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The fidelity of aminoacyl-tRNA (aa-tRNA) selection by
the bacterial ribosome is determined by initial selection
before and proofreading after GTP hydrolysis by
elongation factor Tu. Here we report the rate constants
of A-site binding of a near-cognate aa-tRNA. The
comparison with the data for cognate aa-tRNA reveals
an additional, important contribution to aa-tRNA dis-
crimination of conformational coupling by induced fit.

It is found that two rearrangement steps that limit
the chemical reactions of A-site binding, i.e. GTPase
activation (preceding GTP hydrolysis) and A-site
accommodation (preceding peptide bond formation),
are substantially faster for cognate than for near-
cognate aa-tRNA. This suggests an induced-fit
mechanism of aa-tRNA discrimination on the ribo-
some that operates in both initial selection and proof-
reading. It is proposed that the cognate codon—
anticodon interaction, more efficiently than the near-
cognate one, induces a particular conformation of the
decoding center of 16S rRNA, which in turn promotes
GTPase activation and A-site accommodation of
aa-tRNA, thereby accelerating the chemical steps. As
kinetically favored incorporation of the correct sub-
strate has also been suggested for DNA and RNA
polymerases, the present findings indicate that induced
fit may contribute to the fidelity of template-programed
systems in general.

Keywords aminoacyl-tRNA/fidelity/induced fit/
proofreading/ribosome

Introduction

of forming a correct base pair compared with an incorrect
one is in the order of 10 kJ/mol, providing a maximum

discrimination by ~100-fold in a single selection step.

Thus, proofreading mechanisms of various kinds have
been proposed which have in common the fact that the
discriminatory interaction is used more than once, the
selection steps being separated by irreversible energy-
consuming steps. General selection schemes including
proofreading have been suggested by Hopfield (1974) and
Ninio (1975). By introducing successive selection steps,
an ever increasing selectivity can be achieved, albeit at
increasing energetic cost (Ehrenberg and Blomberg, 1980).

The mechanism of aa-tRNA selection on the ribosome
is not sufficiently understood. On the basis of limited
kinetic information, a two-step mechanism comprising
initial selection before and proofreading after GTP
hydrolysis has been put forward (Thompson, 1988, and
references therein). Based on measured rates of GTP
hydrolysis and peptide bond formation, Thompson and
colleagues have proposed that the intrinsic rate of GTP
hydrolysis by elongation factor Tu (EF-Tu) is independent
of the tRNA, thereby providing an internal kinetic
standard for translational accuracy. According to that
model, cognate and near-cognate ternary complexes, unlike
non-cognate ones, undergo GTP hydrolysis due to the
long lifetime of their complex with the ribosome, and
therefore have to be discriminated by subsequent proof-
reading. However, the distinction of cognate/near-cognate
and non-cognate ternary complexes by the time they
remain bound to the ribosome proved invalid (Rodnina
et al, 1996). Furthermore, the conclusion that ternary
complexes or aa-tRNAs are discriminated solely on the
basis of different rejection rates in either initial selection
or proofreading appears premature, since at the time, not
all steps of A-site binding contributing to selection had
been resolved, and some rate constants had been not
measured with precision (Thompson, 1988).

The multi-step process of aa-tRNA binding to the A site
of the ribosome is depicted in Figure 1. In the first step,
a ternary complex of aa-tRNA with EF-Tu and GTP forms
a labile complex with the ribosome (initial binding)

To accomplish the discrimination of correct and incorrect (Rodninaet al, 1996). Subsequent codon recognition
substrates, most enzymes possess specific binding sitegriggers GTP hydrolysis (Rodninat al, 1995) which
that are tailored to the structure of the correct substrate results in a large-scale conformational change of EF-Tu
or its transition state. While this is an adequate strategy to the GDP-bound form (Delet al, 1990; Abelet al,

for enzymes which have to recognize one particular 1996; Polekhinat al., 1996). As a consequence, aa-tRNA
substrate, it does not lend itself to enzymes that use severals released from EF-Tu and enters the A site on the 50S
similar substrates to synthesize a polymer on a template.ribosomal subunit (accommodation) to take part in peptide
Examples are DNA and RNA polymerases as well as bond formation. Alternatively, aa-tRNA may be rejected
ribosomes, which recognize their substrates, nucleosidefrom the ribosome at this stage (proofreading).
triphosphates or aminoacyl-tRNAs (aa-tRNAs), respec- Here we present the results of a kinetic analysis of
tively, on the basis of complementary base pairing. These binding to poly(U)-programed ribosomes of a near-cognate
enzymes work with high fidelities, although model studies aa-tRNA, Leu-tRNASY (anticodon GAG). Kinetic data

in aqueous solution show that the free energy difference were obtained by both fluorescence stopped-flow and
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Fig. 1. Mechanism of EF-Tu-dependent binding of aa-tRNA to the ribosomal A-site. EF-Tu (light green) is depicted in three conformations:
the GTP-bound form, the transient GTPase-activated form on the ribosome (G domain dark green) and the GDP-bound form that dissociates from
the ribosome. Single arrows for steps 3—7 indicate insignificant backward rates; they do not imply strict irreversibility. See text for details.

guench-flow measurements. Elemental rate constants werdRNA. Since only a small fraction of Leu-tRNA'accom-
obtained by global analysis of the time courses of modates in the A site and forms dipeptide (see below;
reactions measured at various ribosome concentrationsFigure 2D), the slow fluorescence decrease is attributed
using numerical integration. By comparison with the to the dissociation from the ribosome, in keeping with the
respective rate constants determined previously for cognatesimilarity of final and initial signals.
aa-tRNA (Papeet al,, 1998), we find that rearrangements Upon interaction of mant-dGTP-containing Leu ternary
of the aa-tRNA-ribosome complex (GTPase activation complex with the ribosome, a biphasic fluorescence change
and A-site accommodation) that limit the rates of the was observed (Figure 2B). The two phases represent the
chemical steps (GTP hydrolysis and peptide bond forma- conformational transition of EF-Tu to the GTPase state
tion) are accelerated substantially in the cognate situation. (fluorescence increase) and the dissociation of EF-Tu-GDP
This indicates an induced-fit mechanism of discrimination from the ribosome (fluorescence decrease) (Rodgtiiad,
by conformational coupling which provides an important 1995). It has been shown previously that the fluorescence
contribution to both initial selection and proofreading on of mant-GTP (which allows GTPase activation to be
the ribosome and, together with different rejection rates monitored) is the same in the GTP and GDP forms of
due to different stabilities of the codon—anticodon com- EF-Tu, i.e. there is no change due to GTP hydrolysis. The
plexes, determines the overall fidelity of decoding. increase of mant fluorescence occurs on the ribosome,
provided codon recognition takes place, but is not due to
Results dir_ect shielding of the dye by the ribosome; the_ activated
(high fluorescence) state can be frozen immediately after
Rate constants of A-site binding GTP hydrolysis on the ribosome by kirromycin (Rodnina
Kinetics of ribosome complex formation and of subsequent et al.,, 1995). Furthermore, for the EF-Tu mutant, G222D,
conformational transitions of aa-tRNA and EF-Tu were the rate of GTPase activation (monitored by mant fluores-
monitored by stopped flow using a proflavin-labeled cence) was found to be significantly faster than that of
fluorescent derivative of Leu-tRNA" (anticodon GAG) GTP hydrolysis (quench flow) (Vorstenbosehal., 1996).
(Rodninaet al, 1996) or a fluorescent GTP derivative Hence GTPase activation, as monitored by mant fluores-
(mant-dGTP; Rodninat al., 1995); rates of GTP hydro- cence, and GTP hydrolysis are physically distinct steps,
lysis and peptide bond formation were measured by although as shown below, the latter step is kinetically
guench flow (Papet al., 1998). Kinetic experiments were limited by the former.
performed at different ribosome concentrations (pseudo Time courses of GTP hydrolysis and peptide bond
first-order conditions). formation observed with Leu ternary complex are shown in
When poly(U)-programed ribosomes carrying AcPhe- Figure 2C and D; the respective time courses observed with
tRNAPMein the P site are mixed with near-cognate ternary cognate Phe-tRNA€ (Papeet al, 1998) are shown for
complex containing fluorescent Leu-tREF, a biphasic comparison. While the extent of GTP hydrolysis was
fluorescence change is observed: a rapid increase isclose to 100% in both cases (Figure 2C), the rate of GTP
followed by a slower decrease (Figure 2A). The fluores- hydrolysis was significantly lower for the Leu ternary
cence increases by ~6% during initial binding of Leu complex. The efficiencies of dipeptide formation were
ternary complex (Rodninat al, 1996) and increases drastically different for Phe and Leu; while Phe was
further upon codon recognition. Then the signal decreases,virtually completely incorporated into AcPhePhe
and the final fluorescence level is close to that of free dipeptides, the efficiency of AcPhelLeu dipeptide
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Fig. 2. Time courses of A-site interactions of Leu ternary complex.

(A) Conformational changes of aa-tRNA monitored by the
fluorescence of Leu-tRN&Y(Prf16/17/20). Parameters of two-
exponential fitskypp; = 65/8, Ay = 22%, Kappo = 6/s, Ay = —16%.
(B) Conformational changes of EF-Tu monitored by mant-dGTP
fluorescence. Parameters of two-exponential kifsy;, = 44/s,

Ap = 37%,Kkappo = 2/s, Ay = =35%. C) GTP hydrolysis in
EF-Tu--*2P]GTP-Leu-tRNA®! (@; kqpp, = 37/s) and
EF-Tu-}-32P]GTP-Phe-tRNA™ (O; kypp = 55/). D) DiEeptide
formation with BH]Leu-tRNASY (@) or [*H]Phe-tRNA (O).
Concentrations after mixing were OuM ternary complex and M
ribosomes. Note the different ordinates for Phe and Leu in (D).
Smooth lines show time curves calculated from elemental rate
constants (Table ).

formation was low (1.5%; Figure 2D), indicating a high

1998) are included (open symbol&),, values of codon
recognition (fluorescence increase; Figure 2A) are about
the same for Leu and Phe (Figure 3A,, values of
the following two steps, GTPase activation (fluorescence
increase, Figure 2B) and GTP hydrolysis (Figure 2C),
are similar for Leu, and significantly lower than the
corresponding values for Phe (Figure 3B). Since GTPase
activation and GTP hydrolysis are physically distinct steps
(Rodninaet al, 1995; Vorstenbosclet al, 1996), their
similar rates suggest that GTPase activation is rate-limiting
for GTP hydrolysis. Therefore, for global fitting, the two
steps were grouped, and the rate determined from both
the mant-dGTP fluorescence increase and GTP hydrolysis
is referred to as the GTPase rate. The fluorescence decrease
(Figure 2A) reflects the dissociation of the fluorescent
Leu-tRNA,eU from the ribosomek,p, = 6/s, independent
of the ribosome concentration (not shown). The apparent
rate constant of EF-Tu-GDP dissociation from the ribo-
some (fluorescence decrease; Figure 2B) is ~2/s, independ-
ent of the ribosome concentration (not shown). Additional
information is derived from the lag phase of dipeptide
formation (Figure 2D). It is significantly longer than the
time delay due to the reactions up to GTP hydrolysis
(Figure 2C), indicating an additional step between GTP
hydrolysis and accommodation. It is assigned to the
expected large conformational change of EF-Tu from the
GTP to the GDP form (Abedt al,, 1996; Polekhinat al,
1996), which precedes the release of aa-tRNA from EF-Tu
(Dell et al, 1990) and the accommodation in the A-site.

Global fitting does not yield a unique solution for the
reaction mechanism of Figure 1, unless there is additional
information; here it was sufficient to use directly measured
values of two rate constantk,; andk_,, and the relative
fluorescence quantum yield of the initial binding complex
P (see Materials and method®).;, the dissociation rate
constant of the initial binding complex, and Rave been
determined previously (Rodninat al, 1996). k_,, the
dissociation rate constant of the codon recognition
complex, was measured by chase experiments as fol-
lows. In the presence of non-hydrolyzable GTP analogs,
such as GDPNP, A-site binding is blocked after the codon
recognition step (Kaziro, 1978), while the rate of codon
recognition is unaffected (Rodninet al, 1994). Thus,
to determine k,, the pre-formed complex of EF-
Tu-GDPNP-Leu-tRNKY(Prf16/17/20) with  poly(U)-
programed ribosomes was mixed rapidly with a 10-fold
excess of unlabeled EF-Tu-GDPNP-Phe-tRf¢4An the
stopped-flow apparatus and the dissociation of the complex
followed by the fluorescence decrease (Figure 4). Single-
exponential fitting yieldedk,,, = 17/s, the value ok_,.

For the calculation of the remaining elemental rate

rate of rejection and a low rate of accommodation for constants of the mechanism depicted in Figure 1, combined
Leu, and the opposite for Phe. The similarity of the data sets containing time courses obtained with all
apparent rate constants of dipeptide formation for Phe andobservables (proflavin fluorescence, mant-dGTP fluores-
Leu (Figure 2D) is incidental; it is due to the fact that the cence, GTP hydrolysis and dipeptide formation) at four
sum of the rate constants of rejection and accommodation,different ribosome concentrations were fitted globally by
which definesk,y, is approximately the same, although numerical integration. In addition to using fixed values of
the individual rate constants are quite different (cf. Table k; andk_, the tRNA fluorescence in the initial binding
). The lag phases seen in Figure 2D are discussed below.complex relative to the unbound ternary complex was set
For an initial qualitative inspection, concentration to 1.06 (Rodninat al., 1996). The rate constants obtained
dependencies of apparent rate constants were derivedor near-cognate Leu-tRNA" are presented in Table |
(Figure 3; filled symbols); for comparison, the respective along with the previously reported data for cognate

data for the cognate Phe ternary complex (Pepel.,
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Table I. Elemental rate constants of near-cognate (Leu) and cognaté* @heRNA binding to the A site according to the model presented in

Figure 1
Step Rate constant (per s)
Near-cognate Cognat@
Initial binding ky 110 + 10° 110 + 20°
k4 25+ 5° 25+ 5°
Codon recognition ko 100 = 20 100+ 15
K 17 = gd 02+ 0.1
GTPase activation and GTP hydrolysis ks 50 = 20 500+ 100
GTP-GDP conformation change of EF-Tu Kq 50 = 20 60+ 20
aa-tRNA accommodation and peptide bond formation ks 0.1+ 0.03 7+ 2
Dissociation of EF-Tu ks 2+1 3+x1
aa-tRNA rejection k7 61 <0.3

3From Papeet al. (1998).

bper uMi/s.

®Determined independently (Rodnieaal., 1996).

dDetermined independently (Figure 4).

€Grouped for analysis, because the former reaction is rate limiting.
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Fig. 3. Concentration dependence kof,, of (A) codon recognition

(@), and B) GTPase activationl) and GTP hydrolysis&) for Leu
ternary complex. Respective open symbols indicate the values
observed previously for Phe (Papeal, 1998) where the three steps
have the same apparent rate constants. Standard deviations did not
exceed 10% of the measured value.
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Fig. 4. Determination of the dissociation rate constant of the near-
cognate codon recognition complex; exponential fitting yields
k., = 17/s. Upper trace, control.

As expected, the rate constants of initial binding are
the same for Leu and Ph&;(= 110{uM/s), similar to
the value determined in the poly(A) system (@&dUs)
(Rodninaet al., 1996). The dissociation rate constants of
initial binding complex are identical for Leu and Phe
(k.1 = 25/s) (Rodninaet al, 1996). The forward rate
constants of codon recognition are the same for Leu and
Phe k = 100/s), whereas the corresponding dissociation
rate constantsk.,, differ ~100-fold. Unexpectedly, the
GTPase rate constants, are also very different (50 and
500/s). The rate constant of the conformational change of
EF-Tu from the GTP to the GDP fornk4), ~60/s, is the
same. For the accommodation in the A site, rate constants
(ks) of 0.1 and 7/s are obtained for Leu and Phe, respec-
tively. In both cases, the rate-limiting accommodation step
is followed instantaneously by peptide bond formation.
The accommodation step is highly efficient for cognate
Phe-tRNA"e since ~95% of added ternary complex reacts
to form dipeptide. Assuming a 5% drop-off of Phe-
tRNAP"e at this stage, the maximum rate constant of
dissociation K;) would be 0.3/s; the true value is probably
much smaller, since the missing 5% of dipeptides presum-
ably are due mainly to incomplete activity of the ribo-
somes. In contrast, the comparably large value of the rate
constant of Leu-tRNASU rejection, k; = 6/s, is well
defined. The partitioning of Leu-tRNA"between accom-
modation ks = 0.1/s) and rejectionk{ = 6/s) explains
why the efficiency of Leu misincorporation is low (1.5%;
Figure 2D), even in the absence of competing cognate
ternary complex. The rate constant of EF-Tu-GDP dissoci-
ation from the ribosomek§) is similar in both cases.

From the elemental rate constants of Table I, time
courses for various observables were calculated for differ-
ent concentrations of ribosomes; the results are shown in
Figure 2 along with the experimental data.

Fidelity of aa-tRNA selection

In vivo, different ternary complexes compete for the A site.
This situation was modeled using the elemental rate
constants (Table 1) to calculate the frequency of Leu
misincorporation as well as the contribution of initial
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Table Il. Fidelity of dipeptide formation and translation

Mg?* Error frequency
Dipeptidé TranslatioR
Measured Calculated

10 mM (1.3+ 0.5) x 1072 1.4x1072 2 X 1072

5 mM (9+8)x 10% 3x 103

aMeasured values were obtained from the normalized selectivity of
dipeptide formation (Equation 1, Materials and methods; Ehrenberg
et al, 1990), where/. andy; are the concentrations of AcPhePhe and
AcPheLeu dipeptides formed, respectively, as determined
experimentally. Experiments were performed with QM ribosomes

and equal (0.2-0.8M) concentrations of Phe and Leu ternary
complexes. After incubation for 30 s at 20°C, reactions were stopped
and analyzed as described (Vorstenbosthl., 1996).

bLeu incorporation during poly(U) translation was measured at 20°C
and evaluated as described (Ehrenbetrgl.,, 1990), except that equal

concentrations of purified Phe and Leu ternary complexes were used.

incorporation of Leu, and it is therefore not surprising that
the selectivity is not very high. It is known that a decrease
in the M¢g?™ concentration substantially increases the
fidelity of aa-tRNA selection. Therefore, to determine the
contribution of initial selection and proofreading under con-
ditions of higher fidelity, we performed misincorporation
experiments at 5mM M. In the absence of competing
cognate ternary complex (i.e. no initial selection), the
concentration of Leu-containing dipeptide formed is
reduced 2-fold at 5 mM Mg compared with at 10 mM
(not shown), indicating that the efficiency of proofreading
is increased to aboti/F; = 120 (compared withr/F; =
67 at 10 mM Md@™). In the presence of equal concentrations
of cognate and near-cognate ternary complexes, when there
is initial selection due to competition, an overall error fre-
quency of X 10-*was obtained, close to the value of 30~
3 measured in translation (Table Il). This suggests that, at
the lower M@™ concentration, initial selection contributes
a factor of ~10 to the overall discrimination.

The error frequency ofEscherichia colitranslation
in vivo on internal codons was estimated to be in the

selection versus proofreading for a situation where cognaterange 6<104-5x1073, on average 8107 (Kurland and
and near-cognate ternary complexes are present in equaEhrenberg, 1987). The error frequency meastnedgtro
concentrations, using a formalism described previously at 10 mM Mg™ is 10 times higher; there is essentially

(Fersht, 1985). The efficiency of initial selectiof) (s

no initial selection under these conditions, and the observed

determined by the rate constants of initial binding, codon fidelity is due to proofreading only. Lowering the g
recognition and GTP hydrolysis (Figure 1) and is defined concentration to 5mM improves the selectivity of aa-

a'Sf = (kca{KM)correc((kca{KM)inco_rreqtOf the GTPase: Since
the values ok,, k., andks are similar, the expressions for

tRNA binding and overall translation to 13073, which
is close to values founith vivo. The increase in selectivity

keafKm Were derived using the Briggs—Haldane formalism. results mainly from improved initial selection which, at
With the equations derived for the mechanism of Figure 1 the lower M@" concentration, contributes a factor of 10
(see Materials and methods) and the pertinent rate constantso the overall fidelity, while the contribution of proofread-

for Phe and Leu (Table Ik../Ky values for Phe and Leu

ing is increased only ~2-fold, to a factor of ~100. These

of 88 and 824M/s, respectively, were obtained, indicating values are probably representative of the contributions of

that there is practically no initial selectiof € 1.07) in

initial selection and proofreading to the overall fidelity

the conditions under which the rate constants have beenin vivo.

determined. Hence, the low misincorporation of Leu

For comparison, the selectivity in a non-cognate

observed in these conditions has to be due to rejection insituation was also calculated, using previously published
the proofreading step. The probability of incorporation of rate constants (Rodniret al, 1996). For the binding of

near-cognate Leu i5; = 0.015 . is close to 1 for cognate
Phe). Accordingly, an overall selectivity &= f-FJ/F;, =

EF-Tu-GTP-Phe-tRNA¢ to poly(A)-programed ribo-
somes, the resultinkg,/Ky value is 5<10~%/s /0.42uM =

72 is achieved in the presence of competing ternary com-0.0121M/s (10 mM Mg™). Thus, the error frequency of

plexes, or an error frequency of P 1/(1+ S = 1.4x 1072

initial selection of non-cognate ternary complexes is

The calculated value of the error frequency was 1.4xX107% predicting an error of ~81072 in initial selec-

verified experimentally by determining the fidelity of

tion assuming a 20-fold excess of non-cognate over

dipeptide formation and translation in the presence of about cognate ternary complexes. Thus, discrimination against
equal concentrations of cognate and near-cognate ternarynon-cognate ternary complexes can be achieved in a single

complexes.
frequency is

The experimental

AcPhelLeu [Phe]

~ =1.3x107%,
AcPhePhe [Leu]

e

value of the error round of selection with essentially no cost with respect to

GTP hydrolysis.

Discussion

in good agreement with the calculated value and the Four rate constants are affected when an A-U base pair
overall translation error frequency observed experimentally in the codon—anticodon duplex is replaced with a G-U
(TableIl). This provides strong support for the kinetic model mismatch in the first position of the codon, as in the
and the rate constants of Table |. The similarity of error present comparison of Phe and Leu. The rate constants of
frequencies of dipeptide formation and overall translation the two dissociation stepg,, andk; (Figure 1), increase
suggests that the fidelity of translation is determined only by factors of 100 and at least 20, respectively. These
by the selectivity of A-site binding, and that there are no differences reflect the different stabilities of cognate and

additional selection steps.

near-cognate codon—anticodon complexes prior to GTPase

The experimental conditions of the kinetic experiments activation and A-site accommodation, respectively, which
(10 mM Mg?™) were chosen to achieve measurable mis- contribute to the discrimination by rejection in initial
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selection and proofreading. However, two forward reac- these observations, as it predicts that a decrease of the
tions are affected. The GTPase rate constanis lowered GTPase rate will improve the efficiency of initial selection.
10-fold in the near-cognate compared with the cognate Also not compatible with previous selection models was
complex, and the rate constant of aa-tRNA accommoda- the observation that tRNA mutants lacking the standard D
tion, ks, is decreased ~60 times. In both cases, rearrange-arm—T arm tertiary interactions are error-prone (Yarus and
ments are affected that limit the rates of the following Smith, 1995). It has been postulated that distortions of
irreversible chemical steps (GTP hydrolysis and peptide the tRNA molecule (‘waggle’) contribute to differential
bond formation) and are likely to lead to the respective stability of cognate and near-cognate aa-tRNA on the
transition state complexes. This suggests the existence ofibosome, and thus to the fidelity in selecting ternary
yet another selection mechanism, in addition to discrimina- complexes. Two lines of evidence are in line with tRNA
tion by rejection, i.e. discrimination by induced fit, which  distortions taking place upon codon recognition. First,
contributes to both initial selection and proofreading. The based on fluorescence quenching measurements, the tRNA
quantitative analysis shows, as discussed below, that onlywas found to assume an open conformation of the D loop
the combined contribution of both selection mechanisms after codon recognition (Rodniret al., 1994). Secondly,
accounts for the fidelity levels determined bathvitro electron cryomicroscopy of the EF-Tu-GTP-aa-tRNA com-
andin vivo. plex on the ribosome shows a significant displacement of
The differences in the stabilities of cognate and near- the anticodon arm of the tRNA compared with the crystal
cognate aa-tRNA prior to or following GTP hydrolysis Structure of the free ternary complex (Stakal, 1997).
have been shown previously. Thus, Thompson and It seems that the distortion of the tRNA molecule depends
colleagues reported 30to 10-fold different stabilities of ~ UPoOn correct base pairing and may contribute to the
cognate and near-cognate codon—anticodon complexes orgctivation of GTP hydrolysis in EF-Tu. The increased
the ribosome, and an at least 75 times higher rejection erX|b|I|ty of mutant tRNAs lacking some tertiary structure
rate for a near-cognate aa-tRNA in the proofreading step interactions could allow more efficient activation of the_
(5 mM Mg2*, 4°C; Thompson and Dix, 1982). Our data GTPase because t_he tRNA is more easily distorted, in
are in qualitative agreement with these results, and the c0gnate as well as in near-cognate cases, and thus lead to
differences in the absolute values of the rate constants OWer fidelity of aa-tRNA selection. o
can be readily explained by different ionic and temperature _1he finding that the rate constants of both rejection
conditions. and accommodation dlffer for cognate and near-cognate
The rate constants of the chemical steps, GTP hydrolysis 2 tRNA may also explain enhanced translational mis-
and peptide bond formation, have been reported previously '€ading caused by mutations in the peptidyltranferase
to be similar for cognate, near-cognate and non-cognatereglon of 23S rRNA (Gregonget al, 1994; O'Connor
ternary complexes, which constituted the basis for the and Dahlberg, 1995). Upon accommodation, tteeid

: L f aa-tRNA is bound to the peptidyltransferase region,
internal kinetic standard model (Thompson, 1988). How- 0 . Lt X
ever, the rates of GTP hydroly(sis Wepre not dete):rmined presumably by direct base pairing with 235 rRNA (Samaha

: - et al, 1995). rRNA mutations that impair this interaction
with precision (20/s and~4/s for the cognate and near- directly, or indirectly by changing the conformation of
cognate ternary complex, respectively; Eccles&ral,

1985), and the rate constants of codon recognition and rRNA, may lead to a decreased accommodation rate,

GTP ’h drolvsis were not distinauished. as there was particularly for cognate aa-tRNA, thereby reducing both
. hydroly X g 9 ' growth rate and translational accuracy.

no independent information for the former step. Rate

constants of peptide bond formation were calculated to The present model of an induced-fit mechanism of
be between 0.3 and 1.1/s for cognate Phe-tRN/ANd aa-tRNA discrimination places the ribosome beside DNA

olymerases and RNA polymerase for which analogous

~0.3 + 0.15/s for near-cognate Leu-tRI¥A (Thompson ﬁwo)éels have been put foprw)a/trd. Extensive results obteglined
and Dix, 1982; Ecclestoet al, 1985). Thus, the differ- o DNA polymerases suggest that there is additional
ences in the rate constants of GTP hydrolysis and peptideiscrimination, apart from exonuclease proofreading, at
bond formation in the cognate and near-cognate caseshe |evel of nucleotide incorporation, in that correct
which we observe were overlooked previously. Therefore, ncleotides are incorporated much faster than incorrect
an essential premise of the internal kinetic standard model geg (Johnson, 1993; Rittingest al, 1995; Spence
for translational accuracy (finternal clock’ model) et g, 1995). The kinetic contribution to selection in
(Thompson, 1988) is not valid. . _ these models is due to the acceleration of the forward

The finding that both rejection and induced-fit dis- reactions of the cognate substrate as compared with the
crimination are important for aa-tRNA selection allows non-cognate ones. Direct evidence suggesting that
us to explain a number of earlier observations which were stryctural differences between correct and incorrect base
difficult to understand solely on the basis of different pairs influence the catalytic center of the DNA poly-
rejection rates of cognate and near-cognate aa-tRNA. Itmerase by induced fit is provided by crystal structures
was shown that the rate constant of GTP hydrolysis during (Doublie et al, 1998; Kiefer et al, 1998; Li et al,
A-site binding is substantially smaller in SmD and SmP 1998). A similar mechanism appears to operat& icoli
mutants in relation to wild-type ribosomes (Bilgét al., RNA polymerase (Eriest al, 1993).
1992). These S12 mutants, in the absence of streptomycin, In these systems, induced fit can enhance fidelity
are error restrictive (Gorini, 1971), and it was argued that because rearrangements of the enzyme-substrate com-
the increase in fidelity is due to improved initial selection plexes, and not the chemical steps, are rate-limiting and
(Bilgin et al., 1992) rather than to increased proofreading are accelerated for the correct substrates (Herschlag,
(Ruusalaet al., 1984). The present model is in line with 1988; Postet al,, 1995). Otherwise, as has been pointed
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out (Fersht, 1985), induced fit would not increase exponential terms (characterized by variable time constéggs, and

fidelity, since the structure of the transition state is the respective amplitudes) and another variable for the final signal. Elemental
! rate constants were calculated by global fitting of combined sets of

same for ev_ery SUbSt_rat,Q' In the case of the rlbC'Someitime courses measured at several different ribosome concentrations by
the respective rate-limiting rearrangements that are proflavin and mant-dGTP fluorescence, GTP hydrolysis and dipeptide
affected by structural details of codon recognition are formation. Fitting was performed by numerical integration using Scientist
GTPase activation and A-site accommodation. for Windows software (MicroMath Scientific Software) (Pape al,

How the ribosome senses structural differences 1998). For this purpose, the kinetic scheme of Figure 1 was modified

: as follows:

between cognate and near-cognate codon-anticodon k,
duplexes and how these differences may affect the GTPase M+O— B+L
activation and accommodation steps is not known. One Lk ok Kk K
attractive possibility is that the formation of the codon— AB=C=D->E~>F =G ~H
anticodon duplex induces a conformational change in the e ke Kol K, i
decoding center, presumably in the 16S rRNA, and that M= T =2 ) K
the rate of this change depends upon structural details, { f ]J:

such as potential hydrogen bonds, which are provided by
the cognate, and less so by the near-cognate, codon— EF-Tu and ribosome complexes are designated as A and B, respec-
anticodon duplex (Powers and Noller, 1994; Fouehgl., tively. The formation of the initial binding complex C is followed by
1996 1998) The induced conformational Change may codon recognition (D). The following steps of GTPase activation and
", T . . .7 GTP hydrolysis are not distinguished kinetically, and were therefore
constitute the_ signal that is transmitted to t_he.G domain grouped, leading to formation of a transient complex E. The conforma-
of EF-Tu to trigger the GTPase. The transmission may be tional change of EF-Tu from the GTP to GDP form results in an
accomplished either by a series of subsequent conforma-intermediate F. aa-tRNA is accommodated in the A site (G) and can
tional changes of the ribosome traveling across the subunit2e pat i pepide bend formaton (1) The tming of EF Tu S0P
m_terfa_ce or, as mentioned above, bY a movement (Or that it can dissociate at any time point after the formation of the GDP
distortion) of the tRNA molecule that is induced by the  form of EF-Tu, i.e. from intermediates F, G and H, resulting in complexes
conformational change of the decoding center. I, J and K, as well as free EF-Tu-GDP (L). With respect to the state of
The mode| alSO exp|ains hOW a Cognate, more efﬁcienﬂy aa—tRNA on the ribosome, states F and I, G and J, as well as H and K
than a near-cognate codon—anticodon duplex may prOmoteare equivalent and represent the complexes_after release frqm EF-Tu (F
the accommodation’of the aa-tRNA in the A-site. In order and 1), accommodation (G and J) and peptide bond formation (H and
’ : K). Alternatively, aa-tRNA can be rejected from the ribosome (M),
to reach the peptidyltransferase center, the acceptor armoefore or after the release of EF-Tu-GDP. In the former case, the
has to move into the 50S A-site after it has been releasedribosome-EF-Tu-GDP complex (O) dissociates to give the ribosome (B)
from EF-Tu. According to the structural reconstruction of and EF-Tu-GDP (L).

L . The overall fluorescence is determined by the concentration of the
the codon recognition complex by electron CryomiCros- ,grescent species, and their respective relative fluorescence. For the

copy (Starket al, 1997), the movement involves a calculations, the fluorescence of proflavin in the free ternary complex
rotation of the whole tRNA molecule pivoting around the (P,) was set to 10 for 1M concentration, so that the fluorescence of
anticodon. It is conceivable that conformational changes Oril HM _tel"l;?‘%_comp'ex I(Stand?fddconce”"?t'on) is 1. fT?Ie formation of
in the decoding center are instrumental in promoting the ¢ Mitial binding compiex € leads to an increase of fluorescence to
) X Pc = 10.6 for Leu-tRNACYPrf16/17/20) (Rodninat al., 1996). The
rotational movement_Of the tRNA- In this model, the rate fyorescence changes further in the codon—anticodon complex p o P
of accommodation is determined by the rate of the 12 for Leu-tRNASYPrf16/17/20). GTP hydrolysis and the conforma-
conformational change in the decoding center, and the tional rearrangement of EI_:-Tu do not change proflavin fluorescence;
latter, in turn, is promoted by structural determinants therefore, the same relative fluorescence ¢an be used for the
ided by th t dl by th t intermediates E, F and I. Only 1.5% of Leu-tRbfAis accommodated
proviae y € cognate, and less so by the near-cogna ein the A site, therefore the fluorescence of the intermediates G, H, J
codon-anticodon duplex. and K is poorly defined. Most of aa-tRNA is rejected; the fluorescence of
free aa-tRNA R = 11. The overall proflavin fluorescence kg =
Py-A+ PoC+ Py (D+E+F+1) + Pg(G+ H+ J+K) + Py-M.

Materials and methods The fluorescence of the mant group is set to 10 for the free ternary
complex (My at 1pM). Itincreases upon GTPase activation (intermediate

Biochemical assays E, relative fluorescence M= 13.3), and decreases to about the starting

Materials were as described previously (Rodnataal, 1994, 1995, level upon dissociation of EF-Tu-GDP from the ribosome (complex L,

1996; Vorstenbosckt al, 1996; Papet al., 1998). Ternary complexes,  relative fluorescence M (Rodninaet al, 1995). The overall mant
EF-Tu-GTP-aa-tRNA, were purified by gel filtration on Superdex 75 in fluorescenc&€yani=Ma-(A+ C+ D) + Mg:(E+ F+ G+ H) + M, -L.
buffer A (50 mM Tris—=HCI, pH 7.5, 50 mM NKCI, 10 mM MgCh, For calculations, the values &f;, Py and R (determined previously;

1 mM dithiothreitol). To fill the P-site, ribosomes were incubated in Rodninaet al, 1996), as well ak_, (determined independently, this
buffer A for 15 min at 37°C with a 1.3-fold excess of AcPhe-tRNI2 study), were fixed. The fitting yields a unique solution for the rate
and 1 mg/ml of poly(U). For the determination of dipeptide formation, ~constants;—z, as well as for the remaining fluorescence factors. The
purified EF-Tu-GTP3H]Leu-tRNAsY complex (20 000 d.p.m./pmol) error limits of the kinetic parameters are given in Table I. For values
and, where necessary, EF-Tu-GtfC]Phe-tRNA®(1060 d.p.m./pmol) that were measured directly, the given standard deviation is calculated

were added. GTP hydrolysis was measured with ternary complexes from the results of several experiments. For values calculated by global
containing §-3?P]GTP (1000 d.p.m./pmol). fitting, the standard deviation for a given parameter was determined for

the case when all other parameters, except the fixed ones, are allowed
to change. That is, if a given parameter is set to a value that is outside

Kinetic experiments the range of standard deviation, there is no fit satisfying all data sets.

Stopped-flow and quench-flow measurements were carried out and the
data evaluated as described previously (Rodrehal, 1994, 1995,
1996; Vorstenbosclet al, 1996; Papeet al, 1998). The experiments Determination of selectivity from elemental rate constants
were performed at 20°C by rapidly mixing equal volumes (stopped flow, The ratio of the A-site binding rates of correat)(and incorrect \j)
60 ul; quench flow, 26ul) each of the purified ternary complex (QuM aa-tRNA depends on the selectivit®) (@and the ratio of concentrations
after mixing) and the ribosome complex (0.3-21®1). Apparent rate of correct (¢) and incorrect (¢ ternary complexes (Fersht, 1985):
constants were determined by exponential fitting, using one or two
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