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High fidelity substrate selection is crucial in the

transmission and expression of genetic information.

The nucleic acid-programmed enzymes involved in

these processes, such as DNA/RNA polymerases

and ribosomes, discriminate effectively between

structurally similar substrates, nucleoside

triphosphates (NTPs) and aminoacyl-tRNAs

(aa-tRNAs), respectively, on the basis of

complementary base pairing with the respective

templates. During mRNA translation into protein,

the ribosome selects the correct aminoacyl-tRNA

(aa-tRNA), in the form of a ternary complex with

elongation factor Tu (EF-Tu) and GTP, from the

many incorrect ones, on the basis of the match

between codon and anticodon triplets. In the

cognate complex, three base pairs are formed

between codon and anticodon, whereas in near- and

non-cognate cases the match is imperfect, ranging

from a single mismatch to no base pair at all. The

The ribosome selects aminoacyl-tRNAs with high fidelity. Kinetic studies reveal

that codon–anticodon recognition both stabilizes aminoacyl-tRNA binding on

the ribosome and accelerates reactions of the productive pathway, indicating

an important contribution of induced fit to substrate selection. Similar

mechanisms are used by other template-programmed enzymes, such as DNA

and RNA polymerases.

Ribosome fidelity: tRNA discrimination,
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free energy difference ∆∆G° between cognate and

near-cognate base pairs can be small, about 3 kcal

mol−1 or less, predicting an error frequency of up to

one out of 100 amino acids incorporated. However,

significantly lower error frequencies are found

in vivo, ranging from 6 × 10−4 to 5 × 10−3 on internal

mRNA codons in Escherichia coli (Ref. 1). To resolve

the discrepancy, kinetic proofreading models were

proposed in which the same discriminatory

interaction is used more than once in consecutive

selection steps that are separated by irreversible

energy-dissipating reactions2,3.

This review summarizes the present knowledge

on kinetic proofreading mechanisms during

aa-tRNA selection on the ribosome. The emphasis

is on the importance of induced fit and on

structural elements of the ribosome that might be

affected. A brief discussion of induced-fit

mechanisms used by DNA and RNA polymerases is

included for comparison. Editing mechanisms by

which incorrectly formed products are discarded

hydrolytically, for instance, by DNA polymerases

or aa-tRNA synthetases, are not included. For

information regarding aa-tRNA synthetases,

including the structural characterization of the

domain comprising the hydrolytic active site, see

Refs 4–6.

For translation on the ribosome, the kinetic

proofreading model was verified by Thompson and

colleagues7, and later confirmed by Ehrenberg,

Kurland and colleagues8. Their kinetic

experiments have established that the selection of

aa-tRNAs by the ribosome is accomplished in two

steps: initial selection and proofreading, which are

separated by GTP hydrolysis. In their pioneering

work, Thompson and colleagues introduced single-

turnover kinetics to measure rates of GTP

hydrolysis and peptide bond formation9,

demonstrating that discrimination in both

selection steps is based on different stabilities of

correct and incorrect codon–anticodon duplexes10.

However, these data alone were not sufficient to

explain quantitatively the experimentally

observed error .

Recently, the complete kinetic mechanism of

aa-tRNA binding was established11 (Fig. 1). First,

the ternary complex of aa-tRNA with EF-Tu–GTP

binds to the ribosome and forms a readily

reversible initial binding complex that dissociates

rapidly when there is no match between anticodon

and codon. When a codon is recognized, the

complex is stabilized and EF-Tu undergoes a

conformational rearrangement towards the active

state for GTP hydrolysis (GTPase activation). After

GTP hydrolysis, EF-Tu rearranges from the GTP-

to the GDP-bound form, thereby loosing the affinity

for aa-tRNA. The aminoacyl end of aa-tRNA is then

free to move into the peptidyl transferase center on
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Fig. 1. Kinetic mechanism of aa-tRNA binding to the A site of the ribosome. Kinetically resolved steps are indicated by numbered rate constants,
steps that are rate-limited by the preceding step are designated kGTP, kPi, and kpep. The binding sites of the ribosome for peptidyl-tRNA and
aminoacyl-tRNA (aa-tRNA) are designated P and A, respectively. Elongation factor Tu (EF-Tu) is depicted differently in the GTP- and GDP-bound
conformations, GTP* denotes the GTPase state. Abbreviation: Pi, inorganic phosphate.
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the 50S subunit (accommodation), where it takes

part in peptide bond formation. Alternatively,

aa-tRNA can dissociate from the ribosome. In

addition, kinetic mechanisms were solved for near-

cognate and non-cognate aa-tRNAs (Refs 12,13),

allowing for the quantitative description of the

mechanisms operating in aa-tRNA selection.

Two selection steps in aa-tRNA discrimination

The selection of aa-tRNA in response to the codon

in the ribosomal A site takes place before GTP

hydrolysis (initial selection) and after GTP

hydrolysis but before peptide bond formation

(proofreading). Non-cognate ternary complexes are

efficiently excluded in the initial selection step

(Fig. 2). The efficiency of initial selection is

determined by the rate constants of initial binding

k
1

and k−1
, of codon recognition k

2
and k−2

, and of

GTP hydrolysis k
GTP

. The association rate

constants k
1

were found to be similar for cognate,

near-cognate and non-cognate ternary complexes12.

Therefore, all ternary complexes have the same

chance to bind to the ribosome initially,

irrespective of the codon present in the A site. In

the initial binding complex, the anticodon is

screened for codon recognition and, when there is a

significant match between anticodon and codon,

the ternary complex is stabilized on the ribosome

(slow k−2
). In non-cognate cases, when base pairing

is insufficient, the ternary complex dissociates

from the ribosome before GTP hydrolysis (slow k
3
).

Thus, the bulk of non-cognate ternary complexes is

discriminated in a single selection step with

essentially no cost with respect to GTP

hydrolysis13.

Discrimination against near-cognate ternary

complexes requires a more complex mechanism

(Fig. 3). Upon codon recognition, near-cognate

aa-tRNA is stabilized (k−2
) and the hydrolysis of

GTP in EF-Tu is stimulated (k
3
), although not to the

same extent as in the cognate case. Although k−2

differs approximately 100-fold between cognate and 

near-cognate ternary complexes, initial selection is

not very effective because this difference is

outweighed by the increase of k
3
, such that rapid

and irreversible GTP hydrolysis largely precludes

the equilibration of the preceding reversible steps.

The efficiency of initial selection is influenced by the

Mg2+ concentration and ranges from low

(10 mM Mg2+; Fig. 3) to about 1:10 at conditions

closer to physiological ones (5 mM Mg2+)13. The

majority of near-cognate aa-tRNA rejection takes

place in the subsequent proofreading step. Because

the near-cognate codon–anticodon complex is less

stable than the cognate one, there is a higher

probability that near-cognate aa-tRNA will

dissociate from the ribosome at this stage

(k
7
; Fig. 3). In previous models, discrimination by

rejection during both initial selection and

proofreading was attributed exclusively to those

differences in dissociation rates10. It is important to

note, however, that the probability of being rejected

during the proofreading phase is increased for the

near-cognate aa-tRNA because the accommodation

step (k
5
) is much slower with the near-cognate than

with the cognate aa-tRNA. A similar effect is noted

for the GTPase activation step (k
3
) in the initial

selection phase. The efficiency of rejection in the

proofreading step is determined by the ratio of the

rate constants of rejection and accommodation

k
7
:k

5
. This ratio is 60 for the near-cognate and

<0.04 for the cognate aa-tRNA (Fig. 3), meaning

that there is efficient rejection of the former and

practically no rejection of the latter. These values

are probably representative of the in vivo situation,

because the proofreading step is not much

influenced by the buffer conditions13.
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Strategies for substrate selection: discrimination by

stability and induced fit

Discriminating between two substrates based on

their affinity to the enzyme appears to be an obvious

strategy to use. Indeed, the different stabilities of

correct and incorrect codon–anticodon pairs are used

in both phases of selection on the ribosome. However,

the ribosome uses yet another discrimination

strategy. The correct codon–anticodon interaction not

only slows the dissociation rate, but also greatly

accelerates two forward reactions, GTPase activation

and accommodation, and the subsequent irreversible

chemistry steps. Thus, the ribosome uses an induced-

fit mechanism for improving the selection of the

correct aa-tRNA and the discrimination against the

incorrect ones. The ribosome seems to assume two

different conformations: a binding conformation that

accepts or rejects substrates on the basis of different

binding stabilities, and a productive conformation

that favors GTP hydrolysis and peptide bond

formation. The productive conformation is induced

by correct base pairing between codon and anticodon,

and is inhibited by mismatches in the

codon–anticodon complex.

According to the theory of induced fit: (1) the

precise orientation of the catalytic groups is required

for enzyme action; (2) the binding of the correct

substrate causes a change in the 3D structure of the

active site towards the active state; and (3) binding of

an incorrect substrate to the active site does not induce

these changes14. Substrate-induced conformational

changes have been found for many enzymes. However,

the question remains whether induced fit improves

specificity. Asimple Michaelis–Menten enzyme binds

its substrates rapidly, whereas k
cat

is determined by a

subsequent slow step. With such an enzyme,

substrate-induced conformational changes would

affect equally the relative catalytic efficiency towards

the two substrates and thus would not improve

specificity15. This conclusion is valid for cases where

there is a single active conformation of the enzyme,

such as when the alignment of the catalytic groups is

required to be identical for any substrate to react.

However, the kinetic data show that this is not the

case for aa-tRNAbinding to the Asite, because the

rates of the two chemical steps, GTP hydrolysis and

peptide bond formation, are lower for the incorrect

substrates than for the correct ones.

The more general formulation of the reaction

pathway for an induced-fit enzyme allows different

substrates to induce non-identical forms of the

activated enzyme such that substrate-dependent

conformational differences prevail in the transition

state. In such cases, the catalytic efficiency towards

two substrates can be different, originating in part

from specific, substrate-induced conformational

changes and thereby enhancing substrate specificity16.

There are other special cases where conformational

changes do improve specificity, for example when the

binding step is rate limiting for the correct substrate

and the chemical step is rate limiting for an incorrect

substrate17,18. The kinetic analysis reveals that the

Review

GDP

GTP GTP GTP*
GTP

Initial
binding

Codon
recognition

GTPase
activation

GTP
  hydrolysis  

25 s–1  

100 s–1

0.2/17 s–1

500/50 s–1 Fast

Initial selection

Accommodation Peptidyl transfer

Rejection

EF-Tu conformational 
change

Pi

Pi release

kPi k4

kpep

Fast

60s–1Fast

3 s–1

7/0.1s–1 

 <0.3/6 s–1 

Proofreading

k1

k–1

k2

k–2

k3 kGTP

k5

k6

k7

+

+   

Ti BS

110 µM–1 s1

GDP 
Pi

GDP

GDP

Fig. 3. Discrimination
against near-cognate
ternary complexes. Black,
rate constants that are the
same for cognate and
near-cognate aa-tRNA;
red, rate constants that
are specific for cognate
aa-tRNA; blue, rate
constants for near-
cognate aa-tRNA. The rate
constants for cognate
Phe-tRNAPhe(AAG) and
near-cognate 
Leu-tRNALeu2 (GAG) on a
UUU codon were
determined at 10 mM Mg2+

and 20 °C (Ref. 13). GTP*

denotes the GTPase state.
Abbreviation: Pi,
inorganic phosphate.



TRENDS in Biochemical Sciences  Vol.26 No.2  February 2001

http://tibs.trends.com

128 Review

ribosome uses both strategies for substrate

discrimination, in that it selects its substrates on the

basis of both different binding energies and different

effects on catalysis of correct and incorrect substrates.

Ribosome structure and fidelity

The induced-fit model implies that the formation of

the correct codon–anticodon complex induces a

structural change of the decoding center on the 30S

ribosomal subunit. This change in structure is

communicated to the 50S subunit, where both the

GTPase activating center and the peptidyl

transferase center are located. It is not known how

the ribosome senses structural differences between

correct and incorrect codon–anticodon duplexes on

the 30S subunit, nor is it known how these

differences affect the GTPase activation and

accommodation steps on the 50S subunit. In

examining the codon–anticodon complex, the

ribosome has to distinguish correctly paired bases

from mismatches in a sequence-independent

manner. It is possible that the ribosome senses the

geometry of the sugar-phosphate backbone of the

codon–anticodon helix that is affected by

mismatches. Another possibility is provided by the

fact that in all Watson–Crick base pairs, N3 of

purine bases and O2 of pyrimidine bases assume the

same position, thus providing the same sequence-

independent pattern of potential hydrogen bond

acceptors19. By donating hydrogen bonds to those

acceptors, ribosomal residues of the decoding center

might establish interactions preferentially with

correct base pairs, thereby sensing the correct

codon–anticodon complex on the ribosome.

One candidate to form direct interactions with

the codon–anticodon complex is helix 44 of 16S

rRNA (nucleotides 1400–1500), as deduced from

footprinting20,21 and mutational analyses22.

According to the high-resolution (3.0–3.3 Å) crystal

structures of the 30S subunit (Fig. 4)23,24, the

decoding site is mainly composed of RNA, including

helices 18 and 34 as well as adenines 1492 and 1493

of helix 44. The only protein that is located close to

the site of codon–anticodon interaction is S12.

According to a model derived from the crystal

structure25, adenines 1492 and 1493 can interact

with the minor groove of the codon–anticodon double

helix and form hydrogen bonds with 2′-OH groups of

the backbone on both sides of the duplex. The

hydrogen bonds can be formed with positions N1, N6

and N3, or N1, N6 and N7 of adenines 1492 and

1493. The latter mode of interaction, which is

supported by mutational analysis26, would allow 

the formation of sequence-independent hydrogen

bonds of adenine N6 with O2 and N3 in the

codon–anticodon helix. Additional interactions with

the codon–anticodon helix might be provided by

helices 18 and 34, both of which are known to

influence accuracy22,27,28.

In the 7.8 Å crystal structure of the 70S ribosome

carrying a tRNA in the A site, the part of helix 44

that forms the A site of the decoding center,

including nucleotides 1492 and 1493, is about 15 Å

apart from the site of codon–anticodon interaction,

which seems too far for the interactions in

question29. Although it is possible that the latter

structure represents a different state of the

ribosome compared with the structure of isolated

30S subunits, higher resolution is required to see

structural details around the codon–anticodon

double helix in the decoding center.

It appears likely that the structure of the

decoding center changes when interactions

between ribosomal residues and the

codon–anticodon duplex are formed, thus creating

a conformational signal that could be

communicated to distant parts of the ribosome

where GTP hydrolysis and peptidyl transfer are

controlled. In fact, the conformational dynamics of

the decoding region (helix 44) seem to play an

important role in modulating fidelity. A model RNA

comprising the decoding center can assume two

different conformations in solution, one of which is

stabilized by the antibiotic paromomycin, which is

known to enhance misreading30. Interestingly, this

paromomycin-induced conformation of the 16S

decoding region was observed in the crystal

structure of ribosome complexes with tRNA bound

to the A site29. 

A kinetic analysis has revealed that paromomycin

stabilizes the binding of aa-tRNA in the A site,

irrespective of whether the codon–anticodon pair is

cognate or near-cognate, and accelerates both GTP

hydrolysis and peptide bond formation31, hence the

increased amino acid misincorporation.

Furthermore, the antibiotic decreases the rate of
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codon recognition, suggesting that binding of the

antibiotic induces a rearrangement from a binding

to a productive conformation of the decoding

region. The conclusion is that cognate

codon–anticodon recognition, or near-cognate

codon recognition augmented by antibiotic binding,

promotes the rearrangement of 16S rRNA towards

the productive conformation.

Another region of 16S rRNA that is involved in

fidelity control is helix 27. This helix was shown to

exist in two alternative base-paired arrangements

which, when stabilized by mutations, either

increase or decrease accuracy32. Ribosomal

proteins might be involved as well. Mutations in

protein S12 confer resistance to or dependence on

the error-inducing antibiotic streptomycin, retard

translation rate and increase accuracy. Mutations

in ribosomal proteins S4 and S5 confer the opposite

phenotype, because they increase the basal

translational error rate and can suppress the

streptomycin dependence of restrictive S12 mutants.

Ribosomal proteins S4, S5 and S12 protect

nucleotides in helix 27 from chemical modification,

and mutations in the three proteins alter the

structure of the region and modulate the

conformation of helix 27 (Ref. 32). Helix 27 might

be involved in transmitting the signal from the

decoding site to the functional sites on the 50S

subunit. In the crystal structures of the 70S

ribosome29 and the isolated 30S ribosomal

subunit23,24, helix 27 is about 15 Å away from the

anticodon of the A site-bound tRNA, making a

direct interaction with the codon–anticodon

complex in the A site unlikely. However, the switch

in helix 27 might induce cooperative opening and

closing of RNA helices in the vicinity of the

decoding center29,32, such as helices 44, 18 and 34,

thereby altering the positions and/or interactions

of proteins S4, S5 and S12. In fact, major

rearrangements in the structure of 70S ribosomes

were observed in reconstructions obtained by 

cryo-electron microscopy (cryo-EM), when a

particular conformation of 16S rRNA was

stabilized by mutations in helix 27 (Ref. 33).

Alternatively, because the penultimate stem of

helix 27 and the closing 900 loop are involved in the

communication between 30S and 50S subunits29,34,

the switch between two conformations in this

region might be instrumental in transmitting the

conformational signal to the 50S subunit.

For 23S rRNAin the large ribosomal subunit,

several fidelity mutations have been described. These

mutations are located in helix 69 in domain IV, in

helix 89 in domain V, and in the sarcin-ricin loop

(SRL) in domain VI of 23S rRNA(Refs 35,36). These

regions of 23S rRNAare involved in different

functions. Helix 69 forms an intersubunit bridge to

the decoding part of helix 44 in 16S rRNA29,

suggesting that mutations in helix 69 interfere with

the communication between subunits. Helix 89 is

located in the vicinity of the peptidyl transferase

center of the ribosome37,38, and it is conceivable that

mutations in this region, by changing its structure,

affect the accuracy of amino acid incorporation by

influencing the accommodation of aa-tRNAor peptide

bond formation, or both. Finally, mutations in the

SRL are likely to influence the interaction of the

ribosome with EF-Tu (Ref. 39), thereby affecting

partial reactions of A-site binding in an as yet

unknown way.

In conclusion, three groups of structural elements

of the ribosome influence the fidelity of protein

synthesis. The first group includes those regions of

16S rRNAand proteins of the small ribosomal

subunit that form the decoding region. These

elements are likely to be involved directly or

indirectly in sensing the structure of the

codon–anticodon complex and in creating the

conformational signal of codon recognition. The

second group includes parts of rRNAat the subunit

interface that might mediate the transmission of the

conformational signal from the 30S decoding site to

the active center(s) on the 50S subunit. Finally, the

third group comprises regions of the 50S subunit that

might receive and convert the signal by accelerating

GTPase activation and aa-tRNAaccommodation.

Mutations in those elements of the ribosome appear

to change the relative rates of productive versus

rejection reactions during aa-tRNAselection and,

thereby, influence accuracy.

Induced fit in other template-programmed

polymerases

Most enzymes possess active sites that are tailored

specifically to the structure of the correct substrate

or its transition state and will not accept incorrect

substrates. However, this is not an adequate

discrimination strategy for enzymes that synthesize

polymers from structurally similar monomeric

substrates. Like ribosomes, DNA and RNA

polymerases recognize their NTP substrates on the

basis of complementary base pairing to a nucleic

acid template. This means that the structure of the

correct substrate, as defined by the template, can

differ from cycle to cycle. DNA polymerases catalyse

the incorporation of nucleotides with low error

frequency (10−5–10−6). In addition, when an

incorrect nucleotide has been incorporated, the

polymerase activity of the enzyme is slowed down,

which gives the time to correct the error by

exonucleolytically removing the mismatched

nucleotide, such that the overall error frequency

approaches 10−8–10−10 (Ref. 18). The low error of

nucleotide incorporation is, in part, achieved by

induced fit. NTP binding to DNA polymerase is a

two-step process: initially an ‘open’, relatively weak

complex is formed in which the rate of incorporation

is low. Binding of the correct NTP, but not of the

incorrect one, triggers the transition into a ‘closed’

state that both tightens the binding and accelerates
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the incorporation18,40. The crystal structures of

DNA polymerase complexes with template-primer

DNA and NTP substrate analogs suggest that

residues of the enzyme contribute to the fidelity of

DNA synthesis by recognizing correct base

pairs41,42, and indicate how the transition between

the open and closed forms of DNA polymerase take

place19,43. A similar mechanism appears to operate

in E. coli RNA polymerase44,45. This is a type of

induced-fit mechanism in which binding of the

incorrect substrate impedes the conformational

change that converts the polymerase from the

inactive (open) to the active (closed) form. Similar

mechanisms appear to be used by the ribosome,

indicating that the same kinetic mechanisms 

have evolved to attain the high fidelity of 

template-dependent polymerases.

Concluding remarks

The kinetic analysis of the mechanism of aa-tRNA

selection on the ribosome has revealed that the

discrimination of correct and incorrect substrates is

achieved in two consecutive steps, initial selection and

proofreading, which operate on the basis of both

substrate stabilities and induced fit. The mechanism

of ribosomal selection is similar to the mechanisms

used by other template-dependent enzymes, such as

DNAand RNApolymerases. The structural

determinants that sense the cognate base pairing on

the ribosome, and the relay mechanisms of

intersubunit communication are not yet clear. Future

challenges are to identify the residues of the ribosome

that contribute to recognition and to study the kinetics

of the interplay between the different discrimination

strategies for the regulation of translational fidelity.

Review
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