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Abstract—Protein biosynthesis is the final step in the transfer of genetic information in the cell. In turn, its last step is the
release of a nascent polypeptide from the ribosome. Therefore, termination of translation may be considered (if we do not
take into account protein post-translational modification and folding) as a final step of the transition from genotype to
phenotype through the classic DNA-RNA-protein pathway. In a narrow sense, termination of translation is the hydrolyt-
ic cleavage of peptidyl-tRNA into free tRNA and completed polypeptide chain carrying all the information encoded in the
corresponding mRNA and DNA. Then the completed protein molecule is released from the ribosome and the ribosome
dissociates into its components (subunits, factors, mRNA, tRNA, etc.). After the synthesis is completed, the polypeptide
chain is folded either cotranslationally or by an additional specialized mechanism, depending on the nature of the protein,
organism, and other factors. This issue of Biochemistry (Moscow) highlights from various points of view the problem of
translation termination, excluding protein folding. Yeast termination factors with prion-like properties are also considered.
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There are two aspects to translation termination
studies. The narrow one is restricted to the peptidyl-
tRINA cleavage in the ribosome involving a termination
codon, a termination factor, and the ribosomal peptidyl
transferase center. A wider aspect considers also the
events following the step of chemical hydrolysis.
Termination and posttermination are often studied
together, though, as one may see from the papers in this
issue, these two processes are fundamentally different in
mechanisms and in proteins involved. The effect of
mRNA structure on termination and posttermination
efficiency was recently discussed in detail (see [1-3]).

Termination of translation is interesting and
attracts attention from various points of view. It
remains unknown how the termination codon at the
ribosomal A site interacts with the release factor and
with the substrate of the reaction, peptidyl-tRNA. It is
still not proved whether the release factor interacts
directly with a stop codon, or a complex is first formed
between ribosomal RNA region(s) and mRNA and is
then recognized by the release factor. At present the
hypothesis of direct recognition is preferred [4-8], how-
ever, in parallel new data obtained [9-11] pointing to the
important role of rRNA in translation termination.
Though about 30 years have passed since the basic dis-
coveries around translation termination were made (see
reviews [12, 13]), still neither a catalytic mechanism of

the reaction nor a route of signal transduction from stop
codon in mRNA toward the catalytic center has been
established. Therefore, enzymological study of transla-
tion termination remains essential.

A nonsense mutation in mRNA has two possible
consequences: this mRNA either undergoes degradation
by the special complex mechanism recognizing mRNAs
with a stop codon in a wrong position (see [14-16] for
details), or, if this mechanism fails for any reason to
degrade the defective mRNA, the truncated polypeptide
chain is released.

Contrary to the mutations from one sense codon to
another which are in most cases not reflected in the phe-
notype, a mutation of most sense codons in any of the
stop codons may be fatal to the cell. It becomes more
and more evident that a number of diseases including
hereditary and oncological ones is caused by premature
termination producing the C-truncated proteins.
Nonsense mutations form a significant part of patholog-
ical mutations in general. Therefore, it is a medically
important problem to “cure” these mutations to recover
normal size of the proteins and thus their functions.

A traditional treatment is replacing the damaged
gene with the normal one—gene therapy. However, if
one considers that there are hundreds of diseases caused
by protein truncation by nonsense mutations, it becomes
evident that development of special gene-replacing ther-
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apy for every gene will take a lot of time and effort. In
spite of the differences in the pathological genes, these
diseases have similar mechanisms; therefore, it appears
more reasonable to search for a universal mechanism for
their repair.

It is well known that stop signals may be read as
sense codons by suppressor tRNAs which recognize
each of the three stop codons. Usually in a normal cell
the concentration of suppressor tRNAs is very low, and
they are unable to compete efficiently with the release
factors. Therefore, most of the nonsense codons are read
as termination signals, or this mRNA is degraded as
mentioned above.

Both in vitro and in vivo there is direct competition
between the release factor and suppressor tRNAs,
because both occupy the ribosomal A site. This phe-
nomenon has been known for a long time for prokary-
otes and recently shown also for eukaryotes [17, 18]. The
competition between the release factor and the suppres-
sor tRNAs may form the basis for a new approach to
“cure” nonsense mutations. There are two possible ways
to achieve a shift toward the readthrough inhibiting ter-
mination: to increase the concentration of the suppres-
sor tRNA, for example, by their hyperexpression in
damaged cells, or to suppress the release factor activity,
for example by specially generated inhibitors. These two
strategies may be used concomitantly.

Any of these methods may be efficient enough for
total or partial functional recovery of the damaged trun-
cated protein. However, it is also evident that weakened
termination and enhanced suppression should cause
increase in the concentration of elongated proteins in
which the amino acid sequence is encoded by mRNA
part downstream from the stop codon toward the 3"-end
of the mRNA. It is known that mRNAs vary in the
length of the 3"-untranslated region (UTR), and the 3"
UTR may comprise a rather long mRNA fragment.
Consequently, many proteins of excessive length should
appear as a side effect of nonsense-codon therapy. How
dangerous may this be for a cell? First, a significant part
of these extra C-terminal fragments may be destroyed by
proteolysis, because contrary to the conventional pro-
teins they have no regular evolutionarily selected sec-
ondary and tertiary structure. Second, these “extra”
polypeptides may not interfere with functional activity
of the normal protein: most probably the extra part will
form a spatially isolated domain. Third, termination is
only weakened, not stopped, and obviously normal pro-
teins will be produced along with the extended ones. The
amount of normal protein may be sufficient to provide
normal functioning, because usually cells produce pro-
teins “in excess”.

To summarize, the presence of many extended pro-
teins may be much less harmful than the absence of an
essential functional protein. This makes it reasonable to
develop experimentally the suggested strategy to cure
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nonsense mutations. This method has two important
advantages: a) a cellular gene with its own normal regu-
lation system is preserved instead of introduction of a
new gene and its regulation system; b) there is no need to
develop a special method for each new disease, because
the approach is unspecific toward the genes affected by
nonsense mutations.

Obviously, problems which are now difficult to pre-
dict may arise on practical realization of this approach.
For some genes and mRNAs the inhibition of termina-
tion factors will probably be more efficient, and for oth-
ers it will be better to increase the concentration of sup-
pressor tRNAs. Efficiency of the treatment should
depend on the stop codon context: the variability of pos-
sible contexts is virtually unlimited. Inhibition of termi-
nation and/or enhancement of suppression will probably
vary depending on the given situation.

A very interesting discovery in translation termina-
tion studies was the observation of the similarity
between prions, proteins responsible for some incurable
neurodegenerative diseases in humans and animals, and
a protein involved in termination of translation in
baker’s yeast Saccharomyces cerevisiae. This will also be
discussed in this issue.

Briefly, it was shown that in yeast there is a pheno-
type named [psi+] which is inherited cytoplasmically (for
details see [19-21]). Most yeast strains have [psi—] pheno-
type. The origin of the [psi+] remains unknown: the con-
sequence of long-term yeast cultivation under laborato-
ry conditions is not excluded (Yu. Chernov, unpub-
lished).

Though [psi+] and [psi-] phenotypes have been
known for a long time, only recently they were related to
a certain yeast protein, Sup35p [22]. It was suggested
that one and the same protein Sup35p has two alterna-
tive conformations corresponding to the [psi+] and
[psi—] phenotypes.

It is known that a similar phenomenon was shown
earlier for the prion proteins: a normal cellular protein
PrP€ affected by unknown factors may transform into
the pathogenic form PrP*. The “prionic” ([psi+]) form
of Sup35p causes no pathology, but rather provides
some advantages for survival under uncomfortable con-
ditions [23]. Quite unexpectedly and unpredictably the
yeast protein Sup35p became a model prion, and great
attention was drawn to it. Independently it was shown
that Sup35p belongs to the class II of termination fac-
tors named ¢RF3 [24].

The yeast protein Sup35p possesses not only prion-
like properties, but also biochemical activity of the eRF3
protein family, that is, eRF1- and ribosome-dependent
GTPase activity (L. Frolova, personal communication).
While no activity which could be easily measured is
known for mammalian prions, Sup35p possesses such
activity; therefore, Sup35p appears to be a convenient
model to study prionic properties.
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The problem of termination including its “prion”
aspects is highlighted from various points of view in the
papers of this issue. There is no need to summarize the
achievements in this area within these introductory
notes. However, it seems reasonable rather to stress
unsolved problems and unclear points.

After determination of structure for the class I
release factors (eRF1) [25] the situation became similar
to prokaryotes, where the structure of RF1 and RF2 has
been established much earlier (see reviews [26, 27]). It
then became possible to study the RFs of this class from
various species in parallel.

Though the principal scheme of translation termi-
nation should be the same in prokaryotes, archaebacte-
ria, and eukaryotes, some important differences have
already been found. It remains unknown whether a com-
mon ancestral gene exists for eukaryotic and prokaryot-
ic class I RFs. Different points of view have been pre-
sented. On one hand, RF1/2 and eRF1 are rather differ-
ent [25], though they have a common functionally
important GGQ motif [28]. On the other hand, align-
ment of the sequences for several class I RFs of various
origin suggested the existence of a common ancestor [29,
30]. Computer-assisted structural analysis of many class
I RFs representing all living kingdoms have shown
structural homology of the eRF1 C domain (about 160
amino acids) with some ribosomal proteins, while nei-
ther RF1, nor RF2 from prokaryotes have shown simi-
lar homology. Moreover, no homology was found
between C-domains of eRF1 and RF1/2. These data (N.
Oparina, L. Frolova, and L. Kisselev, unpublished) con-
firm that at least the C-domain of eRF1 has no common
ancestor with prokaryotic RF1/2.

Another important difference is found in the inter-
action with class II release factors, RF3 and eRF3. eRF1
has a specific region in its C domain which allows for-
mation of a stable complex with eRF3 [31-34]. For
RF1/2 no similar region was found, and no complex
formation was shown between RF1/2 and RF3 [30]. The
third difference is in stop codon recognition. While in
eukaryotes eRF1 recognizes all three stop codons,
prokaryotic RF1 and RF2 recognize UAA plus either
UAG (RF1) or UGA (RF2) (see reviews [35, 36]).

Even more serious differences are found on com-
parison of RF3 and eRF3 (table). First, eRF3 is encod-
ed by an essential gene, while this is not true for RF3.
Second, though both RF3 and eRF3 are GTP-binding
proteins, their structural differences are obvious: RF3 is
similar to EF-G (elongation factor, translocase), while
eRF3 is similar to eEFla (elongation factor, analog of
prokaryotic EF-Tu). Third, the C domain of eRF3 con-
tains an eRF1-binding site [32, 33], while no similar site
was found in RF3. Fourth, RF3 is active as a GTPase in
the presence of ribosomes and in the absence of RF1/2
[37-39], while eRF3 requires not only ribosomes, but
also eRF1 for its GTPase activity [40, 41].
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Comparison of RF3 (prokaryotes) and eRF3 (eukaryotes)

Factor
Properties
RF3 eRF3

Encoded by an essential gene No Yes
GTP binding Yes Yes
GTPase activity depends:

on ribosome Yes Yes

on (¢)RF1 No Yes
Complex formation with No Yes
RF1/2 or eRF1
Acceleration of the translation cycle Yes Yes (7)
Substitution with EFG + RRF Yes ?

The functional role of RF3 is gradually becoming
clear [37, 42-44]. 1t is already known that this factor is
not involved in peptidyl-tRNA hydrolysis, but is essen-
tial for fast removal of RF1/2 from the ribosomes after
termination. In other words, RF3 is involved in prepa-
ration of a ribosome for the next translation cycle and
may be considered as a post-termination factor.

The situation with eRF3 remains rather unclear.
Though it was shown that, similarly to RF3, it is not
involved in peptidyl-tRNA hydrolysis and is rather a post-
termination factor (see [45]), its more precise function has
become the subject of discussion. It is suggested that it
may be an analog of elongation factor eEFla [30, 46],
though there are arguments against this (L. Frolova, T.
Merkulova, and L. Kisselev, in preparation), that it may
be an analog of elongation factor eEF2 translocating from
A to P ribosomal site not tRNA, but eEFla [47], that it
may have a function of proofreading [40], or that it may
serve as a functional analog of two prokaryotic factors,
RF3 + RRF [35], because putative eukaryotic RRF was
shown to be a release factor from chloroplasts [48], and no
cytoplasmic RRF has been found in eukaryotes so far.

A reconstructed system close to the natural one was
created to study separately termination and post-termi-
nation stages in prokaryotes [49], but there are great dif-
ficulties in developing a similar system for eukaryotes,
mainly because numerous proteins are involved in these
processes.

Two periods are seen in the history of translation
termination research during which all basic discoveries
have been made. The first five years (1967-1971) result-
ed in the general scheme of the process with the essential
role of stop codons and termination factors later
assigned to class I [50], the post-termination stage
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remaining obscure. It is now evident that though these
results were not essentially changed later, they were only
the very first approximation.

The second five-year period (1994-1998) followed
the first after a quarter-century break of no new knowl-
edge about termination of translation. During the sec-
ond period RF3, eRF1, and eRF3 were characterized
structurally and functionally and a realistic system was
developed to analyze termination in prokaryotes. Taken
together, these results provided a new level of knowledge
concerning the translation termination process.

The next five years at the transition to the third mil-
lennium should be a period of very extensive studies of
prokaryotic and eukaryotic (and probably of archaebac-
terial) systems. These studies will employ site-directed
mutagenesis, yeast two-hybrid and three-hybrid systems
[51, 52], crystallization of the termination factors and
their complexes with other proteins to establish their 3D
structure, analysis of fast and stationary kinetics, and
computer-assisted analysis of genes and proteins
involved in termination and post-termination.

Of course, these introductory notes consider only a
few aspects of the problem. The reader is invited to find
the missing information in the papers of this issue; they
are written by those who have made essential personal
contributions to this area of biochemistry and molecular
biology.
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