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proteases, and, in eukaryotes, the ubiquitin con- 
jugating system, to distinguish nonnative from 
native proteins allows a lunetic partitioning of 
misfolded proteins between these systems, lead- 
ing to preferential degradation of those proteins 
that cannot readily fold into native conforma- 
tions. Degradation of properly folded proteins is 
avoided because the motifs recognized by the 
regulatory components of the degradative ma- 
chinery have characteristics of regions normally 
buried within folded proteins and because the 
proteolytic sites themselves are sequestered 
within internal chambers that are not directly 
accessible to proteins in the surrounding 
medium 
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R E V I E W  

Quality Control Mechanisms During 
Translation 

Michael Ibba' and Dieter Sollz* 

Translation uses the genetic information in messenger RNA (mRNA) to 
synthesize proteins. Transfer RNAs (tRNAs) are charged with an amino 
acid and brought to the ribosome, where they are paired with the 
corresponding trinucleotide codon in mRNA. The amino acid is attached to  
the nascent polypeptide and the ribosome moves on to  the next codon. 
The cycle is then repeated to produce a full-length protein. Proofreading 
and editing processes are used throughout protein synthesis to ensure the 
faithful translation of genetic information. The maturation of tRNAs and 
mRNAs is monitored, as is the identity of amino acids attached to tRNAs. 
Accuracy is further enhanced during the selection of aminoacyl-tRNAs on 
the ribosome and their base pairing with mRNA. Recent studies have 
begun to reveal the molecularmechanisms underpinning quality control 
and go some way to  explaining the phenomenal accuracy of translation 
first observed over three decades ago. 

Translation is the process by which the ge- information. Experimental measurements 
netic information contained in mRNA is used have suggested that, overall, an amino acid is 
to determine the sequential order of amino misincorporated at about 1 in every 10,000 
acids in a protein (Fig. 1). Translation is a key codons under normal growth conditions (2). 
facet of the Central Dogma of molecular This high level of accuracy is seemingly at 
biology ( I )  and must be relatively error free odds with the limited ability of enzymes to 
in order to allow the accurate flow of genetic distinguish structurally similar molecules 

such as, for example, the amino acids valine 
and isoleucine, both of which are substrates 
for translation (3). This particular problem is 
solved by the enzyme isoleucyl-tRNA syn- 
thetase, which is able to almost completely 
prevent the misincorporation of valine at iso- 
leucine codons during translation (4). While 
this represents the first identified, and per- 
haps best understood, example of quality 
control during translation, numerous other 
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mechanisms have since been identified at 
almost every step of the process. These mech- 
anisms can now be seen to function on sev- 
eral levels: The integrity of the nucleic acid 
substrates (tRNA and mRNA) is rigorously 
checked; the exact matching of tRNAs with 
the appropriate amino acid is carefully con- 
trolled; and finally, the precise pairing of 
aminoacylated tRNAs with the corresponding 
mRNA codon is mediated by the ribosome. 

Preparing the Substrates for 
Translation 
The two key substrates of translation are 
mRNA and arninoacyl-tRNA; it is their even- 
tual pairing on the ribosome that determines 
which amino acid is inserted at a particular 
point in the nascent polypeptide chain. After 
the transcription of tRNA genes, the resulting 
RNAs undergo numerous changes before a ma- 
ture translation-competent species is produced. 
These have been found to ~ c l u d e  terminal pro- 
cessing, intron splicing, editing, deamination, 
and addition on the nucleotide level (5). Fur- 
thermore, tRNAs also contain extensive nucle- 
otide modifications that can be essential for 
their function (6). Given the need for many 
steps in the production of mature tRNAs, it is to 
be expected that some form of quality control 
must operate to ensure that all of the necessary 
changes have been completed before tRNAs 
are used in translation. This function is princi- 
pally performed by the aminoacyl-tRNA syn- 
thetases, although the strict requirement by the 
processing enzymes for the correct three-di- 
mensional structure of tRNAs suggests that 
these steps are also used for quality control (5, 
6). The aminoacyl-tRNA synthetases are a 
family of enzymes (one for each amino acid) 
that catalyze the attachment of a particular ami- 
no acid to the 3' end of tRNAs containing the 
anticodon corresponding to that amino acid. 

Nucle 

I 
Protein 

synthesis 

Fig. 1. An overview of translation in eukaryotic 
cells. Messenger RNA and tRNA are synthesized 
and processe~ in the nucleus and then exported 
to the cytoplasm. In prokaryotic cells, mRNA 
and tRNA are made in the cytoplasm. AA, the 
aminoacyl moiety attached to the 3' end of 
mature tRNAs; AARS, aminoacyl-tRNA synthe- 
tase. Before translation initiation in bacteria 
and organelles, the initiator methionyl-tRNA 
must first be formylated. 

The aminoacyl-tRNA synthetases make exten- 
sive contacts with tRNAs over a large area 
(2470 to 5650 A2) (7), allowing numerous se- 
quence-specific interactions during RNA rec- 
ognition (8). These extensive interactions en- 
sure that only mature tRNAs are selected as 
bona fide substrates for translation (the speci- 
ficity of this process will be discussed later). 
The point at which aminoacyl-tRNA syntheta- 
ses execute their tRNA quality control function 
is not the same in prokaryotes and eukaryotes. 
In prokaryotes the maturation of tRNAs occurs 
in the cytoplasm, and this step is directly fol- 
lowed by their aminoacylation, with the product 
of this reaction then being used for ribosomal 
translation. In eukaryotes, tRNA transcription 
and maturation occur in the nucleus and may 
also be followed by aminoacylation-not to 
provide substrates directly for translation, but to 
facilitate interaction with specific factors nec- 
essary for export to the cytoplasm (Fig. 2) (9). 
In this way, the aminoacyl-tRNA synthetases 
ensure that mature, fully functional tRNAs (but 
not unprocessed or misfolded tRNAs) are ex- 
ported to the cytoplasm where they can partic- 
ipate in translation. It has also been found that 
some tRNAs are exported from the nucleus 
without prior aminoacylation. In this case, their 
structural integrity is monitored by the Ran- 
GTPase (guanosine triphosphatase) exportin-t 
before their transport to the cytosol (10) and 
again by the aminoacyl-tRNA synthetases di- 
rectly before their use in translation. 

The accuracy of mRNA synthesis is care- 
fully monitored during transcription elongation 
and termination in prokaryotes and eukaryotes 
by the same general mechanisms (11). Howev- 
er, the subsequent fate of these primary tran- 
scripts is markedly different. In prokaryotes, the 
transcripts of protein-coding genes can usually 
be directly used as substrates for translation. In 
eukaryotes, the primary transcript must normal- 
ly be processed to generate a mature mRNA 
that is a template for translation. As with tRNA, 
maturation occurs in the nucleus and is subject- 
ed to quality control before export of the mature 
mRNA, primarily through the association of 

Fig. 2. Quality control in 
eukaryotic tRNA matura- 
tion. Transcripts of tRNA 
genes are first processed 
to produce a mature 
tRNA. Some mature 
tRNAs can then directly 
associate with exportin-t 
(Ex-t) and Ran-CTP, 
which mediate their ex- 
port to the cytoplasm, 
whereas others must first 
be aminoacylated before 
they can be exported. 
AA, the aminoacyl moi- 
ety attached to the 3' 
end of mature tRNAs. 

various factors with the 3' polyadenylate tail 
(12). A second process of mRNA quality con- 
trol has recently come to light: mRNA surveil- 
lance (also known as nonsense-mediated de- 
cay). This process is fundamentally different 
from that seen for the quality control of 
tRNAs, because a faulty mRNA must first 
be at least partially exported and used for 
translation before it can be destroyed. The 
role of mRNA surveillance is to detect and 
destroy mRNAs containing premature 
translation termination signals that would 
otherwise result in the synthesis of truncat- 
ed proteins (13). Although the exact mech- 
anism of nonsense-mediated decay has yet 
to be fully resolved, it represents a critical 
quality control step during eukaryotic 
translation and explains why nonsense mu- 
tations rarely lead to the synthesis of trun- 
cated proteins in eukaryotes. 

Aminoacylation of tRNAs: Matching 
Nucleic and Amino Acids 
The sequential pairing of codons in mRNA 
with tRNA anticodom determines the order of 
amino acids in a protein. Thus, it is imper- 
ative for accurate translation that tRNAs 
are only coupled to amino acids correspond- 
ing to the RNA anticodon. This is chiefly, but 
not exclusively, achieved by the direct attach- 
ment of the appropriate amino acid to the 3' 
end of the corresponding tRNA by the ami- 
noacyl-tRNA synthetases (Fig. 3A) (14). Ex- 
tensive structural, biochemical, and genetic 
studies have shown that an intricate network 
of sequence-specific protein-RNA interac- 
tions ensures the accurate selection of the 
correct (cognate) tRNA and discrimination 
against other (noncognate) tRNAs (8, 15). 
The structural diversity presented by the dif- 
ferent combinations of bases, both modified 
and unmodified, in tRNAs ensures that the 
cognate molecules can be specifically select- 
ed by the appropriate aminoacyl-tRNA syn- 
thetase without recourse to proofreading 
(16). The accuracy of tRNA selection is fur- 
ther enhanced in vivo by competition be- 

1 
Ribosomal - protein 
synthesis 
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tween synthetases for their cognate tRNAs 
(1 7) and in some cases by the recruitment of 
additional proteins that enhance binding (18). 

Amino acids, being considerably less com- 
plex in structure, present a more challenging 
problem. Numerous examples have been re- 
ported of in vitro activation of noncognate ami- 
no acids by aminoacyl-tRNA synthetases (19), 
sometimes with a frequency as high as 1 in 150 
compared with the cognate amino acid [the 
recognition of valine versus isoleucine by iso- 
leucyl-tRNA synthease (311. The principal rea- 
son that this inability to discriminate similar 
amino acids does not compromise the fidelity 
of translation is that the respective aminoacyl- 
tRNA synthetases have proofreading activities 
(4). These activities have been found to operate 
at two levels: Most commonly, the activated 
noncognate aminoacyl-adenylate is hydrolyzed 
before transfer to tRNA can occur; less fre- 
quently, a noncognate aminoacyl-tRNA may be 
synthesized that is then deacylated (Fig. 3B). 
The molecular mechanisms underlying these 
proofreading activities have recently been elu- 
cidated for isoleucyl-tRNA synthetase. This en- 
zyme contains two distinct catalytic sites that 
present a double sieve during substrate selec- 
tion (16, 20). The first sieve serves to exclude 
amino acids larger than isoleucine from the 
active site but is unable to exclude valine, and 
consequently valyl-AMP (adenosine mono- 
phosphate) is synthesized. The second sieve 
then acts by hydrolyzing valyl-AMP at a struc- 
turally distinct "editing" site. The proofreading 
activity of isoleucyl-tRNA synthetase is depen- 
dent on specific sequences in cognate isoleu- 
cine tRNA species, which trigger the transloca- 
tion of misactivated valine from the catalytic to 
the editing site, firher enhancing the accuracy 
of isoleucyl-tRNA synthesis by the enzyme (4, 
21). Isoleucyl-tRNA synthetase provides a 
highly effective point of quality control, as seen 
from the observation that only about 1 in 3000 
isoleucine codons are misread as valine during 
protein synthesis (22). 

Despite the existence of highly refined qual- 
ity control mechanisms in many of the arnino- 
acyl-tRNA synthetases, these enzymes are not 
the sole providers of aminoacyl-tRNA for 
translation. It has become increasingly apparent 
in recent years that, paradoxically, several ami- 
noacyl-tRNA synthetases must first attach their 
cognate amino acids to apparently noncognate 
tRNAs as an essential step in translation (14). 
These misacylated tRN& do not compromise 
the fidelity of translation as they are not sub- 
strates for elongation factors and hence are not 
delivered to the ribosome (23). Instead, the 
noncognate amino acid moieties are enzymati- 
cally modified by nonsynthetase proteins to 
yield correctly charged arninoacyl-tRNAs that 
can then be used in protein synthesis (Fig. 3C). 
These tRNAdependent amino acid transforma- 
tion pathways the only hown means of 
synthesizing selenocysteinyl-tRNA [from Ser- 

tRNAS" (24)] and formylmethionyl-tRNA 
[from Met-tRNAyet (2511 and are solely re- 
sponsible for the synthesis of aspara- 
ginyl-tRNA (from Asp-tRNAAsn) or glutami- 
nyl-tRNA (from Glu-tRNAGh) in many bacte- 
ria, archaea, and organelles (26). A final prob 
lern that must be addressed during arninoacyl- 
tRNA synthesis is the stereospecificity of 
amino acid recognition. Although most amino- 
acyl-tRNA synthetases can adequately discrim- 
inate D- from L-amino acids, some, such as 
tyrosyl-tRNA synthetase, readily recognize 
both enantiomers of their cognate substrates. 
However, D-tyrosine is prevented from being 
incorporated into proteins by a proofreading 
enzyme, D-Tyr-tRNATv deacylase, that spe- 
cifically deacylates D - T ~ ~ - ~ R N A ~ ~  but not 
~ - T y r - t m A ~ v ,  and to a lesser extent by the 
preference of elongation factors for L-Tyr- 
tRNATv (27). 

Synthesizing Proteins from rnRNA and 
Arninoacyl-tRNA 
Once an aminoacyl-tRNA has been released by 
its respective aminoacyl-tRNA synthetase, it 

must associate with elongation factor Tu (EF- 
Tu, EF-la in eukaryotes) before it can partici- 
pate in ribosomal protein synthesis (28). The 
primary function of EF-Tu, to deliver a broad 
range of aminoacyl-tRNAs to the ribosome, 
dictates that it has a wide substrate specificity. 
At the same time, EF-Tu is more than simply a 
carrier and is essential for quality control during 
translation. EF-Tu helps to maintain translation- 
al fidelity by rejecting a number of tRNA spe- 
cies including uncharged tRNAs, naturally oc- 
curring mischarged tRNAs (23), and amino- 
acyl-tRNAs that are substrates for other trans- 
lation factors (29). Aminoacyl-tRNA associates 
with EF-Tu in a ternary complex with guano- 
sine triphosphate (GTP), which can then bind 
to the ribosome where anticodon:codon pairing 
occurs. The primary determinant of anticodon: 
codon pairing is classical Watson-Crick base 
pairing. Modified nucleotides in tRNA are of- 
ten also essential-for example, in modulating 
the degree of wobble at the third position in the 
codon (30) and in restricting shifts of the read- 
ing frame to those essential for recoding events 
(31). The correct pairing of bases between the 

AARS, + ATP tRN& 
A / L , + W R S ~ : - A W  A A R ~ : ~ - ~ R N A ,  

PP, 1 Proofreading 

AARS,+ AA, + AMP 

Proofreading 

MRSC + AMP 1 Editing 

~ ~ R N A ,  
Fig. 3. Proofreading and editing pathways in aminoacyl-tRNA synthesis. (A) Pathway for direct 
synthesis of a cognate aminoacyl-tRNA by the corresponding aminoacyl-tRNA synthetase. The 
cognate amino acid (AA,) is first activated in the presence of ATP, leading to the synthesis of an 
enzyme-bound aminoacyl-adenylate (AA,-AMP). The aminoacyl moiety is then transferred to the 
3' end of cognate tRNA (tRNA,), leading to the release of aminoacyl-tRNA (AA,-tRNA,). AARS,, 
cognate aminoacyl-tRNA synthetase. (9) Proofreadin of noncognate amino acids by aminoacyl 
tRNA synthetases. The noncognate amino acid (AANd is first activated, leading to the formation 
of a complex between a cognate aminoacyl-tRNA synthetase and a noncognate aminoacyl- 
adenylate. This complex may then either be proofread, resulting in the release of the noncognate 
amino acid, or it may transfer the noncognate aminoacyl moiety to the 3' end of cognate tRNA. 
When a noncognate aminoacyl-tRNA (AANc-tRNAc) is synthesized, it is not released but is instead 
proofread by the cognate aminoacyl-tRNA synthetase. (C) Editing of noncognate aminoacyl-tRNAs. 
After activation, the cognate aminoacyl moiety is transferred to the 3' end of an apparently 
noncognate tRNA (tRNA,,). The resulting aminoacyl-tRNA is then released and used as a substrate 
in a separate editing reaction that generates an aminoacyl moiety corresponding to the identity of 
the tRNA. Cognate pathways and components are shown in green, noncognates in red. 
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aminoacyl-tRNA and mRNA results in the hy- 
drolysis of GTP and the release of EF-Tu:GDP, 
the aminoacyl-tRNA enters the ribosomal A 
site, and finally, the aminoacyl moiety is trans- 
ferred to the nascent polypeptide chain. It has 
long been known that this stage of translation is 
subjected to quality control by passive kinetic 
proofkading of noncognate anticodon:codon 
interactions (32), although there has been some 
disagreement as to the exact mechanism (33). 
Recent studies suggest that cognate anti- 
codon:codon pairings more efficiently induce a 
conformational change in the ribosome than 
noncognate or near-cognate pairings, possibly 
by contacts between 16s ribosomal RNA and 
the codon-anticodon complex (34). This is pre- 
dicted to have two consequences: (i) selection 
of a cognate EF-Tu:GTP:aminoacyl-tRNA ter- 
nary complex will be favored and (ii) GTP 
hydrolysis and A site entry will occur more 
efficiently. The overall effect is that cognate 
anticodon:codon pairings will be kinetically 
more favorable than noncognate pairings for 
protein synthesis, providing an important qual- 
ity control step in translation. 

The accurate synthesis of a protein is not 
only dependent on consecutively translating 
each mRNA codon as the correct amino acid. 
The protein must also start and finish in the 
right place. The site of translation initiation is 
determined by specialized initiator tRNAs that, 
when aminoacylated, form part of a higher 
order complex that exclusively recognizes start 
codons (35). The completion of protein synthe- 
sis is determined by the recognition of stop 
codons by release factors, leading to termina- 
tion of translation, polypeptide release, and ri- 
bosome recycling (36). Initiation and termina- 

tion are dependent on the sequence context of 
start and stop codons, respectively (37), thereby 
enhancing the accuracy of both processes. De- 
spite these various levels of control, nascent 
peptidyl-tRNAs may dissociate h m  the elon- 
gating ribosome before termination. The accu- 
mulation of these potentially toxic peptidyl- 
W A S ,  which can interfere with translation by 
disrupting initiation and sequestering W A S ,  is 
prevented by the recycling activity of the en- 
zyme peptidyl-tRNA hydrolase (38). As de- 
scribed above, eukaryotes use an additional 
mechanism (RNA surveillance) to detect mis- 
placed stop codons. Although a similar pathway 
has not been found to date in prokaryotes, 
bacteria contain a means of dealing with a 
different kind of termination problem, the ab- 
sence of stop codons resulting from damage to 
the 3' ends of mRNAs. 

tmRNA, the Twist in the Tale of 
Bacterial Translation 
mRNAs that lack stop codons present two po- 
tential problems for translation: They interfere 
with the ribosomal termination and reinitiation 
cycle and they give rise to truncated polypep- 
tides. Bacteria overcome both of these obstacles 
by using a pathway mediated by a unique 
tRNA-mRNA hybrid, tmRNA (39) (Fig. 4). 
tmRNA contains two distinct functional do- 
mains, one that mimics part of tRNAAla and 
one that encodes a short polypeptide. tmRNA is 
first charged with alanine by alanyl-tRNA syn- 
thetase, after which it associates with EF-Tu 
and binds at the A site of stalled ribosomes. 
The alanyl moiety is then transferred to the 
nascent polypeptide chain, while at the same 
time the mRNA-like domain of tmRNA replac- 

tmRNA-temp&& protein 
elongation and termination 

1 
Ribosome and tmRNA recycling 

w 
Degradation 

Fig. 4. The tmRNA pathway. tmRNA is first aminoacylated with alanine by alanyl-tRNA synthetase 
(AlaRS). Ala-tmRNA is then taken to stalled ribosomes in a pathway dependent on the proteins 
SmpB and EF-Tu. The "stalled" polypeptide chain is then transferred to the Ala of Ala-tmRNA and 
protein synthesis resumes, but now using tmRNA as its template. tmRNA-templated elongation 
and termination result in the release of a polypeptide with an 11-amino acid COOH-terminal tag. 
This tagged polypeptide is subsequently recognized and degraded by COOH-terminal-specific 
proteases. 

es the truncated mRNA on the ribosome. 
tmRNA is then used as the template to add a 
further 10 amino acids to the nascent polypep- 
tide before translation terminates and a tagged 
protein is released. Proteins synthesized in this 
way are subsequently degraded, as the 11- 
amino acid tag is a recognition sequence for a 
number of proteases (40). This remarkable 
quality control mechanism ensures that ribo- 
somes do not get stuck on terminator-less 
mRNAs and that prematurely truncated pro- 
teins do not accumulate. 

Conclusions and Perspectives 
The cell places a high priority on ensuring that 
translation produces proteins that accurately re- 
flect the corresponding genetic information. To 
this end, quality control can be seen at every 
step in translation where errors might accumu- 
late. These mechanisms share a common fea- 
ture: Their activities are adapted to prevent 
naturally occurring mistakes. While this might 
seem obvious, it means that the translational 
machinery can be subverted with unnatural sub- 
strates. For example, while EF-Tu can discrim- 
inate against a number of naturally occurring 
mischarged tRNAs, it recognizes a vast range 
of synthetic aminoacyl moieties that are subse- 
quently incorporated into proteins (41). This 
has already led to the rational design of in vitro 
translation systems able to use a significantly 
expanded range of amino acids and raises the 
tantalizing possibility that the same goal may 
one day be achieved in vivo (42). Advances in 
our understanding of quality control during 
translation will facilitate this goal. Our knowl- 
edge of the mechanisms underlying quality 
control has increased enormously in recent 
years. In some cases, such as the rejection of 
valine by isoleucyl-tRNA synthetase, the pro- 
cess of quality control is understood at near- 
atomic resolution and it seems likely that other 
steps, in particular those involving the ribo- 
some, will also be clarified at the same resolu- 
tion (43). For other aspects of quality control, 
such as nuclear aminoacylation and RNA sur- 
veillance, recent studies have advanced our 
knowledge from the anecdotal to the mech- 
anistic. It now seems likely that the com- 
bined knowledge obtained from these very 
different experimental approaches may al- 
low us to finally answer one of modem 
molecular biology's very first questions: 
How does the cell manage to make so few 
errors during protein synthesis? 
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Quality Control by DNA Repair 
Tomas Lindahl and Richard D. Wood 

Faithful maintenance of the genome is crucial to the individual and to 
species. DNA damage arises from both endogenous sources such as water 
and oxygen and exogenous sources such as sunlight and tobacco smoke. In 
human cells, base alterations are generally removed by excision repair 
pathways that counteract the mutagenic effects of DNA lesions. This 
serves to maintain the integrity of the genetic information, although not 
all of the pathways are absolutely error-free. In some cases, DNA damage 
is not repaired but is instead bypassed by specialized DNA polymerases. 

The large genomes of mammalian cells are excision and replacement of damaged nucle- 
vulnerable to an asray of DNA-damaging otide residues by DNA repair pathways to 
agents, of both endogenous and environmen- counteract potentially mutagenic and cyto- 
tal origin. This situation requires constant toxic accidents. Consequently, DNA exhibits 

very slow but substantial turnover in vivo, 
despite its role as carrier of stable genetic 
information. No correction procedure is go- 
ing to be absolutely exact and error-free, but 
repair of common DNA lesions clearly de- 
mands highly accurate performance. In prac- 
tice, an altered nucleotide residue is usually 
replaced after the removal of a short segment 
of the damaged strand and a copying of the 
intact complementary strand. The most fre- 
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