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Kinetic Determinants of High-Fidelity
tRNA Discrimination on the Ribosome

initial selection step must be about as precise as proof-
reading, i.e., not more than 1 out of 10–100 near-cognate
ternary complexes should pass the initial selection

Kirill B. Gromadski and Marina V. Rodnina*
Institute of Physical Biochemistry
University of Witten/Herdecke

screen. In fact, early estimations suggested that theD-58448 Witten
efficiency of initial selection may indeed be that highGermany
(Bilgin and Ehrenberg, 1994; Bilgin et al., 1990), although
it appeared to be strongly dependent on the experimen-
tal conditions, particularly the concentration of Mg2�Summary
(Pape et al., 1999).

Measurements of the stability of codon-recognitionThe ribosome selects aminoacyl-tRNA (aa-tRNA) match-
complexes, i.e., ternary complex with nonhydrolyzableing to the mRNA codon from the bulk of nonmatching
GTP analog bound to programmed ribosomes, indicatedaa-tRNAs in two consecutive selection steps, initial
100- to 1,000-fold different dissociation rate constantsselection and proofreading. Here we report the kinetic
of cognate complexes compared to those with a singleanalysis of selection taking place under conditions
G-U mismatch at the first codon position (Karim andwhere the overall selectivity was close to values ob-
Thompson, 1986; Pape et al., 1999; Thompson and Dix,served in vivo and initial selection and proofreading
1982). However, to provide the high speed of proteincontributed about equally. Comparison of the rate
synthesis, all forward reactions leading to incorporationconstants shows that the 350-fold difference in stabili-
of a correct amino acid into a protein have to be fast.ties of cognate and near-cognate codon-anticodon
Therefore, the full discrimination potential of intrinsiccomplexes is not used for tRNA selection due to high
stability differences cannot be used due to the high raterate of GTP hydrolysis in the cognate complex. tRNA
of the following GTPase step, and thus the accuracy ofselection at the initial selection step is entirely kinet-
tRNA selection is reduced (Yarus, 1992). Indeed, thereically controlled and is due to much faster (650-fold)
was practically no initial selection at 10 mM Mg2�, de-GTP hydrolysis of cognate compared to near-cog-
spite the 100-fold difference in stability and a 10-foldnate substrate.
difference in the rates of GTPase activation of cognate
compared to near-cognate ternary complexes (Pape etIntroduction
al., 1999). In principle, high efficiency of initial selection
can be achieved in two ways: (1) stability differencesThe ribosome discriminates between correct and incor-
can be increased by selective stabilization of cognate,rect aminoacyl-tRNAs (aa-tRNAs) according to the
but not near-cognate, codon-anticodon complexes bymatch between anticodon and mRNA codon in the A
the ribosome and/or (2) the rates of forward reactionssite. The fidelity of discrimination is very high, with only
can be modulated depending on the structure of theone incorrect per 1,000–10,000 correct amino acids in-
codon-anticodon complex (Ogle et al., 2002; Pape etcorporated into protein. Kinetic and mechanistic studies
al., 1999).showed that rejection of incorrect tRNAs occurs in two

Crystal structures of 30S subunits with anticodonstages: initial selection of ternary complexes EF-Tu·
stem-loop (ASL) fragments of tRNA bound to codonGTP·aa-tRNA and proofreading of aa-tRNA, separated
triplets in the decoding site show that the codon-anti-by irreversible hydrolysis of GTP (Rodnina and Winter-
codon complex forms a network of interactions with 16Smeyer, 2001; Ruusala et al., 1982; Thompson and Stone,
rRNA in the decoding site, where bases of 16S rRNA

1977). The free energy of base-pairing alone is not suffi-
interact with the minor groove of the codon-anticodon

cient to discriminate between the correct (cognate) and
complex in a fashion that is specific for Watson-Crick

near-cognate tRNAs that may differ by as little as a geometry, but sequence independent (Ogle et al., 2001).
single mismatch in the codon-anticodon duplex. The It seemed likely that these interactions stabilize the com-
ribosome both controls the differences in the stabilities plexes of correct geometry more than those with mis-
of the codon-anticodon complexes and specifically ac- matches, thereby enhancing intrinsically small differ-
celerates the rates of GTPase activation and accommo- ences in stabilities of codon-anticodon complexes (Ogle
dation of correct substrates, implicating duplex stability et al., 2002). However, kinetic and equilibrium measure-
and induced fit as sources of selectivity (Pape et al., ments indicated that the ribosome stabilizes near-cog-
1999, 2000; Rodnina and Wintermeyer, 2001). nate codon-anticodon complexes with a G-U mismatch

The relative contributions of initial selection and at the first codon position to a similar extent as a cognate
proofreading to overall selection in vivo are not known. fully matched one (Rodnina and Wintermeyer, 2001).
In vitro kinetic and biochemical experiments indicated Stability differences on the ribosome were estimated
that during proofreading alone, about 1 amino acid out between 100-fold (Pape et al., 1999), 300-fold (Ogle et al.,
of 100 near-cognate aa-tRNAs was incorporated into 2002), and 1000-fold (Thompson and Dix, 1982), which is
peptide (Dix et al., 1990; Pape et al., 1999; Ruusala et hardly sufficient to explain the observed discrimination
al., 1982; Thompson and Stone, 1977). This suggested between the two tRNAs. Thus, the importance of prefer-
that in order to achieve the high overall selectivity, the ential stabilization of the cognate codon-anticodon

complexes by the ribosome for tRNA selection re-
mained unclear.*Correspondence: rodnina@uni-wh.de
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On the other hand, the crystal structures indicated
that the structural rearrangement in the decoding center
leads to a global conformational change of the 30S sub-
unit, mainly consisting in a movement of the shoulder
and the head domain of the 30S subunit from an open
to a closed conformation (Ogle et al., 2002). Those of the
30S rearrangements that take place on the 70S ribosome
(Valle et al., 2003; Vila-Sanjurjo et al., 2003) may be
related to the regulation of steps of A site binding follow-
ing codon recognition that take place on the 50S subunit,
such as GTPase activation of EF-Tu or proper position-
ing of aa-tRNA in the 50S A site (accommodation) (Pape
et al., 1999). However, the functional relevance of the
selective acceleration of GTP hydrolysis for tRNA dis-
crimination also remained obscure, owing to the low
efficiency of initial selection at the conditions used in
earlier experiments (Pape et al., 1999)

In the present work we determined the respective
contribution of the two recognition strategies, i.e., differ-

Figure 1. Selectivity at High- and Low-Fidelity Buffer Conditionsential stabilization of the cognate substrates and modu-
Contribution of initial selection and proofreading to the overall selec-lation of the forward reactions, to tRNA selection on the
tivity at conditions of high (buffer containing 3.5 mM Mg2�, 0.5 mMribosome, particularly during the initial selection step.
spermidine, and 8 mM putrescine) and low (20 mM Mg2�) fidelity.

For the present work we choose experimental condi-
tions at which the overall fidelity of selection was high,
due to high efficiency of both initial selection and proof- cognate Phe incorporation was about 450, i.e., only 1
reading steps. Elemental rate constants of the steps out of 450 dipeptides formed was incorrect fMetPhe
contributing to initial selection of ternary complex, EF- (Figure 1). At low-accuracy conditions (20 mM Mg2�, no
Tu·GTP·Phe-tRNAPhe (anticodon 3�-AAG-5�), were deter- polyamines), the efficiency of selection was strongly
mined on mRNA-programmed ribosomes with cognate reduced, resulting in a significant incorporation of incor-
(UUU) or near-cognate (CUC) codons in the A site. rect Phe into dipeptides (1 out of 20). In comparison,

the selectivity of poly(U)-programmed ribosomes against
near-cognate Leu in a buffer containing 10 mM Mg2�Results
and no polyamines was about 70 (Pape et al., 1999).

There is no experimental approach to measure theInitial Selection and Proofreading at Conditions
of High Fidelity efficiency of initial selection directly, whereas the effi-

ciency of proofreading alone can be readily determined.First, we tested whether high fidelity of translation can
be achieved in our experimental system and determined The contribution of initial selection can be calculated

from the values of overall selectivity and proofreading,the relative contributions of initial selection and proof-
reading. Ribosomes were programmed with a 120 nt because overall selectivity is given by the product of

initial selection and proofreading (Fersht, 1998). To mea-long mRNA containing a Shine-Dalgarno sequence and
an AUG start codon followed by a CUC triplet coding sure the efficiency of proofreading, ribosomes pro-

grammed with CUC in the A site were mixed with near-for leucine. To achieve high accuracy of initial selection,
a buffer system was chosen with low Mg2� concentration cognate ternary complex, EF-Tu·GTP·Phe-tRNAPhe, and

the formation of incorrect fMetPhe dipeptide was moni-(3.5 mM) and two polyamines, spermidine (0.5 mM) and
putrescine (8 mM), mimicking conditions found in bacte- tored. In the absence of cognate competitor, all near-

cognate ternary complex entered the ribosome andrial cells (Neidhardt, 1987). The high accuracy of aa-
tRNA selection was due to low Mg2�; addition of poly- eventually hydrolyzed GTP, thereby passing the initial

selection screen, and Phe-tRNAPhe could be rejected inamines had only slight effects, while variations in all
other components of the buffer influenced neither accu- the proofreading phase only. To ensure that only one

selection round was measured, the experiments wereracy nor speed of translation (not shown). “Polymix”
buffer (Ehrenberg et al., 1990), which has the same Mg2� done in excess of ribosomes over ternary complexes.

In parallel, Phe incorporation was measured on the cog-and polyamines, but with phosphate buffer, was not
used because of low buffering capacity and solubility nate UUU codon. From the incorporation of Phe into

dipeptides on near-cognate and cognate codons, theproblems caused by simultaneous presence of phos-
phate, NH4

�, and Mg2� ions. selectivity of proofreading can be calculated (Fersht,
1998). When the efficiency of proofreading was deter-To measure overall selectivity, two competing ternary

complexes, with Leu-tRNALeu specific for the CUC codon mined by a different method, i.e., from the ratio of GTP
hydrolyzed to the amount of dipeptide formed (Ehren-as cognate and Phe-tRNAPhe as near-cognate aa-tRNAs,

were added in large excess over initiated ribosomes, berg et al., 1990), the same results were obtained (not
shown).and the formation of correct and incorrect dipeptides,

fMetLeu and fMetPhe, respectively, was determined. At high-fidelity conditions, similar efficiencies of initial
selection and proofreading were found, contributing se-At the present conditions, referred to as high-fidelity

conditions in the following, the selectivity against near- lectivities of about 30 and 15, respectively, to the overall
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Figure 2. Kinetic Mechanism of EF-Tu-Depen-
dent aa-tRNA Binding to the A Site

Kinetically resolved steps are indicated by
rate constants k1-k7, k-1, k-2, and the two
chemical steps that are rate-limited by the
preceding step are designated kGTP and kpep.
EF-Tu is depicted in different conformations
in the GTP- and GDP-bound form and in the
activated GTPase state.

selectivity of approximately 450 (Figure 1). The efficien- were determined using ternary complex containing Phe-
tRNAPhe and initiated ribosomes with UUU (cognate) orcies of both selection steps were decreased at low-

fidelity conditions, to about 3 (initial selection) and 6.5 CUC (near-cognate) codons in the A site. A fluorescent
tRNA derivative, Phe-tRNAPhe (Prf16/17), was used to(proofreading). In earlier experiments using Leu-tRNALeu

as a near-cognate aa-tRNA on a UUU codon, the respec- monitor the steps of initial binding and codon recogni-
tion and determine the rate constants k1, k-1, and k2tive selectivities were 1.1 and 60 (Pape et al., 1999).

The differences between previous and present results from the concentration dependencies of the respective
apparent rate constants (Pape et al., 1999). Wheneverobtained at low-fidelity conditions, particularly concern-

ing the efficiency of proofreading, can be largely attrib- possible, k2 values were verified by experiments moni-
toring the fluorescence of wybutine at position 37 ofuted to different properties of the two tRNAs (unpub-

lished data), as in the present experiments Phe-tRNAPhe tRNAPhe (Rodnina et al., 1995). To obtain the rate constant
of dissociation of the codon-recognition complex, k-2, mu-was used as near-cognate substrate on CUC, rather

than Leu-tRNALeu on UUU as in the previous experi- tant EF-Tu(H84A) was used, which was virtually inactive
in GTP hydrolysis, whereas the rate constants of allments.
steps preceding GTP hydrolysis were not affected (Davi-
ter et al., 2003). The rate constant of GTPase activation,

Experimental Strategy to Measure Elemental
k3, was measured using a fluorescent GTP derivative,

Rate Constants
mant-GTP (Rodnina et al., 1995). Fluorescence experi-

The kinetic analysis was carried out using the kinetic
ments were carried out by the stopped-flow technique.

model of A site binding determined previously (Figure
Rates of GTP hydrolysis and peptide bond formation

2) (Rodnina and Wintermeyer, 2001). In the first step,
were measured by quench flow using [�-32P]GTP or aa-

the ternary complex forms a labile initial binding com-
tRNA charged with 3H- or 14C-labeled amino acids. Ele-

plex with the ribosome (rate constants of the forward
mental rate constants of the following steps, k4-k7, do

and backward reaction are defined as k1 and k-1, respec-
not contribute to initial selection. Where possible, values

tively). Subsequent codon recognition (k2, k-2) triggers
for these rate constants were also calculated (Pape et

GTPase activation of EF-Tu (k3), which is rate-limiting
al., 1999; Experimental Procedures).

for GTP hydrolysis (kGTP). Release of inorganic phosphate
induces the conformational transition of EF-Tu from the
GTP to the GDP form (k4), whereby the factor loses the Initial Binding (k1, k–1)

Several steps of A site binding, including initial bind-affinity for aa-tRNA and dissociates from the ribosome
(k6). The aa-tRNA released from EF-Tu is free to accom- ing and codon recognition, lead to conformational

changes in tRNA, as detected by fluorescence changesmodate in the 50S A site (k5) where it takes part in rapid
peptide bound formation (kpep). Alternatively, aa-tRNA of tRNAPhe(Prf16/17) (Pape et al., 1998; Rodnina et al.,

1994, 1996). Initial binding of ternary complex to themay be rejected from the ribosome (k7).
The rate constants of the elemental steps of Figure 2 ribosome was measured by monitoring the fluorescence
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change of EF-Tu·GTP·Phe-tRNAPhe(Prf16/17) upon mix- codon-anticodon duplex did not affect the rate constant
of codon recognition. The rate constants are summa-ing with nonprogrammed ribosomes, which is equivalent

to initial binding to programmed ribosomes, but techni- rized in Figure 4. The last step observed upon binding of
EF-Tu·GTP·Phe-tRNAPhe(Prf16/17) to CUC-programmedcally more reliable (Pape et al., 1998; Rodnina et al.,

1996). Values of kapp were determined from time courses ribosomes, the fluorescence decrease was slow, 0.6 s–1,
and rate-limited by GTP hydrolysis (see below).measured at different ribosome concentrations by expo-

nential fitting and plotted against the ribosome concen-
tration (Figure 3A). From the slope of the linear plot, the Dissociation of the Codon-Recognition Complex (k–2)
bimolecular association rate constant was calculated, The rate constant of ternary complex dissociation from
k1 � (140 � 20) �M–1s–1. From the intercept with the the ribosome prior to GTP hydrolysis (codon-recognition
Y-axis, the dissociation rate constant of the initial bind- complex), k-2, was measured by chase experiments. The
ing complex, k-1 � (85 � 25) s–1, was determined. dissociation from the ribosome of ternary complex con-

taining GTPase-deficient EF-Tu(H84A), GTP, and fluo-
rescent Phe-tRNAPhe(Prf16/17) was initiated by addingCodon Recognition (k2)
an excess of nonfluorescent ternary complex, and theUpon mixing of EF-Tu·GTP·Phe-tRNAPhe(Prf16/17) with
fluorescence decrease was monitored with time (FigureUUU-programmed ribosomes, a fluorescence increase
3C). Dissociation rate constants were 0.23 � 0.05 s–1was observed, followed by a fluorescence decrease (not
(UUU) and 80 � 10 s–1 (CUC). (The latter value was veri-shown). Apparent rate constants determined from the
fied in additional experiments described in Supplemen-fluorescence increase changed with ribosome concen-
tal Data.) Thus, at high-fidelity conditions, the kinetictration in a hyperbolic fashion (Figure 3B), consistent
stabilities of cognate and near-cognate codon-recogni-with a rearrangement step following a bimolecular asso-
tion complexes differed by a factor of 350, which is onlyciation reaction, i.e., the codon-recognition step. The
4 times larger than that determined at conditions ofinitial binding step had little contribution into the ob-
lower fidelity (Pape et al., 1999). Thus, increased stabilityserved fluorescence increase, because codon recogni-
differences cannot explain the 30-fold improvement oftion resulted in a much larger signal change. To confirm
initial selectivity that resulted from switching from low-the assignment of this step, experiments were per-
fidelity to high-fidelity buffer conditions.formed monitoring the fluorescence of wybutine, a natu-

From the rate constants of Figure 4, the affinity differ-ral fluorophore 3� to the anticodon of yeast tRNAPhe,
ences between cognate and near-cognate ternary com-which specifically reports the formation of the codon-
plexes, ��G�, can be calculated. Because k1, k-1, and k2anticodon complex (Paulsen et al., 1982; Rodnina et al.,
were the same for cognate and near-cognate ternary1995). This yielded apparent rate constants that were
complexes (Figure 4), the only rate constant that contrib-very similar to those measured with proflavin (not
utes to the different affinity is k-2; hence, ��G� �shown), indicating that the step in question was in fact
RTln(350) � 3.4 kcal/mol. However, as outlined below,codon recognition. From the hyperbolic fit of the con-
this difference would be effective only if there were nocentration dependence of kapp, the value of k2 was esti-
rapid GTP hydrolysis, which is not the case.mated using the concept of net rate constants (Cleland,

1975) (see Supplemental Data at http://www.molecule.
org/cgi/content/full/13/2/191/DC1). Given that k-2		 k2, GTPase Activation and GTP Hydrolysis (k3, kGTP)

Rates of GTPase activation and GTP hydrolysis werethe saturation level of the hyperbolic fit yielded k2 �
(190 � 20) s–1. The decrease of proflavin fluorescence measured by stopped-flow monitoring mant-GTP fluo-

rescence and by quench-flow with [�-32P]GTP, respec-was shown to be due to a step after GTP hydrolysis,
presumably tRNA accommodation in the A site (Pape tively. Essentially all GTP in the ternary complex was

hydrolyzed upon binding to ribosomes, both UUU andet al., 1998). At saturation, the apparent rate constant
of that step was 25 s–1 (not shown). CUC-programmed, but the rates were dramatically dif-

ferent (Figure 3D). To obtain rate constants of GTPaseTernary complex binding to ribosomes programmed
with the near-cognate codon, CUC, resulted in fluores- activation and GTP hydrolysis, ribosome titrations were

carried out. On UUU-programmed ribosomes, kapp ofcence changes of tRNAPhe(Prf16/17) that were qualita-
tively similar to those on the cognate codon, with a GTP hydrolysis increased with ribosome concentration

and saturated at 110 � 25 s–1, whereas on CUC thefluorescence increase followed by a decrease (not
shown). By analogy to the cognate case and based on rate of GTP hydrolysis was 0.4 � 0.1 s–1 throughout the

titration (Figure 3E). Apparent rate constants of GTPasethe previous assignment (Pape et al., 1999), the apparent
rate constant of the first step was attributed to codon activation measured by mant fluorescence were identi-

cal to those of GTP hydrolysis, both on UUU and CUCrecognition. From the titration shown in Figure 3B, kapp

at saturating ribosome concentration was 270 � 30 s–1. codons (not shown), indicating that GTPase activation
is rate-limiting for the following step, GTP hydrolysis, inIn the near-cognate case, k–2 � 80 s–1, which is not

negligible, but the rate constant of the following reac- agreement with previous results (Pape et al., 1998,
1999). Therefore, kapp values measured by GTP hydroly-tion, k3, is much smaller than both k2 and k-2. In this case,

the saturation of the hyperbolic concentration depen- sis represent rate constants of GTPase activation, k3,
provided there is no rate-limiting step preceding GTPasedence is given by k2 � k-2 (Fersht, 1998), hence k2 �

190 � 30 s-1. Similar values of k2 and k-2 were obtained activation. In fact, the rate constant of CUC recognition,
190 s–1, was much higher than the rate of GTP hydrolysis,in a different experimental setup (described in Supple-

mental Data). Thus, the presence of a mismatch in the 0.4 s–1, hence k3 � 0.4 s–1 on CUC. However, the rate
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Figure 3. Kinetic Analysis of A Site Binding

(A) Determination of k1 and k-1 of initial binding. kapp values were obtained by exponential fitting of time courses of EF-Tu·GTP·Phe-tRNAPhe(Prf16/
17) binding to nonprogrammed ribosomes present at increasing concentration measured by stopped-flow. The linear concentration dependence
of kapp gives k1 � 140 � 20 �M–1s–1 (slope) and k–1 � 85 � 25 s–1 (ordinate intercept).
(B) Codon recognition (k2). Concentration dependence of kapp of codon recognition measured by fluorescence changes of proflavin on mRNA-
programmed ribosomes with fMet-tRNAfMet in the P site and a UUU (closed circles) or CUC (open circles) codon in the A site.
(C) Dissociation of the codon-recognition complex (k-2). Cognate and near-cognate codon-recognition complexes were prepared by mixing
EF-Tu(H84A)·GTP·Phe-tRNAPhe(Prf16/17) and mRNA-programmed ribosomes with fMet-tRNAfMet in the P site and a UUU or CUC codon in the
A site (0.3 �M each after mixing). Dissociation was initiated by rapidly mixing the codon-recognition complex with a 7-fold excess of
nonfluorescent EF-Tu(H84A)·GTP·Phe-tRNAPhe in the stopped-flow apparatus. Exponential fitting yielded k-2 � 0.23 � 0.05 s–1 (UUU) (1) and
80 � 15 s–1 (CUC) (2); no dissociation was observed upon addition of buffer (3).
(D) GTP hydrolysis. Time courses of GTP hydrolysis in EF-Tu·[32P]GTP·Phe-tRNAPhe on the ribosomes with a cognate (closed circles) or near-
cognate (open circles) codon, or in the absence of ribosomes (triangles). Concentrations were 0.2 �M ternary complex and 2.8 �M initiated
ribosomes. Exponential fitting gave kapp � 62 � 3 s–1 for the UUU codon and 0.35 � 0.02 s–1 for the CUC codon.
(E) GTPase activation (k3). Concentration dependence of kapp of GTP hydrolysis on the UUU (closed circles) or CUC (open circles) codons.
(F) Peptide bond formation. Time courses of fMetPhe formation were measured on codons UUU (closed circles) or CUC (open circles) with
0.2 �M ternary complex and 1 �M ribosomes. Single exponential fitting yielded kapp � 6.6 � 0.4 s–1 (UUU) and kapp � 0.19 � 0.04 s–1 (CUC).
Note different ordinates for cognate and near-cognate codons.

constant of UUU codon recognition, 190 s–1, was compa- 60 was calculated (see Supplemental Data at http://
www.molecule.org/cgi/content/full/13/2/191/DC1) from k2rable to kapp of GTP hydrolysis at ribosome saturation,

110 s–1, suggesting that codon recognition is partially and kapp of GTP hydrolysis using the concept of net rate
constants (Cleland, 1975) (Figure 4).rate-limiting in the cognate case. A value of k3 � 260 �
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Figure 4. Kinetic Determinants of Initial Selection of aa-tRNA on the Ribosome Measured on Natural mRNA at Conditions of High Fidelity

The rate constants measured on poly(U) at 10 mM Mg2� were the following: k1 � 110 �M–1s–1, k-1 � 25 s–1, k2 � 100 s–1 (same constants for
cognate and near-cognate tRNA), k-2 � 0.2 s–1 (cognate) or 17 s–1 (near-cognate), k3 � 500 s–1 (cognate) or 50 s–1 (near-cognate) (Pape et al., 1999).

Peptide Bond Formation and Proofreading Data), consistent with the KM value for GTP hydrolysis
The kinetic analysis was completed by measuring rates obtained experimentally (Figure 3E). From these rela-
of peptide bond formation on ribosomes programmed tionships and the values of the rate constants (Figure
with UUU or CUC (Figure 3F). On the cognate UUU co- 4), kcat/KM for the cognate ternary complex is calculated
don, Phe was incorporated quantitatively at a rate of to 100 �M–1s–1, close to the value determined previously
7 � 1 s–1. As there was no measurable rejection of cog- for cognate ternary complex at conditions of low accu-
nate aa-tRNA, k7 was below the detection limit, 	0.3 s–1 racy, 88 �M–1s–1 (Pape et al., 1999). For the near-cognate
(estimated as in Pape et al. [1999]), and the observed ternary complex, the calculation is different, because
rate of peptide bond formation represented the rate now the rate-limiting step is GTPase activation, k3, hence
constant of accommodation, k5 � 7 s–1. In contrast, on kcat � k3 � 0.4 s–1 (Table 1). The expression for KM includes
the near-cognate CUC codon, only about 6% Phe from the rate constants of all steps preceding GTPase activa-
initially bound ternary complex was found in dipeptide, tion; however, because k3 is small, KM can be estimated
indicating a selectivity of proofreading of about 15; kapp as k-1/k1·k-2/k2 � 0.25 �M, leading to kcat/KM � 1.6 �M–1s–1

of dipeptide formation was 0.3 s–1 (Figure 3F). Previously, for the near-cognate ternary complex (Supplemental
rate constants of tRNA accommodation and rejection, Data; Pape et al., 1999). This low value of kcat/KM is
k5 and k7, could be calculated from the extent of amino to be compared to the value of 80 �M–1s–1 determined
acid incorporation into peptide, given by k5/(k5�k7), and previously for a near-cognate ternary complex (Leu on
the apparent rate constant of peptide bond formation, UUU codon) under low-fidelity conditions (Pape et al.,
which is equal to k5 � k7. However, in the present near- 1999).
cognate case, the rate of peptide bond formation, 0.3

Since KM for the near-cognate ternary complex is
s–1, was not significantly different from that of GTP hy-

lower than that for the cognate one, i.e., the apparent
drolysis, 0.4 s–1, indicating that GTP hydrolysis was rate-

affinity is higher for the near-cognate substrate, the ribo-limiting for all following steps. Therefore, the true value
some cannot discriminate ternary complexes on the ba-for k5 � k7, and, with that, individual values of k5 and k7,
sis of apparent affinities. However, from the ratio of kcat/could not be determined for the near-cognate case at
KM values for cognate and near-cognate ternary com-the present high-fidelity conditions.
plexes, the efficiency of initial selection was 60, which
is not far from the measured value of 30 (Figure 1). ThisKinetic Determinants of aa-tRNA Discrimination
indicates that the selectivity due to different stabilities isOn the basis of the rate constants of Figure 4, the effi-
ineffective because of the high rate of forward reactions,ciency of discrimination can be calculated for conditions
and that the major source of selectivity is the differenceat which rapid GTPase activation and GTP hydrolysis
in the rates of GTP hydrolysis in the cognate and near-do not allow for the equilibration of the codon recogni-
cognate substrates.tion step. In this case, the efficiency of initial selection

The 2-fold difference between calculated (60) andis given by the ratio of kcat/KM values of the GTPase
measured (30) initial selection efficiencies is attributedreaction for cognate and near-cognate substrates. For
to slightly different kinetic properties of Phe-tRNAPhe,the cognate ternary complex, codon recognition, k2, is
for which the kinetic mechanism was solved, and Leu-rate-limiting for all subsequent forward steps, hence
tRNALeu used as cognate substrate in the experiments ofkcat � k2 � 190 s–1. The KM value reflects the distribution
Figure 1 (data not shown). In addition to initial selection,of the substrate (ternary complex) between all populated
94% of near-cognate aa-tRNAs are rejected at the proof-states of the ribosome prior to GTP hydrolysis, i.e., initial
reading stage (Table 1), yielding efficient overall discrim-bindingcomplex, codonrecognition complex, and GTPase-
ination against near-cognate aa-tRNA, while cognateactivated state. As both k3 and kGTP are much larger than

k2, KM � (k2 � k-1)/k1 � 2.0 �M (Figure 4; Supplemental aa-tRNA is accommodated rapidly.
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Table 1. Parameters of aa-tRNA Discrimination

Initial Selection Proofreading

Codon kcat KM kcat/KM k5/(k5�k7)

UUU 190 � 20 2.0 � 0.6 100 � 20 1.0 � 0.1
CUC 0.4 � 0.1 0.25 � 0.1 1.6 � 0.5 0.06 � 0.02

F initial selection � 60 � 20 Fproofreading � 15 � 5

Fidelity of initial selection, Finitial selection, was calculated from (kcat/KM)cognate/(kcat/KM)near-cognate for GTP hydrolysis assuming equal concentrations of
cognate and near-cognate substrates. Fidelity of proofreading, Fproofreading, was calculated from the ratio of product formation with cognate
versus near-cognate substrate as described (Fersht, 1998).

Discussion strates have to be compared (Fersht, 1998). Due to the
large differences in GTPase rates, KM values for cognate
substrates are even larger than for near-cognate, henceInitial Selection and Proofreading

under High-Fidelity Conditions there is no discrimination on the basis of KM. Rather,
discrimination is based exclusively on the large differ-The conditions used in the present paper allow for high-

fidelity discrimination against codon-anticodon com- ences in forward reaction rates, which are high with
correct and low with incorrect substrates, resulting inplexes with a single A-C mismatch in the first codon
differences in kcat/KM values between cognate and near-position. The measured incorporation of 1 incorrect per
cognate species that are sufficient to explain the ob-450 correct amino acids, which corresponds to an error
served levels of discrimination.frequency of 2.2·10
3, is well within the range of error

The large stability (k-2) differences between cognatefrequencies measured in vivo, from 6·10
4 (Edelmann
and near-cognate ternary complexes do not enter dis-and Gallant, 1977) to 5·10
3 on internal mRNA codons
crimination, due to very rapid GTP hydrolysis in the(Precup et al., 1989), the average value being around
cognate ternary complex, which is much faster (k3 �3·10
3 (Bouadloun et al., 1983; Khazaie et al., 1984; Par-
260 s–1) than one might expect to be necessary to sustainker and Holtz, 1984; Precup et al., 1989; Rice et al.,
an amino acid incorporation rate of about 10 s–1. This1984). At high-fidelity conditions, the respective contri-
raises the question why the rate constant of GTP hydro-butions of initial selection and proofreading to discrimi-
lysis is not tuned down in order to allow for partial use ofnation were comparable, 30- and 15-fold. Similar con-
k-2 differences, thereby increasing selectivity. The likelyclusions, i.e., that efficient tRNA discrimination requires
reason is that in the cell one particular cognate ternarytwo selection steps contributing to a similar extent, were
complex competes with a large excess of near-cognatereached previously on the basis of results obtained in
and noncognate ternary complexes for A site binding,a poly(U) translation system and poly(U)-dependent A
which results in a significant decrease of the actual ratesite binding assays, both at high- and low- fidelity condi-
of GTP hydrolysis in the cognate ternary complex. Thus,tions (Dix et al., 1990; Kurland et al., 1990). Thus, two
in order to maintain an actual rate of GTP hydrolysissteps of tRNA selection, initial selection prior to and
of �10 s–1, the intrinsic rate constant of GTP hydrolysisproofreading after GTP hydrolysis, are required for effi-
must be much higher than that in order to compensatecient tRNA discrimination under any experimental con-
for the roughly 20-fold excess of competing noncognateditions, and it is therefore very likely that the two steps
ternary complexes. Thus, the attainable fidelity of aa-operate also in vivo.
tRNA selection is compromised in order to achieve
rapid translation.

Kinetic versus Thermodynamic Discrimination Differences in aa-tRNA stabilities in the proofreading
The important question is why the differences in the phase cannot be determined under high-fidelity condi-
thermodynamic stabilities between the cognate and tions, because GTP hydrolysis is rate-limiting under these
near-cognate aa-tRNA should not be sufficient for high- conditions and values of k5 and k7 cannot be determined
fidelity selection. In each selection step, initial selection separately. However, because the efficiency of proof-
and proofreading, not more than 1 incorrect in 10–100 reading varies only within a factor of three at quite differ-
correct amino acids is allowed, in order to achieve the ent ionic conditions (Figure 1; (Pape et al., 1999; Thomp-
total selectivity of 1,000–10,000. At equilibrium, this son et al., 1981)), ��G� in proofreading can be estimated
would require a �G� difference of about 1.3–2.7 kcal/ using previous data obtained at low-fidelity conditions
mol in the thermodynamic stabilities of cognate and (Pape et al., 1999). During proofreading, cognate aa-
near-cognate aa-tRNAs. The present data show that tRNA was bound to the A site with at least 20 times
the energetic penalty for a first-position C-A mismatch, higher stability than near-cognate, hence ��G��1.8
��G� � 3.4 kcal/mol, would be sufficient to discriminate kcal/mol. Interestingly, ternary complex dissociation
between the correct and incorrect substrate, provided from the A site during initial selection is much faster
the binding step reached equilibrium. However, A site than that of aa-tRNA during proofreading where aa-
binding is a nonequilibrium process that is driven by the tRNA is no longer bound to EF-Tu. It is possible that the
rapid, irreversible forward reactions of GTP hydrolysis difference in dissociation rates results from the different
and peptide bond formation. Therefore, the stability dif- orientation of tRNA on the ribosome in the complex with
ferences cannot be used for discrimination, and KM val- EF-Tu (Stark et al., 2002; Valle et al., 2002) and during

accommodation (Valle et al., 2003; Yusupov et al., 2001).ues, rather than Kd, of cognate and near-cognate sub-
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The comparison of ��G� of ternary complexes during Tetrahymena intron. This suggests that on the ribosome
the full selection potential of the A-minor interactionsinitial selection obtained previously at 10 mM Mg2�

(Pape et al., 1999; Thompson and Dix, 1982) suggested is not used, probably because of efficient binding at
neighboring positions or energetic losses due to in-an energetic penalty of 2.7–4.0 kcal/mol for a G-U mis-

match at the first codon position. A similar value, 2.7 duced conformational changes. On the other hand, the
rates of forward reactions, particularly that of GTPasekcal/mol, was obtained for tRNA-tRNA duplexes with

the same mismatch in the anticodon-anticodon complex activation, are strongly impaired by those mismatches
(Pape et al., 1999; this paper; T. Daviter and M.V.R.,(Grosjean et al., 1978), assuming similar association rate

constants (Stage-Zimmermann and Uhlenbeck, 1998). unpublished data). Thus, the energy of the interactions
at the decoding center of ribosomal residues with theAgain, if A site binding were an equilibrium process, this

difference would be sufficient for efficient tRNA discrimi- codon-anticodon duplex is used mainly for modulating
the rates of forward reactions by induced conforma-nation, provided there are two stages of selection sepa-

rated by GTP hydrolysis. However, rapid GTP hydrolysis tional changes, and less for the preferential stabilization
of the correct codon-anticodon complexes, thereby con-does not allow for equilibration of the codon recogni-

tion step. tributing to selectivity for the cognate aa-tRNA.
Our earlier results obtained on poly(U) and at 10 mM

Mg2� (Pape et al., 1999) indicated that, despite 100-fold Induced Fit and Substrate Discrimination
faster dissociation from the ribosome and 10-fold slower on the Ribosome
GTP hydrolysis in the near-cognate compared to cog- The theory of induced fit postulates that “(a) a precise
nate codon-recognition complex, there was virtually no orientation of catalytic groups is required for enzyme
initial selection between Leu- and Phe-tRNA. The stabil- action; (b) the substrate may cause an appreciable
ity differences, ��G�, were similar at high- and low- change in the three-dimensional structure of the active
fidelity conditions, 3.4 and 2.7 kcal/mol, respectively. site; and (c) the changes in protein structure caused by
The main difference comes from GTP hydrolysis in the a substrate will bring the catalytic groups into the proper
near-cognate complex, which was much slower at high- orientation for reaction, whereas a nonsubstrate will not”
fidelity conditions, compared to low-fidelity conditions, (Koshland, 1958). Evidence for substrate-induced con-
or compared to the cognate complex, where GTP hydro- formational changes was found for many enzymes, and
lysis was rapid at all conditions. the ribosome is one more example of an enzyme using

induced fit. In fact, any ribosome action, including
GTPase activation of EF-Tu or peptide bond synthesisEnergy of Interactions at the Decoding Center

The crystal structure of the 30S subunit in the complex requires the precise alignment of the catalytic groups
in the respective active sites. The ribosome activateswith a codon and a cognate ASL bound to the A site

revealed extensive interactions between the codon-anti- GTP hydrolysis in EF-Tu, probably by inducing a confor-
mational change in the factor resulting in the precisecodon duplex and several residues of 16S rRNA (Ogle

et al., 2001). Two adenines in helix 44 of 16S rRNA, orientation of the catalytic groups in EF-Tu (Daviter et
al., 2003; Rodnina et al., 2000). Likewise, the preciseA1493 and 1492, form A-minor interactions with the first

and second positions, respectively, of the codon-anti- alignment of the P and A site tRNAs in the peptidyl
transferase center accounts for the major part of thecodon complex. The second position is also contacted

by G530 from helix 18 of 16S rRNA, which is positioned acceleration of peptide bond formation on the ribosome
(Beringer et al., 2003; Katunin et al., 2002).by binding to A1493. The third position is surrounded by

several groups, including G1054 from helix 34, G518 Also the second postulate of the induced-fit theory
holds for the ribosome. As suggested by the 30S·ASLfrom helix 18, and part of ribosomal protein S12. Most

of these interactions are sensitive to the correct geome- crystal structures, binding of the substrate, tRNA, in-
duces changes, both locally within the decoding centertry of the codon-anticodon complex and cannot form

on mismatched base pairs, particularly in the first and and globally by switching the overall conformation of
the 30S subunit (Ogle et al., 2001, 2002). Furthermore,second codon positions.

A-minor interactions are a common motif in RNA when ternary complex binds to the ribosome, the posi-
tions of several intersubunit bridges change, comparedstructure. Thermodynamic measurements using the Tet-

rahymena group I self-splicing intron showed that sub- to ribosomes with empty A site or with tRNA accommo-
dated in the A site (Stark et al., 2002; Valle et al., 2002;stituting the G-C receptor base pair, which is monitored

by A-minor type I interactions, with U-G, C-A, or G-A Yusupov et al., 2001). Thus, it is possible that the
changes brought about by tRNA and mRNA bindingmismatches led to large energetic penalties, 10.2, 8.3,

and 2.8 kcal/mol, respectively, whereas replacements within the 30S decoding site are translated into global
structural changes that extend into the 50S subunit andof the G-C pair with other Watson-Crick base pairs had

no effect (Battle and Doudna, 2002). These interactions affect catalytic centers there.
Changes of ribosome structure that are caused by theshould be comparable to those made by A1493 of 16S

rRNA with the first position of the codon-anticodon com- correct substrate do not take place, or are structurally
different, with an incorrect substrate (Ogle et al., 2001,plex. However, the energetic penalties due to first-posi-

tion mismatches on the ribosome were found to be much 2002). These differences probably reflect the observa-
tion from kinetics that rate constants of GTPase activa-smaller, 2.7 kcal/mol for U-G (Pape et al., 1999) and 3.4

kcal/mol for C-A (this paper); in one case the penalty tion and tRNA accommodation in the A site are much
faster for the correct than for the incorrect substrateswas comparable, 3.0 kcal/mol for G-A (T. Daviter and

M.V.R., unpublished data) to the results obtained with (Pape et al., 1999; Rodnina and Wintermeyer, 2001; this
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sured with the same materials, except that only one type of ternarypaper). This indicates that binding of the correct sub-
complex, either cognate or near-cognate, was added (0.25 �M), andstrate brings the catalytic groups into the proper orienta-
ribosomes (0.5 �M) were present in excess.tion for reaction, whereas an incorrect substrate does

not. This also implies that the ribosome is capable of
Kinetic Experiments

preferential stabilizing the complexes with the correct Fluorescence stopped-flow experiments were performed in a SX-
substrate in both ground state and transition state, 18MV spectrometer (Applied Photophysics) as described (Knudsen

et al., 2001; Pape et al., 2000). Fluorescence of proflavin was excitedwhereas incorrect substrates are poorly or not at all
at 470 nm, of wybutine at 325 nm, and of mant-GTP at 362 nm, andstabilized. In this respect the ribosome, like other in-
measured after passing a KV500 filter (Schott) for proflavin or KV408duced-fit enzymes and unlike simple rigid Michaelis-
for wybutine and mant-GTP emission. Experiments were performedMenten enzymes, increases the selection potential by
in buffer A at 20�C by mixing equal volumes of reactants (60 �l each)

checking the correct structure of intermediates formed and monitoring the time courses of fluorescence changes. Time
on the reaction pathway by an induced fit mechanism. courses depicted in the figures were obtained by averaging 3–7

individual transients.
Quench-flow assays were performed in a KinTek apparatus. EqualExperimental Procedures

volumes (14 �l) of ribosome complex and ternary complex were
rapidly mixed at 20�C. To determine the rates of peptide bond forma-Buffer and Reagents
tion, reactions were quenched with KOH (0.8 M) and f[3H]Met[14C]PheAll experiments were performed in buffer A (50 mM Tris-HCl [pH
dipeptides were analyzed as described (Katunin et al., 2002). To7.5], 70 mM NH4Cl, 30 mM KCl, 3.5 mM MgCl2, 0.5 mM spermidine,
measure GTP hydrolysis, reactions were quenched with 40% formic8 mM putrescine, and 2 mM DTT) at 20�C. Chemicals were from
acid and the fraction of [�-32P]GTP hydrolyzed was analyzed by thinRoche Molecular Biochemicals or Merck. Mant-GTP was purchased
layer chromatography using Polygram CEL300 TLC plates.from JenaBioScience. Radioactive compounds were from ICN.

Determination of Rate ConstantsRibosomes, EF-Tu, and tRNAs
Apparent rate constants were determined by exponential fitting,Ribosomes from E. coli MRE600, wild-type EF-Tu, and tRNAs were
using up to three exponential terms (characterized by variable timeprepared as described (Pape et al., 1998; Rodnina et al., 1994). EF-
constant, kapp and respective amplitudes) and a variable for the finalTu(H84A) (Daviter et al., 2003) was expressed and purified using
signal. Calculations were performed and standard deviations foran established protocol (Gromadski et al., 2002). For the kinetic
apparent constants kapp were calculated using TableCurve softwareexperiments, ternary complex, EF-Tu·GTP·[14C]Phe-tRNAPhe(Prf 16/17),
(Jandel Scientific). The rate constants of the elemental steps of Awas prepared by incubating EF-Tu (wt or H84A) (30 �M), EF-Ts (0.02
site binding were determined as described in the text and Supple-�M), GTP (1 mM), phosphoenol pyruvate (3 mM), pyruvate kinase
mental Data.(0.1 mg/ml), tRNAPhe(Prf16/17) (10 �M), ATP (3 mM), 14C-phenylala-

nine (30 �M), and yeast S100 fraction as a source of Phe-tRNA
synthetase (2% v/v) and purified by gel filtration as described (Pape Acknowledgments
et al., 1998; Rodnina et al., 1994). Ternary complexes containing
mant-GTP or [�-32P]GTP were prepared in the same way, except that We thank Wolfgang Wintermeyer, Venki Ramakrishnan, Eric West-
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70S initiation complex was prepared in buffer B (50 mM Tris-HCl Petra Striebeck, Astrid Böhm, Carmen Schillings, and Simone Möb-
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