-site. Support for this hypothesis has frequency of drop-off of the encoded product, strongly
been provided by the demonstration that RF1 and RF4 suggesting that drop-off of the almost completed protein
compete for binding to the 70S ribosome, and that the as peptidyl-tRNA can occur (J.Menez, V.Heurgdamard

competition is increased by the absence of RF3 (Pavlovand R.H.Buckingham, unpublished results). A better

et al, 1997a). Applied to the phenomenon of peptidyl-
tRNA drop-off we report here, this model suggests that

understanding of the relationship between RF4 and RF3
and peptidyl-tRNA drop-off will require the identification

the factor-catalysed drop-off is due to a related mechanism of the points of drop-off along an mRNA, and the changes

in which peptidyl-tRNA is displaced instead of deacyl-
ated tRNA.
The normal function of RF3 is to catalyse the removal

in the pattern of these products in mutant cells.

from the ribosome of RF1 or RF2 after the release of the Materials and methods

polypeptide chain (Freistroffest al,, 1997; Pavlowet al,

1997b), and occurs prior to the involvement of RF4
(Pavlovetal, 1997a). The role that RF3 plays inincreasing
drop-off is not yet clear. RF3 may induce a conformational
change in the ribosome that facilitates the binding of
RF4. A direct interaction between the two factors is an

interesting possiblity that requires further study. Presum-

ably, the factor-induced drop-off that we have demon-

strated here competes with normal steps in translation,

namely the binding of ternary complex or RF to the

Bacterial strains, plasmids and bacteriophage

The E.coli K12 strains are listed in Table V. VH733 was obtained by
transducing strain FTP4993 with a phage P1 lysate on VH6, selecting
for TeR® and screening for Trpand themosensitive growth. The T

was removed in a second transduction with a P1 lysate on strain Y1,
selecting for Trg and screening for Tet sensitivity and themosensitive
growth. Thefrr gene was cloned as a 929 Igma-EcadR| fragment
(MacDougallet al, 1997) into pWSK129 (Wang and Kushner, 1991),
excised as a 805 bpanHI-Hindlll fragment and recloned between the
sames sites of vector pACYC177 (Chang and Cohen, 1978). A derivative
of this plasmid (pFRR4-12) was constructed by digesting pFRR4 at the
unique Xmadll site, filling the ends and religating, which introduced a

ribosomal A-site, when this is occupied by a sense codon frameshift, mutated the encoded protein and truncated it to 67 amino

or a stop codon.

acids. TheprfC gene, cloned as a 3.5 KBstl fragment (Grentzmann
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Table V. Escherichia coliK12 bacterial strains

Strain Genotype Reference, construction

CL2 metB glyV55, prfC:tet, pth(ts) this work, derivative of VH733, see text
CL3 metB glyV55 pth(ts), (zeb-5:Tn10kan), prfC::tet this work, VH745 and P1 lysate on CL2
CL4 metB glyV55 pth(ts), zeb-9:Tn10kan), prfC::tet this work, VH748 and P1 lysate on CL2
FTP4993 metB glyV55 trpA(AGC233, UGA234) Frances T.Pagel

GC3366 thr, pro, leu, recl1009 Richard d’Ari

IB209  thil, metE68, spoT1, Hfr, argA8T:n10 Jacqueline Plumbridge

VH6 SupE44, thil, thrl, leuB6, lacY1, tonA21, (i), (zcg-3060:Tnl0tet) this work

VH733 metB, glyV55, ptfts) this work, from FTP4993, P1 transductions from VH6 and Y1
VH745 metB, glyV55, pttts), zeb-5:Tnl0kan) this work, derivative of VH733

VH748 metB, glyV55, ptfts), (zeb-9:Tnl0kan) this work, derivative of VH733

Y1 trpR, lac4J118 (Yanofsky and Soll, 1977)

et al, 1994) in plasmid vector pACYC177, was inactivated by insertion nucleotides amplified from chromosomal DNA by PCR. The upstream
of the tetracycline-resistant cassette excised 8mna—BsBI fragment and downstream primers were respectivelfARATGCGTAGAA-
from plasmid pCP16 (Cherepanov and Wackernagel, 1995) in place of GCGTTCA-3 and 3-TAATACGACTCACTATAGCTTTCACTTTGT-

a Pvul-Pvul fragment in prfC. The inactivated gene was recombined CGTTCGC-3, the latter primer harbouring the sequence of the T7
with the chromosome in theecD strain GC3366 recD1009, thr, leu, promoter (Mulliganet al, 1987).

pro, rpsL) after linearization of the plasmid by digestion wiXhd

(Shevellet al, 1988). P1 transduction of the interruptpdC gene to Peptidyl-tRNA drop-off assays

VH733 yielded strain CL2. The synthesis of mMRNAs and the isolation of ribosomal complexes
. paused at a nonsense codon were performed as described previously
Chemicals (Freistrofferet al, 1997). The same procedure was used for complexes

Nucleotide triphosphates were from Pharmacia. Phosphoenolpyruvate, paysed at a sense codon by omitting the corresponding tRNA isoacceptor
putrescine, spermidine and non-radioactive amino acids were from Sigma, from the translation system. Peptidyl-tRNA drop-off from the P-site was
L-[methyl-*H]methionine was from Amersham. All other chemicals were measured by adding purified Pth to the reactions. The enzyme was
of analytical grade from Merck. Polymix buffer was prepared according prepared from an overproducing strain C600/pBSAE53 (Garcia Villegas
to Jelenc and Kurland (1979) and contained at final concentration 5 mM gt |, 1991) (R.Karimi and M.Ehrenberg, in preparation). For drop-off

magnesium acetate, 0.5 mM CaCh mM NH,Cl, 95 mM KCI, 8 mM assays, a factor mix was prepared containing, ipl2& polymix buffer:

putrescine, 1 mM spermidine, 5 mM potassium phosphate (pH 7.3) and 50 nmol of GTP, 50 nmol of ATP, 0.fmol of phosphoenolpyruvate,

1 mM dithioerythritol (DTE). 2.5 ug of pyruvate kinase, 0.1fg of myokinase, 16 pmol of Pth and
. quantities of each of the factors RF3, RF4 and EF2 as indicated in

Growth conditions . Figure 3 and Table Ill. The factor mix was incubated for 3 min at 37°C.

Luria Broth (LB) medium (Sambrookt al, 1989) or minimal Vogel- Then 25yl of peptidyl-tRNA-ribosome-mRNA complex (also in polymix

Bonner medium (Vogel and Bonner, 1955) were supplemented according pyffer), pre-incubated for 1 min at 37°C, was added to the factor mix.
to requirements. Antibiotics were added at the following final con-  After incubation for 0-8 min, the reaction was quenched with ice-cold
centrations: tetracycline 12.fig/ml; kanamycin 50pg/ml; ampicilin 504 TCA containing 15% casamino acids (Difco) and filtered onto GF/
100 pg/ml. In growth experiments, pre-cultures were grown at 30°C in ¢ glass fibre filters (Whatman). The filters were washed with ice-cold

LB-ampicillin (Table I) or minimal glucose-Met-Trp-ampicillin (Table 504 TCA, then with propanol, dried and the radioactivity was measured
I1). After dilution to a cell density of ~10cells/ml, growth was continued (Ehrenberget al, 1990).

at 30°C to a cell density of ~8107 cells/ml; the temperature of growth
was then increased as indicated in Results. Growth was monitored for

periods of upa® 9 h oruntil late exponential phase. Acknowledgements

Recombinant DNA manipulations and genetic manipulations We thank Nancy Kleckner, Frances T.Pagel, Richard d'Ari, Jacqueline
General procedures for DNA recombinant techniques, plasmid extraction, Plumbridge and Gabriel Guarneros for kind gifts of bacterial strains,
etc. were performed as described by Sambretokl. (1989). Purification plasmids and bacteriophage, and John W.B.Hershey, Mathias Springer
of DNA fragments on agarose gel was by Jetsorb gel extraction and Marc Dreyfus for helpful comments on the manuscript. R.H.B. and
(Bioprobe). Phage P1 lysates, transductions and transformations wereV.H.-H. thank Professor F.Gros for his help and encouragement. This

performed as described by Miller (1992). work was supported by the Swedish Research Council for Engineering
Sciences, the Swedish Natural Science Research Council, the Centre

Isolation of pth(ts) suppressors National pour la Recherche Scientifique (UPR9073), the Mirgstie

Random insertion of a mini-Tk0 KarR in strain VH733 was performed I'Educafon Nationale, de I'Enseignement Suieer et de la Recherche

by transposition from\NK1316 (Kleckneret al, 1991). Kaff insertion (ACCSV No. 1), I'Association pour la Recherche sur le Cancer, the

mutants were selected by plating at 43°C on LB-Kan or glucose minimal- Fondation pour la Recherche “kieale and the Human Capital and
Met-Kan at 42°C. Suppressors of thermosensitive growth due to the Mobility Programme of the European Community. V.H.-H. is grateful
Tn10 insertions were distinguished from other spontaneously arising to La Soci¢é de Secours des Amis des Sciences for a postdoctoral fel-
suppressors by P1 transduction to VH733, selecting for"K&egions lowship.
of the chromosome adjacent to the mini-transposons were amplified by
inverse PCR after digestion bigsd or Tad and circularization, and
sequenced by thermal cycling using oligonucleotide primers complement- References
ary to sequences within the mini-I@

Agris,P.F., Guenther,R., Ingram,P.C., BastiM.M., Stuart,J.W.,
Northern blots Sochacka,E. and Malkiewicz,A. (1997) Unconventional structure of
Total RNA was extracted from cells grown in LB medium by the hot tRNAYSg,, anticodon explains tRNAs role in bacterial and
phenol technique (Regnier and Portier, 1986). The RNA was separated mammalian ribosomal frameshifting and primer selection by HIV-1.
by electrophoresis on 1% (w/v) agarose/formaldehyde gels and transfered RNA 3, 420-428.
to Amersham Hybond N membrane for hybridization witf?P-labelled Anderson,R.P. and Menninger,J.R. (1987) Tests of the ribosome editor
probes as described by Regnier and Grunberg-Manago (1989). Transcripts hypothesis. Ill. A mutanEscherichia coliwith a defective ribosome
of frr were detected with an anti-RNA probe transcribed by T7 RNA editor. Mol. Gen. Genet.209, 313-318.
polymerase in the presence SfRJUTP from a DNA template of 397 Atherly,A.G. (1979) Natural premature protein synthesis termination can

814



be reduced irEscherichia coliby decreased translation ratédol.
Gen. Genef.175 305-311.

Atherly,A.G. and Menninger,J.R. (1972) MutaBscherichia colistrain
with temperature sensitive peptidyl-transfer RNA hydroldsature
240, 245-246.

Bouchel.P. (1995) BEE95: a novel sequence family related to IRU/
ERIC dispersed enterobacterial intergenic elemevitd. Microbiol.,

18, 987-989.

Caskey,C.T., Scolnick,E., Tompkins,R., Goldstein,J. and Milman,G.
(1969) Peptide chain termination: codon, protein factor, and ribosomal
requirementsCold Spring Harbor Symp. Quant. BipB4, 479.

Caskey,C.T., Forrester,W.C., Tate,W.P. and Ward,C.D. (1984) Cloning
of the Escherichia colirelease factor 2 genel. Bacteriol, 158
365-368.

Chang,A.C.Y. and Cohen,S.T. (1978) Construction and characterisation MacDougall,J.,

of amplifiable multicopy DNA cloning vehicles derived from the
P15A cryptic miniplasmidJ. Bacteriol, 134, 1141-1156.

Chapeville,F., Yot,P. and Paulin,D. (1969) Enzymatic hydrolysidNof
acylaminoacy! transfer RNAsCold Spring Harbor Symp. Quant.
Biol., 34, 493-498.

Cherepanov,P.P. and Wackernagel,W. (1995) Gene disruption
Escherichia coti TcR and KnR cassettes with the option of Flp-
catalysed excision of the antibiotic-resistance determiraane 158
9-14.

Cuzin,F., Kretchmer,N., Greenberg,R.E., Hurwitz,R. and Chapeville,F.
(1967) Enzymatic hydrolysis dfi-substituted aminoacyl-tRNARroc.

Natl Acad. Sci. USA58, 2079-2086.

Ehrenberg,M., Bilgin,N. and Kurland,C.G. (1990) Design and use of a
fast and accuratén vitro translation system. In Spedding,G. (ed.),
Ribosomes and Protein SynthesiRL Press at Oxford University
Press, Oxford and New York, pp. 101-129.

Frank,J.et al (1995) A model of protein synthesis based on cryo-
electron microscopy of the. coli ribosome.Nature 376, 441-444.

Freistroffer,D.V., Pavlov,M.Y., MacDougall,J., Buckingham,R.H. and
Ehrenberg,M. (1997) Release factor RF3 Ercoli accelerates the
dissociation of release factors RF1 and RF2 from the ribosome in a
GTP dependent mann&gMBO J, 16, 4126-4133.

Garcia Villegas,M.R., De La Vega,F.M., Galindo,J.M., Segura,M.,
Buckingham,R.H. and Guarneros,G. (1991) Peptidyl-tRNA hydrolase
is involved in lambda inhibition of host protein synthed$viBO J,

10, 3549-3555.

Grentzmann,G., Brechemier-Baey,D., Hedlryue Mora,L. and
Buckingham,R.H. (1994) Localisation and characterisation of the gene
encoding release factor RF3lscherichia coliProc. Natl Acad. Sci.
USA 91, 5848-5852.

Gross,M., Crow,P. and White,J. (1992) The site of hydrolysis by rabbit
reticulocyte peptidyl-tRNA hydrolase is the’-BMP terminus of
susceptible tRNA substrate3. Biol. Chem. 267, 2080-2086.

Grunberg-Manago,M.et al. (1996) Ad hoc nomenclature IUBMB
subcommittee report: prokaryotic and eukaryotic translation factors.
Biochimie 78, 1119-1122.

Hershey,J.W.B. (1987) Protein synthesis. In Neidthardt,F.G. (ed.),
Escherichia coli and Salmonella typhimurium Cellular and Molecular
Biology. American Society for Microbiology, Washington, DC, pp.
613-647.

HeurgueHamard,V., Mora,L., Guarneros,G. and Buckingham,R.H.
(1996) The growth defect irE.coli deficient in peptidyl-tRNA
hydrolase is due to starvation for Lys-tRWA EMBO J, 15,
2826-2833.

in

Hirashima,A. and Kaji,A. (1972) Factor-dependent release of ribosomes

from messenger RNA: requirement for two heat-stable facfordol.
Biol., 65, 43-58.
Hirashima,A. and Kaji,A. (1973) Role of elongation factor G and a

protein factor on the release of ribosomes from messenger ribonucleic

acid.J. Biol. Chem.248 7580-7587.

Janosi,L., Shimizu,l. and Kaji,A. (1994) Ribosome recycling factor
(ribosome releasing factor) is essential for bacterial growttoc.

Natl Acad. Sci. USA91, 4249-4253.

Janosi,L., Hara,H., Zhang,S. and Kaji,A. (1996) Ribosome recycling by
ribosome recycling factor (RRF): an important but overlooked step
of protein synthesisAdv. Biophys.32, 121-201.

Jelenc,P.C. and Kurland,C.G. (1979) Nucleotide triphosphate
regeneration decreases the frequency of translation eRays. Natl
Acad. Sci. USA76, 3174-3178.

Jegrgensen,F. and Kurland,C.G. (1990) Processivity errors of gene

expression irEscherichia coli J. Mol. Biol, 215 511-521.
Jost,J.P. and Bock,R.M. (1969) Enzymatic hydrolysisNe$ubstituted

RF3 and RF4 stimulate peptidyl-tRNA drop-off

aminoacyl transfer ribonucleic acid in yeast. Biol. Chem. 244,
5866-5873.

Kleckner,N., Bender,J. and Gottesman,S. (1991) Uses of transposons
with emphasis on Tn1lMethods Enzymql204, 139-180.

Kolb,V.A., Kommer,A.A. and Spirin,A.S. (1987) Is there a channel for
a peptide synthesized on a ribosome? Labeling of translating ribosomes
with atomic tritium.Dokl. Akad. Nauk. SSSR96, 1497-1501.

Komar,A.A., Kommer,A., Krasheninnikov,|.A. and Spirin,A.S. (1997)
Cotranslational folding of globinl. Biol. Chem.272, 10646—10651.

Kossel,H. and RajBhandary,U.L. (1968) Studies on polynucleotides,
LXXXVI: enzymatic hydrolysis of N-acylaminoacyl-transfer RNA.

J. Mol. Biol, 35, 539-560.

Kurland,C. and Ehrenberg,M. (1985) Constraints on the accuracy of
mRNA movementQ. Rev. Biophys18, 423-450.

Holst-Hansen,P., Mortensen,K.K.,  Pavlov,M.Y.,
Freistroffer,D.V., Ehrenberg,M. and Buckingham,R.H. (1997)
Purification of activeEscherichia coliribosome recycling factor, RRF
from an osmo-regulated expression syst&wochimie 79, 243-246.

Malkin,L.I. and Rich,A. (1967) Partial resistance of nascent polypeptide
chains to proteolytic digestion due to ribosomal shieldidgMol.
Biol., 26, 329-346.

Manley,J.L. (1978) Synthesis and degradation of termination and
premature termination fragments of beta-galactosidasiro. J. Mol.

Biol., 125 407-432.

Menninger,J.R. (1976) Peptidyl-transfer RNA dissociates during protein
synthesis from ribosomes &.coli. J. Biol. Chem. 251, 3392-3398.

Menninger,J.R. (1978) The accumulation as peptidyl-transfer RNA of
isoaccepting transfer RNA families Ecoli with temperature-sensitive
peptidyl-transfer RNA hydrolasd. Biol. Chem.253 6808-6813.

Menninger,J.R. (1979) Accumulation of peptidyl-tRNA is lethal to
Escherichia coli J. Bacteriol, 137, 694—696.

Mikuni,O., lto,K., Moffat,J., Matsumura,K., McCaughan,K.,
Nobukuni,T., Tate,W. and Nakamura,Y. (1994) Identification of the
prfC gene, which encodes peptide chain release factoE3clfierichia
coli. Proc. Natl Acad. Sci. USA1, 5798-5802.

Miller,J.H. (1992)A Short Course in Bacterial Genetic€old Spring
Harbor Laboratory Press, Cold Spring Harbor, NY.

Milligan,R.A. and Unwin,P.N.T. (1986) Location of exit channel for
nascent protein in 80S ribosoméature 319, 693-695.

Milman,G., Goldstein,J., Scolnick,E. and Caskey,T. (1969) Peptide chain
termination: Ill. Stimulation ofin vitro termination.Proc. Natl Acad.

Sci. USA 63, 183-190.

Mulligan,J.F., Groebe,D.R., Witherell,G.W. and Uhlenbeck,O.C. (1987)
Oligoribonucleotide synthesis using T7 RNA polymerase and DNA
templatesNucleic Acids Res15, 8783-8798.

Pavlov,M.Y., Freistroffer,D.V., Heurgulamard,V., Buckingham,R.H.
and Ehrenberg,M. (1997a) Release factor RF3 abolishes competition
between release factor RF1 and ribosome recycling factor (RRF) for
a ribosome binding sitel. Mol. Biol, 273 389-401.

Pavlov,M.Y., Freistroffer,D., MacDougall,J., Buckingham,R.H. and
Ehrenberg,M. (1997b) Fast recycling &.coli ribosomes requires
both ribosome recycling factor (RRF) and release factor ER&BO J,

16, 4134-4141.

Regnier,P. and Grunberg-Manago,M. (1989) Cleavage by RNase Il in
the transcripts of themetY—nusA-infBoperon of Escherichia coli
releases the tRNA and initiates the decay of the downstream mRNA.
J. Mol. Biol, 210, 293-302.

Regnier,P. and Portier,C. (1986) Initiation, attenuation and RNase IlI
processing of transcripts from thHescherichia colioperon encoding
ribosomal protein S15 and polynucleotide phosphorylaseMol.
Biol., 187, 23-32.

Ryabova,L.A., Selivanova,0.M., Baranov,V.l.,, Vasiliev,V.D. and
Spirin,A.S. (1988) Does the channel for nascent peptide exist inside
the ribosome? Immune electron microscopy stUelyBS Lett. 226,
255-260.

Sabatini,D.D. and Blobel,G. (1970) Controlled proteolysis of nascent
polypeptides in rat liver cell fractions. Il. Location of the polypeptides
in rough microsomesl. Cell Biol, 45, 130-145.

Sambrook,J., Fritsch,E.F. and Maniatis,T. (1988)lecular Cloning: A
Laboratory Manual Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Scolnick,E.M., Tompkins,R., Caskey,C.T. and Nirenberg,M. (1968)
Release factors differing in specificity for terminator codoRsoc.

Natl Acad. Sci. USA61, 768—774.

Shevell,D.E., Abou-Zamzam,A.M., Demple,B. and Walker,G.C. (1988)

Construction of anEscherichia coliK12 ada deletion by gene

815



V.Heurgué-Hamard et al.

replacement in aecD strain reveals a second methyltransferase that
repairs alkylated DNAJ. Bacteriol, 170, 3294—-3296.

Shimizu,l. and Kaji,A. (1991) Identification of the promoter region
of the ribosome releasing factor cistrofrrj. J. Bacteriol, 173
5181-5187.

Vogel,H.J. and Bonner,D.M. (1955) Acetylornithinase Eécherichia
coli: partial purification and some properties. Biol. Chem,. 218,
97-106.

Wang,F.W. and Kushner,S.R. (1991) Construction of low-copy-number
vectors for cloning, sequencing and gene expressioBsicherichia
coli. Geneg 100, 195-199.

Wang,S., Sakai,H. and Wiedmann,M. (1995) NAC covers ribosome-
associated nascent chains thereby forming a protective environment
for regions of nascent chains just emerging from the peptidyl
transferase cented. Cell Biol, 130, 519-528.

Weiss,R.B., Murphy,J.P. and Gallant,J.A. (1984) Genetic screen for
cloned release factor genek.Bacteriol, 158 362—-364.

Yanofsky,C. and Soll,L. (1977) Mutations affecting tRNRand its
charging and their effect on regulation of transcription termination at
the attenuator of the tryptophan operdnMol. Biol, 113 663-677.

Received August 12, 1997; revised November 10, 1997,
accepted November 21, 1997

816



