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Prolonged and sophisticated investigations into ribosome
structure and function are being rewarded with a new un-
derstanding of normal decoding. Ribosomal RNA plays a
much more active role than previously thought (Dahlberg,
1989; Moazed and Noller, 1989). Sites have been identi-
fied for decoding, peptidyl transferase, and termination,
though none are yet as firmly established as that for initia-
tion. Recent biochemical data have brought widespread
acceptance of the existence of an exit (E) site in addition
to the classical A and P sites. Finally, the proposal for a
reciprocating motion of the two subunits, involving inter-
mediate hybrid sites during the translocation process, has
suggested a comforting rationale for ribosome design.
However, just as ribosome functioning is beginning to
come more into focus, it has been found that ribosomes
are capable of unexpected gymnastic feats that, even
classical ribosomologists are coming to accept, will throw
light on the great areas of darkness remaining (Dahlberg,
1989). These nonstandard decoding events involve ribo-
somal hopping, frameshifting, and reading through stop
codons, all at unexpectedly high levels using surprising
mechanisms. These possibilities mean that the protein
sequence cannot always be simply deduced from the se-
quence of the mature message.

Hopping

During translational elongation, the paired codon and an-
ticodon can sometimes disengage at certain sequences,
allowing the mRNA to slip with respect to the ribosome-
peptidyl-tRNA complex. The anticodon may then re-pair
with a now-nearby similar codon, so that synthesis con-
tinues downstream. On a run of 4 identical bases the reen-
gagement may occur at a codon 1 base removed from the
original in-frame codon, with a resultant frameshift. “Slip-
ping” of this type is part of the mechanism for many of the
examples of -1 or +1 frameshifting described below.

If the shift occurs over a considerable distance without
intermediate pairing, however, the ribosome hops down
the mRNA. Hopping requires a “takeoff site” codon and a
similar sequence acting as a “landing site” immediately &'
of the codon for the next amino acid on the resumption of
synthesis. Hopping was first encountered over short dis-
tances by inserting test sequences early in the /acZ gene
of Escherichia coli (Weiss et al., 1987). For instance, CUU
UAG CUA (Leu stop Leu) was decoded with an efficiency
of 1% as a single leucine from the 9 nucleotides. Hopping

was also detected when the takeoff and landing sites over-
lapped, as in the sequence GUGUA (Weiss et al., 1967,
O'Connor et al., 1989). At about the same time, tRNA mu-
tants were isolated that increased the hopping at certain
sites (Falahee et al., 1988; Hughes et al., 1989), and hop-
ping was detected over as many as three stop codons, al-
beit at decreased efficiency. The mutants have an extra
base in a tRNA anticodon (O’Connor et al., 1989) that
somehow promotes hopping. One inference to be made
from their study is that there may be good reasons why
almost all natural tRNAs have seven-membered anticod-
on loops! Even with these precedents, the discovery of
high level, natural, programmed hopping was a surprise.

The 50 nucleotides that separate codon 46 from codon
47 in the mature message of phage T4 topoisomerase
subunit gene 60 are bypassed by the translation appara-
tus with an efficiency approaching 100% (Huang et al.,
1988). Several key features required for ribosomal bypass
of this coding gap have been defined utilizing variants
generated as gene 60-/acZ fusions (Weiss et al., 1990a).
The analogy to low level and tRNA suppressor-mediated
hopping is supported by a strict requirement for a matched
set of codons at the takeoff and landing sites. As is the
case with all high level unusual ribosomal frameshift or
readthrough sites, the interesting question is how the
message conspires with the translation apparatus to in-
crease the efficiency and scope of these events.

In the gene 60 case, there are at least four distinct ele-
ments that contribute significantly to the bypass. Three
of these elements are located at the coding gap: the
matched codon set defining its borders, a stop codon at
the 5’ junction of the gap contained within a short stem—
loop structure, and an optimal 50 nucleotide spacing
separating the 5’ and 3’ junctions. The fourth, and most
surprising, feature is a stringent requirement for a specific
amino acid sequence in the nascent peptide translated
from the 46 codons preceding the coding gap. This na-
scent peptide enables the ribosome that has just synthe-
sized it to bypass the coding gap, although its mode of ac-
tion is undefined. This nascent-chain effect adds another
example to an expanding list of interesting translation
events mediated through the nascent protein chain, such
as signal recognition particle arrest of elongation (Wolin
and Walter, 1988), autoregulated instability of B-tubulin
mRNA (Yen et al., 1989), and regulation of the carbamoyl-
phosphate synthetase A gene, CPA7, in Saccharomyces
cerevisiae (Werner et al., 1987).

Another example of high level natural hopping could be
in the carA gene of Pseudomonas aeruginosa, which en-
codes the small subunit of carbamoyl-phosphate synthe-
tase (Wong and Abdelal, 1990). Two sets of codons that
could potentially act as the takeoff and landing sites occur
at nucleotides 9 to 15 and 21 to 27 downstream of the start
codon. In contrast to the gene 60 case, the untranslated
12 nucleotides do not contain a stop codon. Since this
putative example has just been found, the critical features
are unknown, but cannot fail to be interesting.
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Shifty Sequences and Stimulators for +1

and -1 Frameshifting

The great majority of ribosomal frameshifting events stud-
ied are due to a tRNA slipping from pairing with its correct
inframe codon to an overlapping -1 or +1 cognate
codon. A string of four or more single base repeats consti-
tutes a “slippery run” prone to frameshifting. In some in-
stances the run is minimal: For instance, in decoding E.
coli polypeptide chain release factor 2 (RF2) (Craigen et
al., 1985), the run is CUU U (Weiss et al., 1987). A CUU-
decoding tRNAL®Y slips +1 to a UUU sequence using a
G:U pair in the first position. The lack of perfect classical
complementarity in re-pairing may mean there are relaxed
rules for re-pairing (first position wobble). Shiftiness in this
instance does not uniquely depend on the tRNALeU: when
the CUU U string is replaced by GUU U or GGG U, then
tANAVal or tRNACY, respectively, performs high level
shifting (Weiss et al., 1987).

As first discovered in retroviruses, the possibility for two
adjacent tRNAs to shift in tandem can for some pairs in-
crease the level of shifting higher than the sum of shifti-
ness at either codon in isolation (Jacks et al., 1988a).
The tandem slippery sequences A AAA AAC, U UUU
UUA, and G GGA AAC are common in retroviral shift
sites (the upstream A, U, or G being essential). The shift
in reading frame, which is —1, occurs predominantly at
the second codon of the slippery pair (Hizi et al., 1987;
Jacks et al., 1988a). Coronaviruses use a combination of
the above slippery sequences, namely U UUA AAC, for
their frameshifting (Brierley et al., 1987, 1989; Breden-
beek et al., 1990).

The mechanism underlying —1 frameshifting at tandem
slippery codons appears to be the most universally con-
served of frameshifting signals, given that retroviral shift
sites can catalyze efficient —1 shifting when translated in
E. coli (Weiss et al., 1989). A single base change in the
mouse mammary tumor virus (MMTV) gag-pro shift site,
from the normal A AAA AAC to A AAA AAG, surprisingly
leads from ~20% to 50% -1 frameshifting at this se-
quence (a 25-fold increase); and the 10-fold decrease be-
tween A AAA AAG and A AAA AAA affords an interesting
glimpse at how the nuances of codon-anticodon interac-
tion can govern the efficiency of this type of shifting. The
high level of shifting at A AAA AAG is, in fact, utilized in
the decoding of an E. coli gene, dnaX, which encodes two
DNA polymerase lll subunits (Flower and McHenry, 1990;
Blinkowa and Walker, 1990; Tsuchihashi and Kornberg,
1990). Frameshifting is utilized by one bacterial IS1 (“in-
sertion sequence 1") element (Sekine and Ohtsubo, 1989),
and by extrapolation from the known sequences, is likely
to be utilized by at least some members of the 1S3 family
as well (Prére et al., 1990). In several of these examples,
the shift site is again likely to be A AAA AAG.

Shifty runs alone, however, are not sufficient for high
level shifting. Secondary signals programmed in the
mRNA augment shifting at the slippery sequence to give
high levels of frameshifting. We call these signals “stimu-
lators,” and they are very diverse (Figure 1). For the +1
shift for decoding RF2, two stimulators are utilized. One
is a Shine-Dalgarno sequence located 3 nucleotides 5’ of
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Figure 1. Schematic Comparison of Four Frameshift Models, and a
Possible Structure of Nucleotides Essential for Readthrough of UGA
with Selenocysteine Incorporation

With 1BV, the proposed coaxial structure is not apparent in this simple
representation of the pseudoknot. For Se Cys, an alternative structure
involving nucleotides &' of the UGA may be involved.

the shift site that interacts with the 3’ end of 16S ribosomal
RNA of elongating ribosomes (Weiss et al., 1988a). This
finding leads to the surprising conclusion that ribosomal
RNA is continuously monitoring mRNA sequences during
translation. The second stimulator is a UGA terminator at
codon 26 flanking the shift site on its 3’ side (Weiss et
al., 1987; Curran and Yarus, 1988). The stimulators act
independently with substantial activity, but their effects
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are synergistic. Use of both stimulators means that RF2
frameshifting utilizes both an interaction normally involved
in initiation and one involved in termination, within the
middle of a decoding region!

Atleastin E. coli, a role of 3' flanking termination codons
in promoting frameshifting has been uncovered with con-
structs made in a /acZ reporter system. This role of stop
codons has been extensively investigated, and while it
may act by causing a long pause in decoding, the alterna-
tive of an abortive termination event prior to release factor
binding needs to be seriously considered (Weiss et al.,
1990b). The 5 RF2 stimulator, the Shine-Dalgarno se-
quence, which augments a +1 shift, has the effect of forc-
ing the mRNA in the direction it normally moves (3' to &'
[the ribosome normally moves 5’ to 3’ with respect to the
message]), while the —1 shift at the retroviral tandem slip-
pery sequence forces the mRNA backward (5'to 3'). When
these two components are put together in an artificial hy-
brid, the Shine-Dalgarno stimulator for RF2 dampens the
retroviral shift. In other words, a stimulator for a +1 shift
can act as an inhibitor for a —1 shift (Weiss et al., 1990b).

The stimulator for several of the retroviral shifts, and
also the coronoviral and dnaX shifts, is 3' mRNA se-
quences probably in the form of stem-loop structures. A
stem-loop structure can be drawn 7 nucleotides down-
stream of the actual, or putative, shift site in many retro-
viruses (Jacks et al., 1988a; Le et al., 1989). In the ab-
sence of the stimulator, much less frameshifting occurs at
the second codon of the pair, revealing a low level shift at
the first codon. Evidence for the involvement of the stimu-
lator loop region in additional pairing to form a pseudoknot
has been presented for the coronavirus avian infectious
bronchitis virus (IBV) (Brierley et al., 1989). The involve-
ment of a pseudoknot has been inferred for another
coronavirus, mouse hepatitis virus (Bredenbeek et al.,
1990), for some, but not all, retroviral examples (Brierley
et al., 1989; ten Dam et al., 1990), and in a variety of other
instances (ten Dam et al., 1990). When the 3' sequence
is deleted, there is a great reduction in coronoviral or
MMTV frameshifting.

How pseudoknots affect frameshifting is not clear, but
is likely to be more sophisticated than an effect on de-
creasing or increasing the stability of the stem-ioop struc-
ture. The question does, however, raise the general issue
of how ribosomes open up mRNA secondary structure.
Jacks et al. (1987, 1988a) proposed that the stem-loop
structures appropriately positioned downstream of the ret-
roviral shift sites cause pausing of ribosomes such that
the shifting on the double slippery codons at the decoding
site prior to peptide bond formation is facilitated. While the
leading ribosome may be caused to pause by certain
stem—loop structures, if the following ribosomes are close-
ly spaced they may not encounter the stem-loop structure
in the same way. Wolin and Walter (1988) have found that
eukaryotic ribosomes can be tightly packed behind the
leading ribosome at the stall site they examined in a pre-
prolactin mRNA in vitro.

These results should be interpreted with caution, as all
the higher eukaryotic frameshifting studies with altered
sequences have been done with a reticulocyte lysate cell-

free translation system; there are likely to be differences
in the number of ribosomes loaded per message, and per-
haps in the tRNA balance, from less specialized cells in
vivo. Experiments with tissue culture cells are clearly
needed, especially since reticulocyte lysate protein syn-
thesis experients, or studies in yeast cells, showed little or
no effect of 3’ sequences on human immunodeficiency vi-
rus (HIV) frameshifting (Wilson et al., 1988). Whether this
is due to a minor quirk of the in vitro system or is a basic
difference of HIV from other retroviruses has not yet been
determined. The HIV family of retroviruses is different in
many important ways from the other retroviruses in which
frameshifting has been studied, and it will be interesting
to compare any HIV frameshifting stimulator, when found,
with that of the other viruses. Resulits from tissue culture
cells will need to be compared with the findings from in-
fected cells where altered tRNA maodification has been
reported. The tRNAPhe present in celis infected with a
retrovirus that utilizes a U run as the slippery sequence
lacks the highly modified Wye base in its anticodon.
Simitarily, the tRNAAs" decoding AAC in the A AAA AAC
sequence lacks the Q base in its anticodon (Hatfield et al.,
1989). As the earlier results have shown, these under-
modifications are clearly not essentiai for frameshifting,
but to what extent they contribute needs to be assessed.

The in vitro results must not be treated lightly, however.
The amino acid sequence of the frameshift junction of in
vivo synthesized gag-pro fusion polyprotein from MMTV
has been determined, and shown to result from a shift at
the same site as the in vitro product (Hizi et al., 1987).
Evenin E. coli cells, frameshifting on retroviral sequences
is augmented in a similar way by the same stimulators as
in the reticulocyte lysate system (Weiss et al., 1989). This
is surprising in view of the divergence of prokaryotic and
eukaryotic ribosomes. There appears to be conservation
at the ribosomal level of the essential components for this
type of shifting. A model for retroviral shifting based on hy-
brid three-site (A, P, and E) decoding (Moazed and Noller,
1989) has been presented (Weiss et al., 1989). In this vari-
ant of the original model, shifting occurs after transpepti-
dation and perhaps during translocation itself.

For the +1 shifting with the yeast Ty (“transposon
yeast”) elements (Clare and Farabaugh, 1985; Mellor et
al., 1985), the shift site, CUU Agg c, does not at first glance
look like a slippery repetitive run used in retroviral shift-
ing (Belcourt and Farabaugh, 1990). However, for the
tRNALeY that decodes the 0 frame CUU, it is a slippery
sequence. This tRNA has the anticodon 3-GAU-5', with
an unmodified uracil in its wobble position, so is able to
decode the +1 frame UUA after slipping forward 1 base.
The stimulator in this case is a 3' adjacent rare arginine
codon, AGG, decoded by a minor tRNA (see Belcourt and
Farabaugh, 1990) that might cause a pause in translation.
When the level of the minor tRNAAT is increased, the
level of frameshifting decreases (Xu and Boeke, 1990).
However, no other rare codon will act as a stimulator—
there must be something special about the interaction of
the tRNAAY with its codon (Belcourt and Farabaugh,
1990).

Thus the complete information for the high level shift
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(approaching 509%) in Ty1 is contained within a 7 nucleo-
tide stretch (CUU AGG C) encompassing the shift site,
and this is conserved from Ty1 to Ty2. Interestingly, when
this consensus sequence is placed within four codons of
the translation start site, then shifting drops down almost
40-fold to background levels (Belcourt and Farabaugh,
1990). The reason for this is unknown, but might be ex-
plained on the basis of the three-site model for ribosomes
with occupancy of the exit (E) site by a noninitiator tRNA
affecting A site binding (Rheinberger and Nierhaus,
1986).

Regulation by Frameshifting

E. coli RF2 uniquely causes release at UGA. Before the
sequence became known, it was thought that a clever way
to regulate the synthesis of RF2 would be to have an in-
frame UGA stop codon early in the gene. If there was an
adequate level of RF2, termination would ensue and fur-
ther RF2 would not be synthesized. If RF2 was limiting,
then this would allow UGG-decoding tRNATP the chance
toinsert Trp at the UGA and the readthrough wouid permit
decoding of the bulk of the gene to replenish the supply
of RF2. As discovered by Craigen et al. (1985), however,
this model was only half correct. As introduced above,
there is an in-frame UGA terminator at codon 26, buta +1
frameshift is required to decode the main part (down-
stream) of the gene. The frameshifting can be at high lev-
els (30% or more), which is higher than stop codon read-
through levels (except where selenocysteine is inserted;
see below), and this may be one reason for the utilization
of frameshifting rather than stop codon readthrough.

Occurrence of Polyproteins Generated

by Frameshifting

Many of the examples of frameshifting and readthrough
have been found in viruses. This may be due to the com-
pactness of viral genomes, but is also likey to be a reflec-
tion of our relatively greater knowledge of the expression
of viral genes. The first several examples required the
ribosomes to shift frame near the end of a gene, and in
the new frame to bypass the normal terminator to produce
an elongated protein. The function, if any, of frameshifting
in the initial example, the coat lysis hybrid of phage MS2,
which is due to a +1 shift (Atkins et al., 1979; Beremand
and Blumenthal, 1979), remains unknown. The coat lysis
hybrid is not incorporated into the virion, but the possibility
that an equivalent frameshift product from the Pseudomo-
nas RNA phage PP?7 is incorporated is under investigation
(Garde et al., unpublished data). The functions of the elon-
gated products from genes 5.5 and 70 of phage T7, which
are due to —1 shifts (Dunn and Studier, 1983), remain un-
known. However the gene 10 shift occurs at a moderately
high level and utilizes a distant 3’ stimulator (Condron et
al., unpublished data).

Much more is known about the retroviral and related ex-
amples. The initial findings were with Rous sarcoma virus,
where 5% of the ribosomes translating gag shift to the —1
frame shortly before the terminator and enter po/ (Jacks
and Varmus, 1985). With HIV the situation is similar except

that the level is higher, 12% (Wilson et al., 1988, Jacks et
al., 1988b). With MMTYV, in contrast, two -1 shifts are re-
quired, as the protease gene lies between the gag and po/
genes. A —1 shift at 23% efficiency brings ribosomes to
the protease gene, and a second shift at 8% near the end
of the protease gene brings ribosomes to the pol gene to
generate a gag—pro-pol fusion at an overall ratio to gag
similar to that found with the single-shift situation with
Rous sarcoma virus (Moore et al., 1987; Jacks et al., 1987).
Sequences similar to those responsible for frameshifting
in these three retroviruses (see above) are found in the
great majority of other sequenced retroviruses, making it
likely that frameshifting (all —1) is used by them to make
the gag-pol fusion polyprotein. (The alternative of stop
codon readthrough is seen in murine leukemia virus and
a few other retroviruses; see below). The yeast “killer” par-
ticle uses a —1 frameshift mechanism similar to that of the
retroviruses (Icho and Wickner, 1989; Diamond et al.,
1989). A -1 frameshift is used in the replicase gene of two
coronaviruses, avian 1BV and mouse hepatitis virus, to al-
low ribosomes to enter a region encoding a further, mas-
sive 350 kd of protein. It is likely also to be used by a num-
ber of (+)-stranded plant viruses (Miller et al., 1988; Veidt
et al., 1988; Xiong and Lommel, 1989), and in at least one
of these it is now being confirmed.

There seems to be no significance in the frameshifting
in the above examples being —1. Many retrotransposons,
retrovirus-like DNA transposable elements that replicate
via an RNA intermediate during transposition, use +1
frameshifting. One example is the yeast Ty elements,
which utilize +1 frameshifting to generate a coat pro-
tein-polymerase fusion at an efficiency of approximately
20%. Virus-like particles have been found for Ty1 and at
least one Drosophila retrotransposon. In the Drosophila
element 17.6, frameshifting is inferred to occur by analogy
with its Ty equivalents, especially Ty3 (Hansen et al.,
1988).

With the bacterial IS elements the product of the up-
stream gene insA binds to the terminal inverted repeat se-
quences of the IS element. A —1 frameshift near the end
of the insA gene yields an insA-insB fusion product that
competes with the insA product for binding to the terminal
sequences and, in addition, has transposase activity. The
level of frameshifting appears to determine the level of
transposition (see Sekine and Ohisubo, 1989), but whether
the frameshifting level is responsive to stress or other con-
ditions is unknown. Double-stranded DNA phages have
also responded to the lure of shiftiness: in phage 2 a rela-
tively low level of —1 frameshifting (~2.5%) occurs at a
double slippery codon near the end of gene G to generate
a fusion product termed GT. GT is an essential phage tail
component, and translation of the T open reading frame
except as part of the fusion has not been detected (M.
Levin, R. Hendrix, and S. Casjens, unpublished data).
Frameshifting is the favored, though not the established,
explanation for basal-level synthesis of outer membrane
genes coding for major antigenic components of Hae-
mophilus gonorrhoeae, with consequences for influenc-
ing the configuration of repeat elements present in these
genes (Belland et al., 1989).
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Readthrough with the Insertion of a “Standard”
Amino Acid

For some time, the genomic RNA from the RNA phages
was the only purified natural mRNA available for transla-
tion studies, and it is not surprising that the first example
of readthrough of a stop codon was found in one of these
phages, QB. Readthrough of a leaky UGA terminator at
the end of the Qf coat protein gene results in tryptophan
being inserted in response to the UGA codon at the rela-
tively low efficiency of ~3% (Weiner and Weber, 1973).
Readthrough results in a considerably elongated product
that is incorporated into the virion and is essential for in-
fectivity (Hofstetter et al., 1974). In contrast, UAG read-
through is required for synthesis of a subunit of the pili of
toxigenic E. coli (Jalajakumari et al., 1989). A well-known
example of UAG readthrough is found in the replicase
gene of tobacco mosaic virus (Pelham, 1978). Termination
at the leaky UAG stop codon results in the synthesis of a
126 kd protein, whereas readthrough (at an efficiency of
10%) leads to the synthesis of a 183 kd product essential
for infectivity. The UAG can be replaced by UAA without
affecting infectivity (Ishikawa et al., 1986).

In tobacco mosaic virus and two unrelated viruses, beet
necrotic yellow vein virus and turnip yellow mosaic virus,
the sequences immediately surrounding the leaky UAG
stop codon are conserved, unlike the rest of the nearby se-
guences. The conserved sequences are CAA UAG CAA
UYA. We wondered if the stop codon was hopped over by
tRNAGIn rather than read through. However, Skuzeski et
al. (unpublished data) have evidence that rather than hop-
ping being involved, there is a special context or stimuia-
tor for readthrough. A second group of plant RNA viruses
has different sequences flanking the leaky UAG stop
codon. This group, which includes maize chlorotic mottie
virus (Nutter et al., 1989), has the sequence AAA UAG G.

Readthrough is also used by several (+)-stranded ani-
mal viruses of the alphavirus family, such as Sindbis
(Strauss et al., 1983); interestingly, other members of the
same family, such as Semliki Forest virus (Takkinen,
1986), have a sense codon in place of the stop codon.
In Sindbis virus, stop codon readthrough (in the alpha-
viruses the stop codon utilized is UGA) is involved in ex-
pression of one of the replicase constituent proteins.
Replacement of the UGA stop codon by either a sense
codon or one of the other stop codons has subtle deleteri-
ous effects on the virus (Li and Rice, 1989). It is sus-
pected, but not established, that the polyprotein plays
some role independent of its processed components.

The first retrovirus found to have a “special” translation
mechanism for the generation of its gag-po/ fusion was
murine leukemia virus, where there is in-frame read-
through of a leaky UAG terminator at the end of gag
(Philipson et al., 1978; Yoshinaka et al., 1985a). A minority
of other retroviruses, such as feline leukemia virus (Yo-
shinaka et al., 1985b), are very likely to use a similar
mechanism. The 10% readthrough efficiency of the UAG
terminator of the gag gene of murine leukemia virus in
vivo is dependent on preservation of a strong stem-loop
structure containing the UAG in the loop (Jones et al.,
1989; see also Panganiban, 1988). It is presumed that the

stem-loop structure is required for the readthrough pro-
cess, and so it is a stimulator in the sense used above, but
the possibility has not been excluded that this structure is
required solely for some other viral function. ten Dam et
al. (1990) have pointed out that the stem-loop containing
the stop codon in the loop has not been preserved in feline
leukemia virus; instead, one of the most stable potential
stem-loop structures occurs just downstream of the UAG
codon and is capable of forming a pseudoknot. This puta-
tive stem-loop begins 8 nucleotides 3’ of the stop codon,
a similar distance from the shift site in those viruses utiliz-
ing frameshifting, and a similar structure may aiso be able
to form in murine leukemia virus. An investigation of the
requirements for UAG readthrough in the feline leukemia
virus context is clearly needed.

As in the case of Sindbis, the leaky UAG of murine
leukemia virus can be changed to one of the other termi-
nators and readthrough is still observed (Feng et al.,,
1989a; Jones et al., 1989). It has been reported that infec-
tion with murine leukemia virus induces the synthesis of
a minor tRNAGI", and the induction is inhibited by the an-
tiviral compound avarol (Kuchino et al., 1987, 1988). The
stimulation has not been seen by others (Feng et al.,
1989b). Whatever the resolution of this issue, the minor
tRNACGI is probably not required for readthrough at the
end of the gag gene.

Readthrough with Insertion of Selenocysteine:
mRNA Stimulator, Special tRNA,

and Elengation Factor

Recently it has been found that selenium is cotransiation-
ally incorporated in protein in the form of selenocysteine
in response to “special” UGA codons. The best studied oc-
currences of selenocysteine are in formate dehydrogen-
ase of E. coli (Zinoni et al., 1986) and in glutathione per-
oxidase (Chambers et al., 1986) of several mammalian
species. Selenocysteine is highly sensitive to oxidation,
but its function is mostly unknown. Preliminary studies
have shown that formate dehydrogenase containing cys-
teine in place of selenocysteine has 4- to 5-fold lower spe-
cific activity (Bock and Stadtman, 1988). However, apart
from the evolutionary questions raised by the cotransla-
tional insertion of selenium, the main interest raised by
this remarkable discovery is in how it occurs, and what is
“special” about the UGA codons that encode it.

A minor UGA-decoding seryltRNA in a variety of ver-
tebrates has been known of for many years (Diamond et
al., 1981). This tRNA can be converted to phosphoseryl-
tRNA, which in turn (Lee et al., 1989) can be converted to
selenocysteyl-tRNASe". However, in E. coli the conversion
giving selenocysteine on tRNA does not occur by this
mechanism (see Leinfelder et al., 1990). Regardless of the
details, in both eukaryotes and prokaryotes selenocys-
teine is the 21st amino acid found to be directly encoded.
It will be interesting to see if incorporation of other natural
nonstandard amino acids can be engineered by muta-
tional alterations of aminoacy!|-tRNA synthetases.

A unique tRNA for selenocysteine incorporation has
also been characterized in E. coli. It has the anticodon
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“ACU-5’, complementary to UGA in the mRNA, and an
unusually long acceptor stem (Schén et al., 1989, and
references therein). When the “special” UGA triplet de-
coded by this tRNA is replaced by a UGC cysteine codon
(but not by a UCA codon with a second position change),
the level of selenocysteine incorporation approaches that
found when UGA is present (see Zinoni et al., 1990). The
selenocysteine-inserting tRNA can therefore compete ef-
fectively with tRNACYs, as well as with RF2, when the
mRNA context is “special”

The mRNA signals that specify incorporation of seleno-
cysteine at the “special” UGA codon in formate dehydro-
genase are partially known (Zinoni et al., 1990). The 27
nucleotides 3’ of the UGA are crucial, and the efficiency
of the process is influenced by the 12 nucleotides down-
stream (i.e., up to 39 nucleotides 3’ of the UGA) and 9
bases upstream of the UGA. A stem~loop structure with
39 bases can be drawn immediately downstream of the
UGA in formate dehydrogenase mRNA, and a similarily
positioned stem—loop can be drawn immediately 3’ of the
“special” UGA in human glutathione peroxidase mRNA.
Whether 5 nucleotides in formate dehydrogenase mRNA
are involved in an alternate stem-loop also awaits testing.

Decoding of the “special” UGA in E. coli formate de-
hydrogenase mRNA also requires a unique elongation
factor Tu-like protein, SELB, the product of the se/B gene
(see Forchhammer et al., 1990). SELB is considerably
larger than EFTu (68 vs. 43 kd), but it may have additional
functions such as recognition of the aminoacyl residue,
specific recognition of the mRNA context around the
selenocysteine-specific UGA codon, and/or competition
for the binding of RF2 (see Forchhammer et al., 1990). The
protein interacts with guanosine nucleotides and seleno-
cysteyl-tRNA.

Itis intriguing to think that there may be families of elon-
gation factors for specific purposes, perhaps analogous to
multiple RNA polymerase sigma factors. The eukaryotic
analog of EFTu is EF-1. Recently, studies on yeast mutants
that promoted frameshifting revealed a new EF-1-like pro-
tein that is considerably larger than EF-1 (Wilson and Cul-
bertson, 1988). This protein plays a role in coordinating
transiation with global cellular events such as progression
through the cell cycle (Kikuchi et al., 1988; see Culbertson
et al., 1990). Surprisingly, there may even be families of
different types of ribosomes in special circumstances,
such as specific developmental stages in Plasmodium
(Waters et al., 1989).

Frameshifting and Readthrough versus Splicing

The simple expedient of having promoters or translational
start sites of different strengths can ensure a set ratio of
two products. However, on occasion it is advantageous to
have large amounts of one product (e.g., for structural pur-
poses) and proportionally small amounts of another (e.g.,
for catalytic purposes), but to have the latter made as part
of a fusion protein with the structural component at the 5'
end of the polyprotein. Most of the time, the ribosomes ter-
minate at the end of the structural gene. However, by hav-
ing a small proportion of messages with the stop codon
spliced out (alternative splicing) or by its equivalent, cir-

cumventing the stop codon at the translational level, a
small amount of the fusion polypeptide could be made.

Frameshifting and readthrough avoid one potentially
deleterious consequence of splicing and also offer some
potentially beneficial possibilities not provided by splicing.
There is one consideration peculiar to (+)-stranded RNA
viruses. Since they use genomic (+)-stranded RNA as a
template both for protein synthesis and for replication,
they need to avoid packaging spliced RNA that would lead
to the accumulation of defective viruses. Many of them
avoid RNA splicing completely, but others restrict splicing
to the generation of spliced RNAs that do not contain the
packaging site. Splicing is used, for example, to generate
a subgenomic RNA that contains the leader region fused
to the env gene, but lacking the packaging site in the gag
gene, which encodes the structural core (“coat”) proteins.

Interest in nonstandard decoding increased sharply
with the finding that frameshifting or readthrough, but not
splicing, is utilized to produce the gag-pof fusion poly-
proteins of retroviruses. In the retroviruses, there is no
ribosome initiation at the beginning of the po/ gene, and
the gag-pol fusion is the only source of the catalytic po/
products, reverse transcriptase and endonuclease. One
reason for generating the gag-pol fusion may be to en-
sure the packaging of the polymerase by virtue of its at-
tachment to the core gag proteins. A second may be to en-
sure also that the reverse transcriptase component of the
pol product is inactive, by virtue of being part of a fusion
polyprotein (Witte and Baltimore, 1978; Felsenstein and
Goff, 1988), until the viral RNA is sequestered by the core
proteins. The ratio of gag-pol product to gag is rather criti-
cal, giving rise to hopes that compounds affecting the pro-
cess of readthrough or frameshifting may be more detri-
mental to viral decoding than the translation of any putative
cellular genes that utilize either process.

Interestingly, a minority of retrotransposons and viruses
such as hepatitis B virus (Chang et al., 1989) and cau-
liflower mosaic virus (Schultze et al., 1990), which are not
retroviruses or retrotransposons but which use reverse
transcriptase, do not utilize frameshifting or readthrough
to generate their po/ product. A comparison of their life cy-
cles with those of the retroviruses and the majority of
retrotransposons is helpful in discerning the reasons for
readthrough or frameshifting (Chang et al., 1989; Schultze
et al., 1990). A minor alternative to splicing, readthrough,
and frameshifting is posttranscriptional editing of some
molecules of a particular mRNA to generate an in-frame
termination codon in the coding region. An example where
only a single base is altered is apolipoprotein B, where the
modification is tissue specific and subject to hormonal
modulation.

Nonproduct Roles

When frameshifting or readthrough brings ribosomes to
a region downstream of the gene terminator, it may not be
the protein product per se that is important, but rather the
consequences of ribosome movement. Translation of bac-
terial biosynthetic operon leader peptide genes provides
a precedent for the role of ribosome movement itself being
important. There is no role for the peptide product—only
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the act of its synthesis is important. An equivalent role for
frameshifting has not been established, but has been pro-
posed. The —1 frameshift product of the replicase gene
of the RNA phage MS2 detected in vitro (Atkins et al.,
1979) has not yet been seen in vivo, but if made, the
shifted ribosomes may have a crucial role in influencing
the progress of phage replicase (Dayhuff et al., 1986).

Similarily, it may be that a function of ribosomes that
shift during decoding of the mRNA from the D gene of the
single-stranded DNA phage ¢X174 is to regulate lysis ex-
pression by unmasking mRNA structure and permitting
reinitiation (Buckley and Hayashi, 1987). (However, even
though frameshifting was proposed to be involved in the
normal mode of expression of phage MS2 lysis [Kastelein
et al,, 1982], this was later shown to be incorrect for
elaborate reasons [Berkhout et al., 1987].) Though compli-
cated and only partially understood, the nonproduct role
of translation of the leader peptide gene of the tryp-
tophanase operon, which encodes an enzyme for the
degradation of tryptophan, is likely to be intriguing (Goll-
nick and Yanofsky, 1990). It may well be that ribosomes
downstream of the terminator in some instances will have
a role in influencing mRNA half-life by disrupting second-
ary structure and thus the rate of degradation by RNA-
ases. In certain cases, such a device could be used to tie
the timing of degradation to the number of times the mes-
sage has been translated.

Truncated Proteins

When shifted ribosomes encounter a stop codon in the
new frame before bypassing the terminator in the original
frame, they will synthesize a truncated product that will
have some amino acids at its carboxy-terminal end not
present in the 0 frame product. At an early stage this was
suggested as the explanation for some piant viral prod-
ucts, but has not been substantiated. However, this is the
explanation for the decoding of a 52 kd subunit of E. coli
DNA polymerase |l from the gene dnaX, where the 0
frame encodes the 71 kd polymerase subunit. The ~1
frameshift event occurs two-thirds of the way through the
gene transcript at a 50% level, and the shifted ribosomes
terminate early in the new frame to yield the 52 kd protein.
Both products are present at high levels in the polymerase
complex. Both subunits share a binding site for ATP (or
dATP), but only the larger subunit has a DNA-dependent
ATPase activity, presumably due to a DNA binding site
present in its carboxy-terminal domain (see Tsuchihashi
and Kornberg, 1990). Why the two different subunits are
utilized and why frameshifting is involved remain intrigu-
ing questions. It has been proposed that the longer prod-
uct is associated with the highly processive leading-strand
half of the polymerase, while the shorter, frameshifting-
derived product may be associated with the lagging-
strand half (see Flower and McHenry, 1990).

Shifting at “Hungry” and Noncognate Codons

In vitro protein synthesis experiments with an unper-
turbed mix of normal tRNAs have shown that E. coli
tRNAS® (anticodon 3-[UJCG-5') and tRNAJ" (anticodon
3-[UIGG-5", at an efficiency of a few percent, read the first

2 bases of GCA alanine and CCG proline codons, respec-
tively, to cause -1 frameshifting (Atkins et al., 1979; Day-
huff et al., 1986). This type of frameshifting is not a
general property of tRNAs but, at least at a high level, may
be unique to tRNA§®" and tRNAJ™. Anticodon replace-
ment experiments have shown that the shifting ability is
a special property of the anticodon and not a peculiarity
of the rest of the tRNA (Bruce et al., 1986). Increasing the
ratio of tRNAS®" or tRNAJ™ in proportion to the levels of
the tRNAs that normally decode the GCA alanine and
CCG proline codons increases the level of frameshifting.
This noncognate type of mechanism has been proposed
to explain the frameshifting seen with ¢X174.

The aiternative way to perturb the balance of amino-
acylated tRNAs is to cause amino acid starvation (Weiss
and Gallant, 1983). In some instances this also causes
frameshifting, but in the cases analyzed it is due to cog-
nate reading of an overlapping triplet codon rather than to
noncognate reading of an in-frame doublet codon (Weiss
et al., 1988b). There is currently no evidence that frame-
shifting promoted by amino acid starvation is utilized in
vivo, but it is not very different from the Ty case where a
combination of rare codon and minor tRNA is the stimula-
tor for frameshifting at a slippery codon. Before the mech-
anism of Ty frameshifting was discovered, frameshifting
promoted by tandem rare AGG arginine codons had been
investigated in E. coli. AGG AGG placed in a gene ex-
pressed from an efficient promoter off a high copy number
plasmid showed +1 frameshifting at this sequence at an
efficiency of up to 50% (Spanjaard and van Duin, 1988).
The shift occurs at the rare codons, but is dependent on
extreme expression levels that may result in sequestration
of the tRNAA™9 at the first of the two codons so that the
tRNA may be limiting even for the first codon and more
so for the second codon.

Normal Frame Maintenance
An estimate of the “background” level of frameshifting
came from studies of the leakiness of frameshift mutants
(Atkins et al., 1972; Kurland, 1979). However, some frame-
shift mutants are leaky at much higher levels than others,
owing to the chance occurrence of nearby sequences
prone to shiftiness (Fox and Weiss-Brummer, 1980; Atkins
et al., 1983). A more revealing study has examined the
level of frameshifting in a long natural sequence that is
free of stop codons in one or another of the alternative
frames. The value obtained for an aggregate of over 90
codons in each alternative frame was, at most, a few per-
cent. Interestingly, the level of shifting was not higher
when frameshifting from the alternative frame to the wild-
type O frame was monitored (Weiss et al., 1990b). This re-
sult argues against a recently proposed (Trifonov, 1987) in-
trinsic framing mechanism within the coding sequence.
One reason for isolating mutants that promote frame-
shifting (frameshift mutant suppressors) was to try to de-
fine the components responsible for frame maintenance.
The first mutant sequenced had a tRNA anticodon en-
larged by 1 base and caused a 4 base translocation (see
Riddle and Carbon, 1973). However, several frameshift
suppressors first isolated (Riyasaty and Atkins, 1968) have
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the normal 7 base anticodon loops (with their changes
elsewhere in the tRNA) and yet cause both doublet and
triplet reading (O’Mahony et al., 1989). The tRNA mutants
do not permit a simple answer to the question of frame
maintenance (Tuohy et al., 1990; see Culbertson et al.,
1990). Perhaps the most telling experiment is that reported
by Spirin (1987), where under certain conditions tRNA was
translocated in mRNA-free ribosomes, implicating, as ex-
pected, tRNA as a principal component of normal mRNA
movement. However, as has been pinpointed by the sup-
pressor studies, many other components of the translation
apparatus, such as EFTu and rRNA, influence frame
maintenance.

Codon-anticodon interaction involving only 3 bp is in-
sufficiently strong in the absence of ribosomes to permit
decoding. This poses a problem for considering the evolu-
tionary origin of decoding, which necessarily took place
before the advent of ribosomes with their numerous pro-
tein constituents. One possibility is that the original codon-
anticodon interaction involved 5 bp, which would confer
the necessary stability. Woese (1970) and Crick et al. (1976)
proposed a model for how this may happen without disas-
trous consequences in subsequently changing to triplet
codon-anticodon pairing on ribosomes. In their recipro-
cating ratchet model, the tRNA paired with 5 codon bases
but only a 3 base codon was decoded. A modified form
of this model (Weiss, 1984) seemed an attractive explana-
tion for several of the anomalous results obtained with the
hungry codon and noncognate frameshifting studies de-
scribed in the last section, but further work has shown that
this model is unlikely (Bruce et al., 1986; Weiss et al.,
1988b). Since then, a different type of explanation for the
dilemma of the origin of decoding has been advanced. It
has been proposed that ribosomal RNA, without protein
involvement, can stabilize codon-anticodon interaction by
coaxial stacking of ribosomal RNA (Noller et al., 1986).
Such stacking could, by strengthening codon-anticodon
interaction, also help in maintaining the reading frame.

High levels of frameshifting programmed by signals in
the mRNA are a far cry from the once widely held view
(see Whitfield et al., 1966) that decoding is invariably se-
quentially triplet. Even now, the increasingly common
recurrence of the retroviral type —1 frameshifting might
lead one to think that there is a narrowly limited number
of mechanisms and circumstances where efficient ribo-
somal frameshifting occurs. However, the variety of new
examples of single-base frameshifting, as well as hopping
and high level readthrough, makes it likely that nature has
many tricks in store. The stimulatory effect of RNA-RNA
interactions, often as stem-loop structures, in enhancing
an unusual translation event by elongating ribosomes is
an interesting and new feature. A tempting thought is that
the diversity revealed is a reflection of the varied mecha-
nisms used to cause pausing, but there is clearly much
more involved. The novelty and intricacy of the unfolding
insights into these phenomena reinforce the view that
translational elongation and termination are proving to be
no exceptions to the rich versatility being revealed in
nearly every aspect of gene expression.
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Notes Added in Proof

Recent work on IBV frameshifting has shown that the structure of the
stems and the minimal size of the two loops are important, but there
is no apparent sequence requirement within the loops (Inglis et al., In
Post-Transcriptional Control of Gene Expression, J. E. G. McCarthy,
M. F. Tuite, and A. N. Brown, eds. [Berlin: SpringerVerlag], in press,
1990). For a discussion of frameshifting versus splicing, see also Wick-
ner (FASEB J. 3, 2257-2265, 1989).
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