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The polypeptide chain elongation cycle and the decoding ribosomal protein (Ozeki et al.,, 1980; Gorini, 1974).

of the genetic message irscherichia colhave been a matter

Translational stops at the codons UAG and UAA can also

of general consensus during the last twenty-five years (Miller be suppressed in cells harboring mutant species of EF-Tu

& Weissbach, 1977; Kaziro, 1990).
however, when we were studying the vivo effects of
mutants of the elongation factor EF-Ton translational
errors (Vijgenboom et al., 1985; Vijgenboom & Bosch,

Some years ago,

as was demonstrated by Vijgenboom et al. (1985). Read-
through of these codons at position 189 of thel-Z fusion

on an Ffactor was determined by measurifigjalactosidase
activity in these mutant cells. The EF-Tu species active in

1989), serious doubts arose in our minds concerning thesuppression are [A375T]EF-TuA and [G222D]EF-TuB. For
correctness of the classical elongation scheme. We foundhistorical reasons, they are designated here EFgTarAd
that some mutant EF-Tu species act as suppressors oEF-TuB, respectively. These mutant factors also promote
nonsense codons and translational frame shifts. Surprisingly,+1 and —1 translational frame shifts. Vijgenboom and
optimal suppression required the combined action of two Bosch (1989) determined this phenomenog&ircoli strains
different mutant EF-Tu species. On account of these andtransformed with plasmids carrying a frame shift mutation
later findings, we now propose a revised elongation cycle in a cll-lacZ fusion.

in which two molecules of EF-Tu operate successively and EF-TuAg has a low affinity for kirromycin (van de

in which the restriction by the ribosome of unwanted ternary Klundert et al

complexes increases stepwise.

SUPPRESSION OF NONSENSE AND FRAME
SHIFTS BY MUTANTS OF EF-TU

1978). It is error-prone (van der Meide et
al., 1980; Vijgenboom et al., 1985; Vijgenboom & Bosch,
1989) and somewhat less effective than wild-type EF-Tu in
nucleotide binding (Duisterwinkel et al., 1981) and in ternary
complex formation (Swart et al., 1987). Its activity to

Intergenic suppression of nonsense mutations can beMediatein vitro translation of a natural mRNA is reduced
mediated by suppressor genes coding for a tRNA or a (Talens et al., to be published). When present as the sole
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EF-Tu species in the cell, EF-TwAdoes not display read-
through of nonsense codons above the wild-type level.

EF-TuB, is encoded by the genefB,, which is recessive
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resistance (van de Klundert et al., 1978; Tapio & Kurland,
1986). Studies by Duisterwinkel et al. (1981) and by Swart
et al. (1987) showed that EF-Tyks able to form a ternary
complex and can transfer Phe-tRNA to poly(U)-programmed
ribosomes. The interaction with the ribosome is defective;
however, both triggering of the GTPase and poly(Phe)
synthesis require elevated Kfgconcentrations (1814 mM).
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At the Mg?™ concentrations optimal for wild-type EF-Tu-  GTP hydrolysis steps may offer an explanation for the high
dependent poly(Phe) synthesis, EF-TifBinactive. Recent  accuracy of protein synthesis. We propose that suppression
experiments by Talens et al. (to be published) demonstratealso occurs in two successive stages. Due to the inability
that EF-TuB virtually lacks any activity to sustaim vitro of EF-TuB, to mediate translation of natural mRNA by itself,
translation of a natural messenger RNA atagoncentra- the first GTP may then be hydrolyzed by EF-TyAhe
tions up to 15 mM. Evidence for a defective interaction with second by EF-TuB We indicate that such a sequence of
the ribosome was presented by Swart et al. (1987), who events is not in conflict with the lack of suppressor activity
reported that the ribosome-dependent stimulation of the EF-exhibited by the combination of wild-type EF-Tu and EF-
TuB, GTPase requires codemnticodon interaction in  TuB, (Vijgenboom et al., 1985; Vijgenboom & Bosch, 1989).
contrast to the wild-type EF-Tu GTPase which does not This leads us to propose a revised model for the polypeptide
display such a requirement. Surprisingly, EF-TuBasti- chain elongation cycle ik. coliin which EF-Tu molecules
cally enhances suppression of nonsense codons and obperate in two separate steps.
translational frame shifts when present in cells together with
EF-TuAg. Since EF-TuBby itself does not support protein A REVISED MODEL FOR POLYPEPTIDE CHAIN
synthesis, this leads to the conclusion that the intracellular ELONGATION
presence of both EF-Tufand EF-TuB is a prerequisite of . . ) o
nonsense suppression [see also Hughes (1987) and Hughes The revised scheme for polypeptide chain elongation is
et al. (1987)]. No suppression was observed in cells outlined in Flgure 1. Step 1 takes place.posttransloca}tlonally
containing wild-type EF-Tu and either one of the two mutant When peptidyl-tRNA is located at the ribosomal P site and
factors. a deacylated tRNA is in the ribosomal E site. Weijland and
EF-TuAg has a limited ability to induce frame shifts, as Parmeggiani (1994) have recently considered the possibility
becomes apparent in cells harboring this factor as the solethat the hydrolysis by EF-Tu of one of the two GTP
of frame shifting and the cellular concentration of (chromo- from the E site (step 2). They refer to the report by Triana
some- or plasmid-borne) EF-TwAVijgenboom & Bosch, et al. (1993) Fhat vacating of the' E site in fungi in the
1989). EF-TuA molecules alone thus do not show coop- Posttranslocational state also requires GTP (or ATP)E.In
erativity. Cells containing both EF-Tupand EF-TuR, in coli, 41_d|fferent ternary complexes (tc’s)_ compete for an
amounts comparable to the wild-type level, display maximal €MPpty site on the ribosome _after translqcanon. _Most of these
frame shifting. Here again, the two mutant factors display encounters do not result in codeanticodon interaction
a remarkable synergism. because 36 or 37 out of the 41 tc’s are noncognate and are
The striking feature of these data is that EF-Tuable unable to interact with the mRNA (interaction of cognate
to mediate translation of natural mRNA, contributes signifi- and near-cognate tc’'s with mRNA is discussed below). Since
cantly to translation (albeit mistranslation) when EF-kuA Occupation of the E site lowers the affinity of the A site for
is also present. If these data obtained with mutant EF-Tu the tc's (Nierhaus, 1993), the activation of the EF-Tu GTPase

have relevance for elongation mediated by wild-type factor, i low but sufficient to induce GTP hydrolysis even in the
the possibility may be envisaged that also in the wild-type absence of coderanticodon interaction as was demonstrated
cell two molecules of EF-Tu operate during each round of by Swart et al. (1987) (see also below where the role of the
the elongation cycle. In 1990, Ehrenberg et al. suggested'iPosome ininducing GTP hydrolysis in steps 1 and 2 versus
on the basis of kinetic results that aa-tRNA is recruited as a Steps 3 and 4 is discussed in more detail). GTP hydrolysis
quinary complex containing two molecules of EF-Tu and results in a conformational change of the rlbo_some, release
two of GTP [see also Ehrenberg et al. (1993) and Scoble etof aa-tRNA and of EF-T«GDP, and emptying of the

al. (1994)]. From their studies, the authors concluded further fibosomal E site (step 2). According to the allosteric linkage
that two molecules of GTP are hydrolyzed for each aa-tRNA ©f the E and A sites, the conformation of the A site will be
delivered to the ribosome. Weijland and Parmeggiani (1993, altered significantly (Nierhaus, 1993).

1994), using an engineered EF-Tu with modified substrate The initial steps 1 and 2 of the elongation process, in which
specificity, elegantly demonstrated that two GTP molecules any noncognate tc may be involved, cannot be carried out
are hydrolyzed, indeed, for each peptide bond formed. by EF-TuB,-GTP-aa-tRNA since, as pointed out above, it
Raising the question of whether this hydrolysis occurs requires codorranticodon interaction. On the other hand,
synchronously or sequentially, they pointed out (1994) that EF-TuAz-GTP-aa-tRNA is capable of doing so. This paves
synchronous hydrolysis requires triggering of EF-Tu GT- the way for EF-TuB-GTP-aa-tRNA to perform the second
Pases by two distinct ribosomal sites, which cannot be GTP-consuming reaction (Figure 1, steps 3 and 4) which is

directly covered by ther-sarcin loop. They therefore favor
a sequential mechanism (see also below).
The synergistic suppressor activities of EF-Rued EF-

dependent on coderanticodon interaction. Here we wish
to emphasize the different role of the ribosome in activating
the EF-Tu GTPase center in the presence (steps 3 and 4)

TuB, seem to be in line with the proposed quinary complex and absence (steps 1 and 2) of codanticodon interaction
and a synchronous hydrolysis of two GTP molecules. (“coded” versus “non-coded” activation). Coded activation
Intermolecular interactions of EF-Tw/A&nd EF-TuB in vitro occurs on ribosomes with an empty E site and non-coded
have been observed by Swart (1987) and by Anborgh andactivation on ribosomes with deacylated tRNA in the E site.
Parmeggiani (1991). Bensch et al. (1991), however, using Previous studies (Ruusala et al., 1982a,b; Rodnina et al.,
a variety of methods could not confirm the existence of a 1995) performed with ribosomes with a vacant E site
quinary complex. Ehrenberg et al. (1993) later restricted demonstrated that the activation of the EF-Tu GTPase is
the existence of this complex to temperatures higher thanstrictly dependent on coderanticodon interaction. Non-
20°C. Below, we argue that two sequential EF-Tu-mediated coded activation has been observed by Swart et al. (1982),
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Ficure 1: Revised polypeptide chain elongation cycle. (Step 1) The ternary complex (tc) enters the ribosome in the post-translocational
state. Most of the tc’s (90%) are noncognate and do not interact with the mRNA (see text). (Step 2) Interaction with the ribosome triggers
GTP hydrolysis. As a result, aa-tRNA and EF-GIDP are released from the A site and deacylated tRNA is released from the E site. Due

to the allosteric linkage of E and A sites, the latter site undergoes a conformational change and becomes highly restrictive (shaded A site).
(Step 3) A tc carrying a cognate or near-cognate tRNA enters the ribestRiNdA complex. Codofranticodon interaction alters the tRNA
conformation, which is a condition for binding of the tc to the restrictive A site and the hydrolysis of a second GTP molecule. Noncognate
tRNAs are excluded, due to failing codeanticodon interaction (ribosomal screen). (Step 4) Conformational discrimination between cognate
and near-cognate tRNAs and proofreading. Hydrolysis of a second GTP molecule and release of a seco@DPFedmplex. (Step 5)

Peptide bond formation and (step 6) translocation do not differ from the classical scheme.

in a translating system lacking EF-G (in which all elongation vacating of the E site. In other words, the first GTP-
steps, including vacating of the E site, are extremely slow). consuming step has made the A site highly restrictive. GTP

tRNA—mRNA interaction alters the conformation of a hydrolysis ensues when a tc of EF-T8TP and either a
cognate tRNA (Kurland, 1979) and to a lesser extent that of cognate or a near-cognate aa-tRNA now interacts with the
a near-cognate tRNA. This will affect not only the interac- ribosome. Noncognate tc’s, however, cannot enter the
tion of a tc with the ribosomal-decoding region but also that allosterically altered A site because they lack the conforma-
with the ribosome outside this region. This conformational tion induced by codonanticodon interaction. The relatively
alteration enables EF-TYB5TP-aa-tRNA to interact pro-  large number of noncognate tRNAs is thus excluded. This
ductively with the ribosomal A site. Apparently, it fulfills  lack of the right conformation also holds them back from
the requirements for interaction with the A site which at this premature, noncoded elongation of the nascent chain in the
stage of the cycle have become rather high, due to theinitial stage when the E site is still occupied.
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What happens when a cognate or a near-cognate aa-tRNAs thus amplified by the constraints of the A site. The high
enters the ribosome via step 1? Does a noncoded GTPasaccuracy of the initial tRNA selection observéd vitro
activation (Figure 1, step 2) also occur under these condi- preceding GTP hydrolysis (Thompson & Dix, 1982) may
tions? Studies by Swart et al. (1987) and by Talens et al. become explainable when tc binding to ribosomes with an
(to be published) demonstrate that EF-FisBable to sustain ~ empty E site and a highly restrictive A site was studied.
poly(V) translation, but this requires elevated goncen- The scheme of the elongation cycle outlined so far implies
trations. EF-TuB-mediated translation of natural MRNAis  that it is EF-TuB which causes the translational error. If
virtually absent under these conditions. Noncoded activation so, why then is the combination of wild-type EF-Tu and EF-
thus does not seem essential for a cognate tc to enter theruB, uncapable of doing so? A plausible answer is that
elongation cycle at high Mg, but at the low Mg" EF-TuB, is defective in its interaction with the ribosome
concentrations optimizing natural RNA translation, it seems (yide suprd and during this interaction is forced out by
to be required. Rodnina and Wintermeyer (1995), working competition with its wild-type counterpart. EF-TuAinding
with wild-type EF-Tu, reported isolation of a quinary to the ribosome is also relatively weak. It does not compete
complex and hydrolysis of only one GTP molecule per with EF-TuB, to the same extent as wild-type EF-Tu. This
peptide bond formed in two elongation rounds during makes EF-Tuf the right complementing partner of EF-TyB
translation of short heteromeric mMRNAs with cognate tRNAs. in suppression, although it does not participate directly in
On the other hand, studies over more than 20 elongationthe miscoding act.

rounds of poly(U) translation by Weijland and Parmeggiani A relevant question is whether the suppression data
(1993, 1994) showed two GTP molecules being hydrolyzed giscussed here reflect basic steps of a normal elongation
by EF-Tu for each peptide bond formed. Although the cycle. The translational errors may be due to a shorter
question does not seem to be fully settled, perhaps enteringresidence on the ribosome of mutant tc’s than that of the
of the ribosome by a cognate tc concomitant with clearance yjid-type tc (van der Meide et al., 1980). If so, this is a
of the E site is permitted under certain conditions not fully inetic effect but no essential deviation from the classical
known as yet. . . ) reaction scheme. EF-TyBarticipates in normal elongation
The first GTP-consuming reaction may function as a reactions up to a certain point, whereafter it fails to complete
“ribosomal screen” postulated by Gorini as early as 1971, the elongation cycle. We cannot exclude that the concomi-
although no underlying mechanism was offered. As re- tant action of two defective factors causes a deviation from
capitulated by Kurland (1979), such a screen would “allow the classical elongation pathway. Evidence for this, if any,
binding of tRNA to the ribosome but antagonize tRNA from s hard to interpret, however.
reaching the stage of codeanticodon interaction”. Active Mutant EF-Tu species have been instrumental in consider-

partici_pation of the ribosome in tRNA se_lectio_n as well as ing this revised, albeit perhaps incomplete, elongation
selection on the basis of tRNA conformation (Figure 1, steps gcheme. In the wild-type cell, a functional distinction

3 and 4) have been considered earlier by Kurland and co-pepween two identical EF-Tu molecules operative in the cycle
workers (1979, 1990). This multistep selection process hasjg roplematic. The cooperation of two different defective

to be completed by a final distinction between cognate and t5ctor molecules, one of which by itself is virtually unable

near-cognate tc's. Imperfect matching of codon and antic- 1 gystain protein synthesis, calls for a revision of the classical
odon may result in a partial conformational change and less scheme of the cycle.

tight binding of near-cognate tc’s to the restrictive A site
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