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INTRODUCTION EF-Tu - GTP - aminoacyl-tRNA complex enters the ribo-

The ribosome is a molecular machine which evolved to
translate RNA messages faithfully and efficiently into a protein
product. However, the demands of speed and accuracy con-
flict: to the extent that the translation rate increases, accuracy
suffers, and vice versa. The resolution of this conflict produces
a ribosome which makes about 5 X 10~* mistake per amino
acid incorporated (152). Although this rate appears to imply an
accurate ribosome, this mistake rate would result in no more
than 78% of 500 amino acid proteins being accurately decoded
(107). Elongation errors are approximately equally divided be-
tween missense errors, in which an incorrect tRNA is recruited
to read a codon, and processivity errors, leading to premature
termination.

Reducing the rate of missense errors depends on a process
of kinetic proofreading (80, 146). Kinetic proofreading in-
volves two short timing steps imposed by EF-Tu (196). The
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somal A site, but GTP is not hydrolyzed for a short period.
Cognate and noncognate tRNA complexes bind the ribosome
with the same kinetics, but cognate complexes essentially never
dissociate from the ribosome whereas noncognate complexes
dissociate more quickly than EF-Tu hydrolyzes GTP. Thus,
most noncognate complexes are rejected at this stage. After
hydrolysis, EF-Tu - GDP does not dissociate from the ribo-
some for a short period. Again, any noncognate complex still
present dissociates from the ribosome much faster than EF-Tu
can dissociate from the tRNA. This second stage of selection,
the proofreading step, increases the accuracy of selection to
the observed level. Achieving this low level of misincorpora-
tion errors requires setting the EF-Tu timing steps long
enough so that noncognate tRNAs are much less likely to be
accepted than are cognate tRNAs.

Processivity errors result either from spontaneous dissocia-
tion of peptidyl-tRNA from the ribosome or from translational
frameshifting, leading to premature termination at out-of-
frame stop codons (107); release factor (RF)-dependent ter-
mination at sense codons is very rare (96). Of the two kinds of
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errors, frameshifts occur much less frequently, probably at
much less than 5 X 107° per codon (107). Apparently, the
ribosome eliminates such errors in frame maintenance much
more efficiently than it does either missense errors or sponta-
neous dissociation. In fact, the majority of processivity failures,
those involving spontaneous dissociation of peptidyl-tRNA,
may not be an error but, rather, may result from an error
correction mechanism. It may be a fail-safe mechanism to
reduce missense errors which elude kinetic proofreading (133).
The process, termed ribosome editing, would discriminate be-
tween cognate and noncognate peptidyl-tRNA in the ribo-
somal P site, releasing noncognate peptidyl-tRNA from the
ribosome. Kinetic proofreading should then reduce peptidyl-
tRNA dissociation indirectly by reducing the frequency of non-
cognate tRNA accepted by the ribosome.

The vast majority of elongation errors, then, appear to occur
as a result of bypassing the proofreading system; about half
result in missense errors, and the other half result in premature
termination. The more infrequent residual errors, those occur-
ring by spontaneous frameshifting, may or may not be affected
by this system. The fact that some mutations in EF-Tu (84) and
its eukaryotic cognate, EF-1a (174), increase the frequency of
both missense (in this case, reading nonsense codons as sense)
and frameshift errors suggests that kinetic proofreading may
also regulate frameshifting, although the mechanism by which
these mutations perturb frame maintenance is not known.

Some genes include sites which program altered reading of
the code at rates from 1 to 100%. These errors are superficially
similar to the random errors, with nonsense codons misread as
sense or with the reading frame shifting; however, is the dif-
ference between these events and random errors one of extent
(the probability of error) or of kind (the difference between
random and “programmed” events)? Since the programmed
changes in elongation are phenomenologically diverse, there is
no one answer to this question. The events run the gamut from
truly programmed (for example, incorporation of selenocys-
teine at special UGA codons depends on a specially encoded
analog of EF-Tu [reviewed in reference 16]) to those which are
nearly indistinguishable from random error sites (for example,
the frameshift which occurs in the Tyl retrotransposon) (9).
However, even the most clearly programmed events probably
interact with features of translation responsible for reducing
random elongation errors. Therefore, programmed frameshifts
provide tools to understand how translational accuracy is
maintained, since they help to identify the steps in elongation
which are most prone to producing errors and they provide the
opportunity to determine how genes evolve to manipulate the
mechanism of translational fidelity.

The earliest examples of apparent translational frameshifts
derived from studies of leaky frameshift mutants (3). Although
analysis of these low-frequency events has proven important in
defining the rules of translational frameshifting, their rele-
vance to translational regulation in vivo was obscure. Later,
frameshifting in RNA phages was shown in vitro (2) and in vivo
(13) to produce a minor protein which includes parts of the
coat and lysis products. These events were still infrequent,
probably translational errors, although that would not rule out
an in vivo role. The case for physiologically relevant frame-
shifting was bolstered by the apparent dependence of lysis gene
expression in bacteriophage MS2 on a frameshift which oc-
curred within the overlapping coat protein gene (99). Appar-
ently, ribosomes translating through the coat cistron would
frameshift, encountering an out-of-frame stop codon; lysis
translation was believed to depend on translational reinitiation
by these ribosomes. Although it was an early canonical, phys-
iologically relevant frameshift event, the reality of this model
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was later challenged when activation of the lysis gene was
shown to depend on normal termination at the end of the coat
cistron (14).

Since the errant discovery of frameshifting in MS2, many
actual examples of translational frameshifts have been found in
systems from bacteria to yeasts to plants and higher animals.
These systems have evolved to allow the expression of alter-
native translational products in a predictable stoichiometry.
The purpose of this strategy varies. Its most common purpose
is morphogenetic, with the canonical example being the ex-
pression of the Gag-Pol fusion peptide from retroviruses, other
metazoan viruses, and retrotransposons. Fusing the pol-en-
coded replication enzymatic activities to the gag-encoded pro-
teins which are the structural elements of the retroviral capsid
causes the enzymes to be packaged into the developing parti-
cle. The stoichiometry of expression of Gag and Gag-Pol crit-
ically regulates the replication cycle; changing the stoichiome-
try would result in particles with too many or too few
monomers of the replication enzymes. Altering the stoichiom-
etry by less than twofold in either direction can drastically
affect propagation of these elements, although the effect seems
to be felt at the level of protein processing of the Gag and
Gag-Pol polyproteins (reviewed in reference 61). Frameshift-
ing can also be used for autogenous control. Expression of
peptide release factor 2 (RF2) occurs by frameshifting which is
modulated by the availability of the factor itself. Finally, frame-
shifting can also allow the expression of alternative enzymatic
activities. Frameshifting in the dnaX gene of Escherichia coli,
encoding alternative subunits of DNA polymerase III, results
in premature termination when the shifted ribosome encoun-
ters a premature termination codon. The truncated product
may be a less processive version of the full-length product, with
the two products having roles in lagging- and leading-strand
synthesis, respectively. The use of this alternative mode of
translation is now firmly established among the phenomenol-
ogy of translational control, and the lessons derived from work
on these systems continue to enlighten our understanding of
translational accuracy.

ERRORS DURING ELONGATION CAN CAUSE
TRANSLATIONAL FRAMESHIFTING

The problem in understanding any system which encodes a
discrete product by translational frameshifting is to explain the
specificity of the event. How is it that frameshifting occurs at a
particular codon and not at others? Two general solutions to
this problem have been proposed, when it has been addressed.
The specificity could reside in special tRNAs which have the
rare capacity to shift reading frame, or it could reside in special
mRNA sequences which do the same. In describing the rare
translational frameshift in phage {2, which results in fusion of
the coat and lysis gene products, Beremand and Blumenthal
(13) proposed two possible mechanisms which could cause a
shift in reading frame during elongation: quadruplet decoding
by an aminoacyl-tRNA (similar to decoding by a frameshift
suppressor [168]) or translational bypass of a single nucleotide
(i.e., out-of-frame decoding by an aminoacyl-tRNA). The first
of these is an example of a special tRNA model; the second
could be understood either as a special mRNA model (special
mRNA sequences causing the bypass) or as a special tRNA
model (incoming aminoacyl-tRNA binding in the wrong
frame). It is interesting that until recently, neither of these
mechanisms was known to operate in an actual frameshift
system. As we shall see, the phenomenology of frameshifting is
dominated by “slippery” sequences (special mRNA structures)
and by doublet decoding (special tRNAs).
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FIG. 1. Doublet decoding by E. coli tRNA¥E, stimulates —1 frameshifting.
The AGY-decoding tRNAZL; can perform either triplet (left) or doublet (right)
decoding. In doublet decoding, base pairing occurs between positions 35 and 34,
the middle and wobble positions of the normal anticodon, respectively. Doublet
decoding is illustrated by using a site in the bacteriophage MS2 coat cistron
which provokes frameshifting (2), and triplet decoding is illustrated by using a
nonshifty sequence of the same cistron. Adapted from reference 27.

The first indication that some special tRNAs could induce
frameshifting came from in vitro work in which particular
tRNAs were added in excess to in vitro translation reaction
mixtures (2, 48). Excess amounts of two tRNAs, tRNAZE,
(which decodes AGU and AGC) and tRNAGY; (decoding
ACC), induced frameshifting at GCA and CCG codons, re-
spectively. Frameshifting occurs as a result of doublet decod-
ing, i.e., recognition of a 2-base codon by a 2-base anticodon,
as diagrammed in Fig. 1. In doublet decoding, nucleotides (nt)
34 (the wobble base) and 35, but not nt 36, base pair with a
2-base codon (48). The ability of the tRNA to allow doublet
decoding depends solely on the sequence of the anticodon loop
and, more particularly, on nt 33 to 36, since replacing these
nucleotides of a tRNAF"® with those of tRNASE, ; allows the
chimeric tRNA to promote frameshifting at a GCA codon
(27). Detailed mutagenesis of nt 33 to 36 of tRNAZE,; showed
that frameshift stimulation required either G or C at each of
the two base-pairing positions, nt 34 and 35 (the sequences
GC, CC, and GG were tested), and U at nt 36 (27). Surpris-
ingly, the universally conserved U at nt 33 is not necessary,
since replacing it with A caused no change in frameshifting,
although U-33 interacts by a tertiary hydrogen bond with phos-
phate 36, stabilizing the structure of the anticodon loop (164).
Note that these are in vitro experiments; mutating U-33 to any
other nucleotide drastically reduces translational efficiency in
vivo (5). The conclusion of this work is that certain tRNAs can
induce doublet decoding but that this ability depends on strong
codon-anticodon interaction by the two base pairs; hence the
requirement for two G - C base pairs. The requirement for a
U-36 cannot be simply explained, although it is conceivable
that it allows an anticodon-loop secondary structure to form
which produces doublet decoding (27).

The larger conclusion of this work is that special structural
features of some tRNAs allow them to promote disruption of
reading frame. Frame disruption depends on providing an ex-
cess of these tRNAs. Presumably, unconventional decoding
occurs in competition with canonical decoding of the overlap-
ping zero-frame codon, with the excess noncognate tRNA be-
ing required to outcompete cognate decoding. No attempt has
been made to stimulate frameshifting by overexpressing spe-
cific tRNAs in vivo. However, unconventional elongation
events can occur as a result of depleting particular aminoacyl-
tRNAs by starving cells for particular amino acids. During
starvation, noncognate tRNAs may compete much more effi-
ciently than during amino acid sufficiency, producing both mis-
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sense and frameshift errors (reference 67 and references there-
in). These events are very strongly influenced by sequence
context; a very small number of sites are particularly error
prone, accounting for the majority of the errors. The nature of
this context effect has illuminated the mechanism underlying
the phenomenon of amino acid starvation-induced frameshift-
ing.

Gallant and his coworkers have characterized in a series of
papers how amino acid starvation induces either +1 or —1
frameshifting (68, 103, 114, 157, 214, 215, 219). These experi-
ments have demonstrated that limitation for particular amino
acids can induce either +1 or —1 frameshifting, whose effi-
ciency depends on the local sequence context. Although initial
studies focused on the stimulatory effect of tryptophan limita-
tion (in media supplemented with 3B-indoleacrylic acid, an
inhibitor of the tryptophanyl-tRNA synthetase), most of the
work concerns the effect of lysine limitation (by using lysine-
hydroxamate, an inhibitor of lysyl-tRNA synthetase). The ini-
tial assay for frameshifting involved phenotypic suppression of
frameshift mutations of the r/IB gene of bacteriophage T4.
Phenotypic suppression refers to the reversion of the null effect
of the frameshift mutation under conditions of amino acid
deprivation. Suppression of (+) frameshift mutants (in which 1
nt has been inserted), which shift the translational reading
frame 1 nt to the left from the normal, or zero, frame, requires
a +1 frameshift event (a shift to the right) to restore the
normal reading frame. (—) frameshift mutants (in which 1 nt
has been deleted) shift the reading frame 1 nt to the right and
are phenotypically suppressed by a —1 frameshift. Eight (+)
frameshift mutants and nine (—) frameshift mutants were
tested for phenotypic suppression. All of these mutants include
an in-frame lysine codon within the suppression window, i.e.,
the region between nonsense codons in the zero frame and the
relevant shifted frame. Of the 12 distinct lysine codons tested,
only 1 stimulates +1 frameshifting strongly, and 1 stimulates
—1 frameshifting strongly (215). Similarly, of three tryptophan
codons tested, deprivation strongly stimulated +1 frameshift-
ing at one codon and —1 frameshifting at another. Clearly,
frameshift efficiency varies greatly from site to site, presumably
because of sequence context. The codons which stimulate
frameshifting in response to amino acid limitation have been
termed “hungry” codons by Gallant and his colleagues to ac-
centuate the fact that the cognate aminoacyl-tRNAs for these
codons are limiting. Presumably, it is the lack of the cognate
that causes frameshifting.

More recent work has identified the sequence elements
which stimulate +1 (114, 157, 219) and —1 (68, 103, 114)
frameshifting. Using a lacZ translational fusion reporter sys-
tem, Peter et al. (157) demonstrated +1 frameshifting at the
sequence GCC-AAG-C (the in-frame lysine codon is under-
lined). N-terminal sequencing of the frameshifted protein in-
dicated that frameshifting occurs after decoding of the GCC
codon as Ala, incorporating Ser at the +1 frame codon over-
lapping the hungry AAG codon, AGC.

Three distinct elements are essential for +1 frameshifting
on this site. First, the hungry codon must be AAG. Replacing
it by AAA, a codon recognized by the same isoacceptor, elim-
inated frameshifting (157). This difference may reflect differ-
ences in efficiency of decoding of the two codons. The tRNA
which decodes both codons has 5-methylaminomethyl-2-thio-
uridine at the wobble position (189). This modification causes
the tRNA to bind more efficiently to AAA than to AAG in
vitro (118, 180, 230). This would suggest that decoding of the
AAG codon is slower even in the absence of starvation and
that reducing the concentration of cognate ternary complex
makes decoding slower still. Although the reduction in the
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amount of ternary complex should decrease the rate of decod-
ing of both AAA and AAG by an equivalent factor, assuming
that decoding is first order with respect to ternary complex, the
relatively slower recognition of AAG, combined with the re-
duction in the amount of ternary complex, would lengthen the
presumptive pause at the AAG codon sufficiently to allow a
significant proportion of ribosomes to shift reading frames.

The existence of a translational pause is only inferred; no
direct evidence that ribosomes actually pause at the site of the
hungry codon has been obtained. We will see that the concept
of a translational pause induced in one fashion or another is a
common theme in all of the frameshift mechanisms to be
discussed below. In only one case has the existence of a trans-
lational pause been demonstrated, in the case of programmed
—1 frameshifting sites first identified in mammalian viruses.
However, the concept of the necessity of a translational pause
is a powerful element in our understanding of frameshifting,
whether programmed or not. In the case of these +1 frame-
shifts, limitation for an amino acid reduces the availability of
aminoacyl-tRNA for particular codons. Given that the rate of
decoding is probably first order with respect to the EF-
la - GTP + aminoacyl-tRNA ternary complex, the reduction in
its availability should slow recognition of its cognate codons.
This would result in a translational pause but, more impor-
tantly, make more likely the aberrant event which causes the
shift of translational frame in competition with normal in-
frame decoding.

The second required element is the last zero-frame codon,
GCC. This codon is the only Ala codon exclusively recognized
by the rare tRNASE.; GCU can be decoded by either this
tRNA or the major isoacceptor, tRNA3S, . (the wobble base
denoted by U* is uridine-5-oxyacetic acid); GCA and GCG are
exclusively decoded by tRNAYY,. (79). Changing GCC to
GCA or GCG eliminated frameshifting, and changing it to
GCU reduced frameshifting severely (157); changing it to ei-
ther ACC or GAC also eliminated frameshifting (114). These
data suggest that frameshifting occurs only when a peptidyl-
tRNASE occupies the P site during a pause at the adjacent
AAG codon (157). The data do not rule out an alternative
conclusion that the primary sequence GCC in some way stim-
ulates frameshifting. What is surprising about this result is that
frameshifting occurs while peptidyl-tRNAZE - is bound in the
P site. Frameshifting has been thought to involve slippage of
one or two tRNAs between cognate or near-cognate codons
(see below for a discussion of this point). If tRNAGE were to
slip from GCC to CCA, it could lose 2 of the 3 bp. Therefore,
it is unlikely that frameshifting occurs with slippage of the +1
frame codon (157), although the actual mechanism has not
been determined.

The third element in the frameshift site is the first +1 frame
codon, AGC. Replacing the first +1 frame AGC codon with
AGU (Ser), AGA (Arg), or AGG (Arg) eliminated frameshift-
ing (114, 219). It is perhaps significant that this codon is de-
coded by the rare tRNAZL,;, which when present in excess,
stimulates in vitro —1 frameshifting, as described above. Of
course, tRNAZE,; uses doublet decoding to cause —1 frame-
shifting, and presumably its ability to promote triplet decoding
in the +1 frame stimulates +1 frameshifting. It is tempting to
suggest that this tRNA is particularly shifty, stimulating both
types of frameshifting by distinct mechanisms, as suggested
recently (1). The alternative explanation would be that frame-
shifting is sensitive to the availability of the first +1 frame
codon. All four of the codons tested—AGU, AGC, AGA, and
AGG—are decoded by low-abundance isoacceptors, AGU and
AGC by tRNAZZL; and AGA and AGG each by a distinct
tRNA“'€, Perhaps the low availability of these tRNAs limits
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the frequency of frameshifting. Surprisingly, although AGU
and AGC are both decoded by the same isoacceptor, they
behave differently. That difference could again reflect a differ-
ence in the rate of recognition of the two codons by tRNAZL
with the codon recognized by a G - C Watson-Crick base pair
being recognized more rapidly than the codon requiring G - U
wobble pairing. Codon pairs like this do show such a bias in
vitro (195). In addition, a difference in decoding rate in vivo
was inferred from the differing effect of the same two codons
on frameshifting on the Ty3 frameshift site (151), as discussed
below.

The context requirements for leftward —1 frameshifting are,
by contrast, more conventional. Again, lysine deprivation in-
duces frameshifting at AAG codons. —1 frameshifting occurs
by leftward slippage of the peptidyl-tRNA, allowing decoding
of the first —1 codon (the codon which overlaps the AAG
hungry codon) (68, 103). The minimal —1 frameshift site con-
sists of the hungry codon and the 4 nt 5’ to it (114). Whether
the hungry codon must be AAG rather than AAA has not been
demonstrated, although given the requirement in +1 frame-
shifting, this seems likely. The quadruplet upstream of the
hungry codon allows slippage of peptidyl-tRNA during the
pause caused by slow decoding of the hungry codon (114).
Changing the first U in the sequence U-UUC-AAG, which
promotes —1 frameshifting, to A or C reduces frameshifting,
and changing the UUC codon to AUC or AUG eliminates it
(103). All of these changes reduce the ability of the peptidyl-
tRNA to slip —1. The model, then, for —1 frameshifting at
such sites is that during a pause caused by the lack of amino-
acyl-tRNA for the hungry codon, the peptidyl-tRNA slips —1
and elongation continues in the —1 frame by first decoding the
—1 codon overlapping the hungry codon.

This mechanism is distinct from the mechanism of —1
frameshifting stimulated in vitro by excess tRNAZZE,;, which
involves doublet decoding by the aminoacyl-tRNA entering the
ribosome. In fact, analysis of these +1 and —1 frameshifting
systems identifies three paradigms: doublet decoding of ami-
noacyl-tRNA, out-of-frame binding of aminoacyl-tRNA, and
slippage of peptidyl-tRNA. All of these events occur very in-
frequently during normal elongation, as reflected by the ex-
tremely low level of spontaneous frameshifts in vivo. Each can
occur at unusually high levels at specific sites. High-level
frameshifting depends on either limiting the efficiency of nor-
mal elongation, which reduces the availability of an aminoacyl-
tRNA, or stimulating noncanonical decoding, with excess
amounts of tRNA driving noncognate recognition in prefer-
ence to normal decoding. Each of these translational errors
can be seen as paradigms for programmed frameshift events
discussed below.

PROGRAMMED +1 FRAMESHIFTING

The prfB gene of E. coli

One of the earliest identified examples of translational
frameshifting occurs in the prfB gene of E. coli, encoding the
peptide release factor 2 (RF2). Expression of the gene involves
an autogenous regulatory loop in which expression of the gene
by translational frameshifting is negatively regulated by the
gene product. This system is a paradigm for all other pro-
grammed translational frameshifts.

In bacteria, two factors function with the ribosome to iden-
tify termination codons. The factors, peptide release factor 1
(RF1) and RF2, are codon specific, with RF1 recognizing
UAG and UAA and RF2 recognizing UAA and UGA (203).
How they function has not been fully determined. The genes
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FIG. 2. Sequence of the programmed frameshift site of the prfB of E. coli. +1
slippage of peptidyl-tRNAM" at a CUU-U sequence of the prfB gene is stimu-
lated by an in-frame UGA stop codon and an upstream 16S rRNA interaction
site. The Leu is shown in italics in the +1 frame to indicate that the tRNA reads
the noncognate Phe codon (UUU) after slippage.

for RF1 (prfA) and RF2 (prfB) are very similar, showing 31%
amino acid identity overall (41). Surprisingly, the prfB gene
includes an in-frame UGA terminator at codon 26. Translation
past this position, through the remaining 340 codons of the
gene, requires a + 1 shift of reading frames. N-terminal peptide
sequencing demonstrated that translation of RF2 actually does
initiate 25 codons upstream of the UGA codon and that trans-
lation continues past the terminator in the +1 reading frame.
This could be accomplished by a programmed +1 translational
frameshift (Fig. 2). The sequence at the UGA codon is CUU-
UGA-C (shown as codons in the initiation reading frame),
which is decoded as Leu-Asp (reading the underlined codons)
as shown by peptide sequencing. Craigen et al. (41) hypothe-
sized that frameshifting at this site could be regulated autog-
enously. An elongating ribosome having translated the CUU
codon as leucine would then face two alternative fates. If
sufficient RF2 were present, it could bind to the ribosome and
promote recognition of the UGA terminator, prematurely ter-
minating translation of prfB. Since termination cannot occur in
the absence of REF, if insufficient RF2 were present, the ribo-
some would pause, allowing the peptidyl-tRNA™" to shift
reading frames +1 from CUU to UUU, a near-cognate codon.
Slippage of the CUU-specific tRNAEY; to UUU would re-
quire a first-position U - G wobble. This hypothesis was vali-
dated by experiments showing that excess RF2 (40, 56) but not
RF1 (40) suppresses frameshifting on this site in vitro and that
expression of partially functional mutants of RF2 in vivo in-
duced up to 100% frameshifting (56), an increase from the
normal 30 to 50%. These experiments confirm that the effi-
ciency of frameshifting varies inversely with the efficiency of
termination at the UGA codon. If frameshifting normally com-
petes with recognition of the nonsense codon by RF2, it should
also compete with decoding by a nonsense suppressor tRNA.
This form of competition was demonstrated by using a version
of the prfB frameshift site in which the UGA codon was re-
placed with UAG (44). Competition with various forms of the
Su7 amber-suppressor form of tRNA™™ in vivo showed that
frameshift efficiency varied inversely with the translational ef-
ficiency of the suppressor tRNA; that is, the more efficiently
the tRNA recognized the UAG codon, the less frameshifting
occurred, again confirming that frameshifting competes with
an alternative fate. The concept of competition between alter-
native fates during a translational pause is a universal feature
of programmed recoding sites.

Detailed mutagenesis of the region surrounding the prfB
frameshift site indicated that frameshifting depends on a com-
bination of three elements. First, the in-frame UGA codon can
be replaced by either UAA or UAG terminators, causing no

ALTERNATIVE READING OF THE GENETIC CODE 107

more than a twofold reduction in frameshifting (217). Replac-
ing it with three other sense codons causes at least an 8-fold
(UGG) and as much as a 12-fold (UUA and UUG) reduction.
Second, the identity of the peptidyl-tRNA present on the ri-
bosome during frameshifting is very critical. Changing the last
decoded zero-frame codon, CUU, to GUU reduced frame-
shifting only 3.5-fold, but changing it to five other codons
(UUA, CUA, GUA, GUG, or AUA) severely reduced frame-
shifting, from 110- to 440-fold (217). The severity of the mu-
tations is roughly correlated with the ability of the tRNAs to
slip +1 on the mRNA and still remain bound. The GUU-
decoding tRNA (anticodon GAC) could still make two base
pairs (G - U and A - U) after shifting, while those which have
much less capacity to induce frameshifting can form one
Watson-Crick base pair (UUA), one U -G wobble pair
(CUA), or no base pairs. These data suggest that frameshifting
is related to the ability of the peptidyl-tRNA to slip +1, an idea
which was explored more fully by Curran (45) and will be
discussed below.

The third feature is a sequence immediately upstream of the
frameshift site. Mutations changing sequences in this region
reduced frameshift efficiency with different severities. The se-
quence implicated by these mutations, AGGGGG, resembles
the Shine-Dalgarno sequence of ribosome-binding sites (182);
base pairing between the 3’ end of 16S rRNA and this site
positions the ribosome for initiation. Weiss et al. (217) sug-
gested that an interaction of this sort might enhance frame-
shifting. The spacing between the Shine-Dalgarno site and the
frameshift site is critical; increasing it by only 1 nt reduces
frameshifting 17-fold (217). This implies that formation of the
Shine-Dalgarno interaction may strain the ribosome, pushing
the peptidyl-tRNA into the +1 frame (44, 213). Consistent
with this hypothesis, inserting a second Shine-Dalgarno site
immediately upstream, to compete for binding to the 16S
rRNA, reduced frameshifting up to 47-fold; the ability to form
a less strained interaction appears to preclude the effect of the
normal site.

The involvement of an rRNA-mRNA duplex was directly
demonstrated by an elegant experiment with a mutant form of
16S rRNA with an altered Shine-Dalgarno complementary
sequence (213). Mutations of this sort were used to demon-
strate that complementarity between the 16S rRNA and
mRNA directs ribosome recognition of initiators in E. coli.
Changing the sequence of the Shine-Dalgarno complementary
sequence reduces the ability of mutant ribosomes to bind to
wild-type initiation regions, and complementary changes to the
Shine-Dalgarno region limit initiation on mutated mRNAs;
combining complementary changes to the rRNA and mRNA
restores normal translation of the mRNA by the dedicated
mutant ribosomes (85, 94). To determine if complementarity
between the 16S rRNA and the Shine-Dalgarno analog up-
stream of the prfB frameshift site stimulates frameshifting, the
16S rRNA was changed to recognize AGCGGG instead of
AGGGGG (recognized by the wild-type form). AGCGGG-
specific ribosomes stimulated frameshifting when that site was
present about fourfold more efficiently than when AGGGGG
was, and the AGGGGG-specific ribosomes induced frame-
shifting on that site almost fivefold more efficiently. This con-
firms that the interaction is responsible for stimulation of
frameshifting.

Using the prfB system to study general frameshifting in E.
coli. Frameshifting in prfB sensitively responds to the kinetics
of decoding in the ribosomal A site. The efficiency of the event
also depends on the ability of the peptidyl-tRNA to slip +1
during a translational pause introduced by slow decoding in the
A site. The system is therefore a sensitive tool to measure the



108 FARABAUGH

relative rates of both decoding and slippage on E. coli ribo-
somes in vivo.

Curran and his coworkers have used the prfB system to
measure the rate of decoding in the ribosomal A site (46, 155),
the relationship of +1 frameshifting to slipperiness of the
peptidyl-tRNA (44, 45), and the context effect of 3’ neighbor
nucleotides on RF recognition of terminators (155). As dis-
cussed above, Curran and Yarus (44) measured the effect of
UAG suppressor tRNAs on the efficiency of frameshifting at a
variant of the prfB frameshift site in which the UGA pause
codon was replaced by UAG. The fact that efficiency was
indirectly related to the efficiency of suppression suggested
that the efficiency of frameshifting could be used as an indirect
measure of translational efficiency of other codons. Conse-
quently, Curran and Yarus (46) generated mutations of the
prfB frameshift signal in which the nonsense pause codon was
replaced by each of 29 sense codons. They found that the
apparent rate of selection of these aminoacyl-tRNAs varied
25-fold. The data showed a correlation between apparent rate
of selection of a codon by a tRNA and usage of the cognate
codon in highly expressed genes—codons used in these genes
tend to be those which are more rapidly decoded, and those
which tend not to be used also tend to be less rapidly decoded.
By contrast, in weakly expressed genes, between pairs of codon
read by the same tRNA, the slower codon is actually slightly
preferred.

These results confirm the prediction of a correlation be-
tween rate of decoding and codon usage (154, 207). The rate of
decoding is composed of two variables, the intrinsic rate of
binding of the aminoacyl-tRNA and the concentration of that
isoacceptor. Surprisingly, codon usage in highly expressed
genes has not evolved to use codons with high intrinsic decod-
ing rates (determined by dividing the apparent rate of decod-
ing by the concentration of the tRNA, the rate constant of this
first-order reaction). Codon usage appears to have evolved to
avoid tRNAs with rate constants at either extreme, high or low,
and to use tRNAs with intermediate rate constants. This im-
plies that codon usage has evolved to use tRNAs with features
other than sheer speed; Curran and Yarus suggest that such a
feature might be accuracy of decoding (46).

Curran (45) has also attempted to correlate intrinsic slip-
periness of peptidyl-tRNAs with their ability to stimulate +1
frameshifting at the prfB frameshift site. Versions of the frame-
shift site were constructed, as a prfB::lacZ reporter fusion, in
which the CUU codon immediately upstream of a UAG pause
codon was replaced by each of 32 codons. Frameshifting on
these sites varied over 1,000-fold, with the most efficient being
the normal CUU (45). The five most efficient codons, CUU,
CCC, UUU, GUU, and CCU, are similar in that they include
at least two repeated nucleotides and all except GUU are runs
of pyrimidines. Since this arrangement is most likely to allow
the aminoacyl-tRNA to be able to repair with the overlapping
+1 frame codon, it appears that these codons function well as
a result of their ability to slip. Curran attempted to quantitate
the propensity to slip of all of the tRNAs tested. The metric he
developed involves estimating the stability of each tRNA after
+1 slippage. The stabilities were based on data of Grosjean et
al. (74), who estimated tRNA - mRNA binding strength by
using the strength of interaction of anticodon-anticodon com-
plexes between tRNAs. Although this data may be somewhat
flawed—how accurately does the strength of formation of
these paired tRNA dimers predict the affinity between tRNA
and mRNA?—they may be used to estimate the affinity. Cur-
ran showed a clear exponential relationship between frame-
shift efficiency and estimated stability after +1 slippage (45).
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This result suggests strongly that the efficiency of frameshifting
depends on the ability of the tRNA to slip, as often predicted.

It has long been recognized that various nonsense mutations
are suppressed at highly variable rates. This context effect
depends on the identity of the base immediately 3’ to the
nonsense codon (18, 135). The efficiency of suppression de-
pends on two variables: the rate of decoding of the nonsense
codon by a suppressor tRNA and the rate of recognition of the
codon by RF (228). The context effect could consist of the
effect of the 3’ neighbor on each of these rates or only on one.
The rate of recognition can, in principle be measured indirectly
by using the prfB frameshift system, since the efficiency of
frameshifting depends on the rate of recognition of a termina-
tor by RF. Pedersen and Curran (155) compared the effect of
the 3’ neighbor nucleotide on the efficiency of frameshifting at
versions of the prfB frameshift site in which the pause codon is
UAG. From these data, they derived the efficiency of recog-
nition of each tetranucleotide (UAGX) by RF, finding a
variation of 2.6-fold in apparent rate of selection (UAGU >
UAGG > UAGC > UAGA). Comparison of the sequences of
terminators of genes in various organisms has suggested that
RF may recognize a tetranucleotide signal (26), although no in
vivo experiment which confirms this conclusion has been re-
ported. Significantly, the frequency of UAGX codons used as
terminators and the apparent efficiency of their recognition as
measured by Pedersen and Curran are highly correlated. This
suggests that terminators have evolved to maximize efficiency
of RF recognition, presumably to maximize gene output. Dif-
ferences in rate of recognition by RF do not explain the sup-
pression context effect. Instead, there is an apparent additional
large variation in the rate of decoding by suppressors with
respect to the 3’ neighbor nucleotide, which may reflect stack-
ing effects between the codon-anticodon complex and the 3’
neighbor nucleotide (155).

Ty Retrotransposons in S. cerevisiae

Ty elements are a family of retrotransposons in the yeast
Saccharomyces cerevisiae (reviewed in reference 17). Like
metazoan retroviruses, Ty elements replicate via an RNA in-
termediate by a process of reverse transcription. They are not
true viruses since they do not move horizontally within a pop-
ulation by producing virus particles. Rather, replication results
in reintegration of the element into the genome of the same
cell at a new chromosomal location. The enzymatic activities
and structural proteins required for Ty replication are encoded
in two genes, the analogs of the retroviral gag and pol genes.
The pol product is expressed as a translational fusion to the
upstream and partially overlapping gag product (35). Expres-
sion of this translational fusion in two types of Ty elements is
now known to require +1 translational frameshifting (9, 62).
Although the two elements both use frameshifting, the phe-
nomenology is very different and in one case unexpected.

Frameshifting in retrotransposon Tyl occurs by tRNA slip-
page. Frameshifting was first demonstrated for the Tyl class of
elements. The gag analog of Tyl, termed TYA, overlaps the
first 38 bp of the pol analog, TYB, with TYB shifted into the +1
reading frame (34). TYB expression, as a TYA-TYB fusion
peptide (34), occurs by +1 translational frameshifting within a
short sequence of the overlap, identified first as a 31-nt se-
quence (222) and later reduced to a 14-nt sequence (35). Later,
detailed analysis identified a sequence of only 7 nt that is both
necessary and sufficient to promote frameshifting (9). Frame-
shifting occurs on the sequence CUU-AGG-C, shown as
codons of the upstream 7YA gene, which is decoded as Leu-
Gly reading the underlined codons. All single base changes at
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any position of this heptamer either eliminate or greatly reduce
frameshifting. The partially functional mutations fall in the
wobble position of the CUU codon (CUG and CUC) and in
the AGG codon (CGG, UGG, and AGU).

The heptameric minimal site has two notable features: over-
lapping Leu codons (CUU and UUA) and an Arg codon
(AGG) decoded by a low-abundance tRNA encoded by a
single-copy gene (66). In S. cerevisiae, one tRNA recognizes all
four of the CUX family of Leu codons, tRNAFX ;. An unmod-
ified U in the wobble position of the anticodon (165) confers
the relaxed specificity on the tRNA. In fact, in vitro the tRNA
will recognize all six Leu codons. These data suggested a mech-
anism for Tyl frameshifting: during a pause caused by the low
availability of the cognate tRNAZE,, specific for AGG,
tRNAGRG slips +1 from CUU to UUA. If this model were
correct, one would expect that overexpression of tRNAAE
would interfere with frameshifting. In fact, 5-fold overexpres-
sion of this tRNA did interfere, reducing frameshifting 43-fold
(9). Second, the model predicts that changes in tRNA™" which
reduce its ability to slip +1 would reduce frameshifting. The
UUG-specific tRNAESY, was mutated to change its anticodon
to AAG, an anticodon cognate for CUU but not for UUA.
Overproduction of this tRNA was predicted to reduce frame-
shifting by interfering with slippage of the tRNA; in fact, over-
producing this tRNA also reduced frameshifting 43-fold
whereas overproducing a control mutant in which the anti-
codon was changed to the putative slippery UAG had no effect
(9). These data were interpreted as demonstrating that frame-
shifting occurs with the ribosomal A site poised over the AGG
codon but empty of an aminoacyl-tRNA. During the pause
induced by the lack of tRNASE, tRNAT Y, slips +1 from
CUU to UUA.

This frameshifting mechanism strongly resembles +1 frame-
shifting at prfB (217): during a translational pause, a tRNA
slips from a cognate to a near-cognate codon. In both cases,
the ribosomal A site is empty during the translational pause.
Of course, according to the three-site model of the ribosome
(139), after translocation of the peptidyl-tRNA to the P site,
the deacylated tRNA, which had been bound to the P site
before peptide transfer, moves to the E (exit) site. The func-
tion of the E site is controversial. One hypothesis states that
occupation of the E site by the deacyl-tRNA allosterically
regulates selection of aminoacyl-tRNA in the A site, creating a
low-affinity A site and thus reducing the probability of accep-
tance of noncognate aminoacyl-tRNA (167). In this model the
deacyl-tRNA is bound by a codon-anticodon interaction to the
mRNA in the E site. An alternative hypothesis states that
binding of the deacyl-tRNA to the E site facilitates its release
from the P site; binding of deacyl-tRNA is seen as a transient
intermediate, not bound by a codon-anticodon interaction
(223). Whether the deacyl-tRNA does base pair in the E site is
not clear. Some data suggest that cognate tRNA associates in
the E site more efficiently than noncognate tRNA does (70).
However, the measured free-energy contribution of codon-
anticodon pairing in the E site suggests that the increase in
affinity for a cognate codon is up to 3 orders of magnitude less
than for binding in the P site, deemphasizing the importance of
pairing of deacyl-tRNA (113).

The ability or inability of the tRNA which occupies the E site
to slip has no effect on +1 frameshifting in either the prfB
system (217) or the Tyl system (9). These results support the
hypothesis that the deacyl-tRNA does not base pair with the
mRNA in the E site during the shift. This is in marked contrast
to the effect of changes in the codon bound by the peptidyl-
tRNA, which can drastically reduce frameshifting. The lack of
base pairing in the E site, however, does not invalidate the
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allosteric three-site model of Nierhaus and his colleagues (re-
viewed in reference 167), since the necessity for base pairing in
that model is not clear.

The AGG codon in the Tyl site clearly stimulates frame-
shifting because of the low availability of its cognate tRNASE, .
This simple role for the codon mimics the role of the AAG
codon in stimulating frameshifting in response to lysine depri-
vation in E. coli (219). In its simplest form, the model for the
Tyl event would predict that any sufficiently hungry codon
could induce the slippage of a susceptible peptidyl-tRNA. This
proved not to be the case (9). Replacing the AGG codon with
a codon recognized by the equally rare tRNASE; (CGG) or
tRNASE; (AGU) reduced frameshifting about 20-fold, and
replacing AGG with UGG, recognized by the apparently abun-
dant tRNAZE,, allowed the same 20-fold-lower frameshifting.
Most significantly, the AGG codon was replaced by UAU,
decoded by tRNAZ(,, and tested in a set of strains with
progressive deletions of the eight genes encoding the tRNA.
No frameshifting was observed in any of these strains, although
with only two gene copies remaining, the lack of the tRNAZSY, o
restricted the growth rate of the strain (28). Thus, the fact that
a codon is decoded by a limiting tRNA is not sufficient to cause
a translational pause capable of inducing detectable frame-
shifting (9).

Overexpression of tRNAAXE; suppresses frameshifting at
CUU-AGG-C, suggesting that the AGG codon stimulates
frameshifting as a hungry codon, i.e., a codon whose cognate
tRNAQ is present at a limiting concentration in vivo (9).
Since overexpression of the tRNA would reduce the expression
of the Tyl pol analog, TYB, relative to the gag analog, TYA, it
is not surprising that it also reduces Ty transposition (227).
Correspondingly, underexpression of tRNAAE; leads to in-
creased frameshifting. Although only one gene encodes
tRNAQE,, the gene is not essential for growth; a cell lacking
tRNAQE, survives, probably because of near-cognate decod-
ing of AGG by tRNA#,,, which normally decodes AGA ex-
clusively (100). However, the effect of loss of tRNASE, is to
greatly stimulate frameshifting, to virtually 100% efficiency,
and in this strain, transposition of Tyl elements is also greatly
decreased (100). Although frameshifting can be regulated in
response to the concentration of this tRNA, there is no evi-
dence for any in vivo modulation of frameshifting by altering
the level of its expression or aminoacylation.

Frameshifting in retrotransposon Ty3 occurs by out-of-
frame binding of tRNA. Almost all of the examples discussed
present a common paradigm for +1 translational frameshift-
ing. During a translational pause induced in any of several
ways, a peptidyl-tRNA slips onto a near-cognate codon in the
+1 reading frame. After this slippage, translation continues in
the new reading frame to produce the frameshifted product.
The only exceptions to this common mechanism come from the
work of Gallant and his collaborators (114, 157), who showed
that +1 frameshifting at certain hungry lysine codons occurs
despite the apparent inability of the peptidyl-tRNA to slip; the
frameshift site GCC-AAG stimulates +1 frameshifting al-
though the GCC decoding tRNAAR . retains only one G - C

ccA

base pair when it slips onto the +1 CCA codon ( |
CGG
event occurs extremely infrequently in the absence of a strong
starvation signal, and the relevance of the event to frameshift-
ing errors in vivo has been open to debate.
However, an efficient programmed frameshift system which
induces frameshifting without peptidyl-tRNA slippage has re-
cently been described (62). The retrotransposon Ty3 of S.

). This
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AlaSerSerAsnArgLeu®*?*
ValLeuThrAspLeu
5' [ eFNRANMUC UAACCGAUCUUGA-3'
| |

Stimulatory Context

FIG. 3. Sequence of the programmed frameshift site of the Ty3 retrotrans-
poson of S. cerevisiae. +1 frameshifting on the Ty3 retrotransposon occurs
without tRNA slippage by decoding of a +1 frame Val codon (GUU) while
peptidyl-tRNALE is in the P site. A downstream context stimulates frameshift-
ing.

cerevisiae is distantly related to the Tyl retrotransposon. It
encodes a gag analog, GAG3, and a pol analog, POL3. Expres-
sion of POL3 is as a translational fusion to the upstream GAG3
product. Frameshifting on the sequence GCG-AGU-U (shown
as codons of GAG3) encodes Ala-Val (reading the underlined
codons [see Fig. 3]). The tRNA which decodes the GCG codon
has not been identified; however, by the rules of decoding in S.
cerevisiae, it should have the anticodon CGC or, less likely,
CGU. Surprisingly, given these putative anticodons, frame-
shifting must occur even though it cannot form the required

cGC
two base pairs with the +1 frame overlapping codon ( cGAa °F

CGA

| ). We assume that frameshifting on the Ty3 site must
CGU
occur by out-of-frame binding of aminoacyl-tRNA in the A
site. Two features stimulate this unusual event. First, a hungry
codon, AGU, decoded by the limiting tRNAZE,, causes a
translational pause with peptidyl-tRNA2! - bound at the GCG
codon. Second, a 14-nt “context” sequence immediately distal
to the GCG-AGU-U frameshift site by an unknown mecha-
nism stimulates frameshifting about 7.5-fold (Fig. 3).

Two alternative mechanisms for the unusual Ty3 frameshift
event are possible. First, the structure of the mRNA may be
unusual, leading to bypassing of the A between the decoded
GCG and GUU codons. Alternatively, frameshifting may de-
pend on a special characteristic of one of the tRNAs which
decode the site, either the GCG-decoding tRNASE or the
GUU-decoding tRNAYZ.. Genetic analysis has shown that
frameshifting on the Ty3 site does depend on a sg)ecial pepti-
dyl-tRNASE.. A frameshift-incompetent tRNAQE - was mu-
tated to change its anticodon from UGC to CGC such that it
would now recognize the GCG codon. Overexpression of this
mutant tRNA, competing out binding by the low-abundance
tRNASE, drastically reduced frameshifting (208). This effect
demonstrates two things. First, it is the structure of peptidyl-
tRNASE which promotes frameshifting; changing the tRNA
which recognizes GCG to another isoacceptor reduces frame-
shifting drastically. Second, the result eliminates any alterna-
tive model in which frameshifting results from an unusual
mRNA structure causing the A in the GCG-AGU-U sequence
not to be available to base pair with incoming aminoacyl-
tRNASE .

tRNASE is not the only peptidyl-tRNA which induces
frameshifting. When the GCG codon of the Ty3 site was re-
placed by all 63 other codons and frameshifting was induced by
the AGG pause codon in the absence of its cognate tRNASE
eight tRNAs were found to induce +1 frameshifting to differ-
ent degrees (208). Four tRNAs induce very high levels of
frameshifting, including tRNAFYs, responsible for Tyl frame-
shifting; tRNA2&., which induces Ty3 frameshifting;

MICROBIOL. REV.

tRNAZS; and tRNAEZ. The others induce 5 to 45% frame-
shifting. Whereas Curran (45) found a tight correlation be-
tween slipperiness of peptidyl-tRNAs and induction of frame-
shifting in E. coli, these data do not support that conclusion for
S. cerevisiae. Among the tRNAs which induce frameshifting,
only half appear capable of slipping +1. More importantly,
several tRNAs predicted to slip do not induce frameshifting
(e.g., tRNAZR,, decoding UUU; tRNADS, decoding AAA,
tRNASY, decoding GAA; and tRNASS, decoding CAA).
There appears to be no correlation between peptidyl-tRNA
slippage and +1 frameshifting in S. cerevisiae.

The Rat Ornithine Decarboxylase Antizyme Gene

Ornithine decarboxylase (ODCase) catalyzes the first, rate-
limiting step in polyamine biosynthesis, converting ornithine to
putrescine, which is then converted to spermidine and then
spermine by the enzymes spermidine synthase and spermine
synthase, respectively (156). The level of ODCase is modulated
both transcriptionally and posttranscriptionally. Recently, it
has become clear that ODCase is regulated largely by degra-
dation which is controlled by an inhibitory protein, ODCase
antizyme. Production of the antizyme has recently been shown
to occur by a programmed +1 frameshift which is sensitively
regulated in response to polyamines (69, 127, 170). Other than
the autogenous control loop in RF2 synthesis, this is the only
known example of physiological control of frameshifting. It
appears that polyamines are general regulators of +1 frame-
shifting (6, 7), although the mechanism of that control is un-
clear.

The ODCase antizyme inhibits the activity both of ODCase
and of the polyamine transport protein (137, 191). The anti-
zyme was initially identified as an activity induced by pu-
trescine which inhibited ODCase stoichiometrically (76, 131),
although in fact the in vivo role of antizyme is to target
ODCase for ubiquitin-independent degradation by the 26S
proteasome (142, 198). Synthesis of the antizyme was assumed
to be regulated by polyamines at the translational level, since
its induction was sensitive to cycloheximide but not actinomy-
cin D (65, 126).

The sequence of the antizyme cDNA (138) revealed that the
region of the gene included two open reading frames (ORFs),
a short ORF, which could encode a 7.4-kDa protein, overlap-
ping a longer ORF, which could encode a 24-kDa protein,
approximately the size of the antizyme but lacking an ATG
initiation codon (127, 170). The longer ORF is in the +1 frame
with respect to the shorter. Initial analysis showed that the
longer ORF could be expressed to produce active antizyme if
it were provided with an in-frame initiator (128, 143), although
its expression was independent of polyamines (143). Subse-
quent work showed that expression of antizyme normally oc-
curs by initiation within the short upstream ORF followed by
frameshifting into the second ORF and that the efficiency of
the frameshift was regulated by polyamines (127, 170). The
first published data supporting a frameshift mechanism of ex-
pression, from Rom and Kahana (170), showed that expression
of a full-length product required the UGA termination codon
at the end of the upstream ORF. This result is consistent with
a frameshift mechanism, rather than RNA editing, although it
did not rule it out, since the nonsense codon could provide a
required translational pause.

A more extensive analysis by Matsufuji et al. (127) provided
clearer evidence of +1 translational frameshifting. Rom and
Kahana had demonstrated that the expression of a protein of
the correct molecular weight depended on the sequence sur-
rounding the in-frame termination codon. Matsufuji et al. were
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able to produce a partial protein sequence of the segment of
the protein encoded across this site. The sequence showed that
the frameshift occurs at the stop codon, since the Ser codon
(UCC) immediately preceding it was decoded and the Cys
codon following it was not. In addition, the sequence past the
Ser residue was consistent with the sequence of the +1-shifted
longer ORF. These data are consistent with a +1 frameshift
occurring at the UCC codon, although again an editing event
which removes one nucleotide cannot be formally eliminated.
Since polyamines are known to modulate translation, the fact
that polyamine concentrations modulate expression argues for
a translational mechanism.

Five nucleotides downstream of the UCC codon is a poten-
tial pseudoknot. Mutations which eliminated the pseudoknot
reduced frameshifting up to fourfold. Importantly, compensa-
tory double mutations which altered the primary structure of
the pseudoknot but restored the secondary structure restored
frameshifting to wild-type levels. Thus, the pseudoknot ap-
pears to stimulate the frameshift event, although it is of sec-
ondary importance with respect to the termination codon,
since in a mutant lacking the terminator, deleting the
pseudoknot region had no effect. There is no precedent for the
involvement of such a secondary structure in +1 frameshifting.
The only correlate is the downstream context in the Ty3 frame-
shift, although in that case it is the primary sequence of the
region, not its secondary structure, which stimulate frameshift-
ing.

The pseudoknot is almost certainly not a specific sensor of
polyamines. In an unrelated series of experiments, Bala-
sundaram et al. (6, 7) have shown that the efficiency of +1
frameshifting on the Tyl site in S. cerevisiae is regulated by
polyamines. In apparent contrast to the ODCase antizyme
system, frameshifting is stimulated by spermidine deprivation
rather than by an excess of polyamine (7). The deprivation was
created in vivo by inactivating the SPE2 gene, which specifies
S-adenosylmethionine decarboxylase, required for synthesis of
both spermidine and spermine. In cells that were grown with
exogenous spermidine and then switched to medium lacking
spermidine, the intracellular spermidine level gradually
dropped and frameshifting increased about 10-fold (7). How-
ever, as the spermidine concentration decreased, the intracel-
lular concentration of putrescine also drastically increased
from an initially undetectable amount. It was the presence of
this excess putrescine which induced frameshifting, since
blocking putrescine biosynthesis, by deleting the yeast ODCase
gene, SPE1, eliminated the induction. Simply overexpressing
putrescine in the presence of normal amounts of spermidine
increased frameshifting only slightly, indicating that the in-
crease resulted from the imbalance of putrescine and spermi-
dine.

Thus, +1 frameshifting in both the yeast Tyl and rat
ODCase antizyme systems is adjusted when the balance of
polyamines is disturbed. The response to polyamines appears
different in the two systems, since the antizyme is induced by
either putrescine, spermidine, or spermine and the yeast sys-
tem appears specific to putrescine. Since experiments were not
done to test the effect of excess spermidine or spermine, it may
be that the yeast and ODCase antizyme systems are more
similar than was expected. If that proves correct, the effect of
polyamines on +1 frameshifting would be unrelated to the
specific system used. The fact that two such distant +1 frame-
shift sites respond to modulation of polyamines already sug-
gests that this may be correct.

Addition of any of several polyamines to a cell-free protein
synthesis system increases the yield of products, especially
high-molecular-weight proteins (4). In addition, in the pres-
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ence of physiological levels of Mg?*, polyamines are essential
for aminoacylation of tRNAs (117). Polyamines also regulate
the fidelity of translation. They regulate the fidelity of amino-
acylation; increasing concentrations of polyamines reduce the
frequency of misacylation, especially in the absence of Mg?™*
(116). This effect might explain why increasing the concentra-
tion of polyamines increases the fidelity of protein synthesis in
vitro (88) and in vivo (132). However, the effect of polyamines
on translation appears to be more complex, affecting the con-
formation of aminoacyl-tRNAs and thus the efficiency and
accuracy of codon-anticodon recognition (reference 145 and
references therein). These experiments show that increasing
the concentration of polyamine causes an increase in the ac-
curacy of decoding by reducing the likelihood of noncognate
tRNA being accepted. This seems an effect opposite to the
stimulation of frameshifting by polyamines. However, consis-
tent with that observation, polyamines also stimulate
readthrough in vitro of termination codons, both UGA (82)
and UAG (140). In addition to binding tRNAs, polyamines are
known to bind ribosomes (97) and polynucleotides (124); it is
unclear how polyamines might stimulate mistranslation by
readthrough or frameshifting.

PROGRAMMED -1 FRAMESHIFTING

By far the most numerous and ubiquitous of frameshift sites
are a class of —1 frameshift sites first described in metazoan
retroviruses. These sites have been found in retroviruses (60,
86, 90-93, 121, 130, 141, 144), coronaviruses (21, 49, 50, 58,
78), toroviruses (186), arteriviruses (71, 134), astroviruses (95,
123, 220), giardiaviruses (211), plant viruses (20, 101, 136, 163,
226), Drosophila retrotransposons (47, 125, 162, 173), a virus-
like element in S. cerevisiae (52, 87, 205), a bacterial gene (15,
64, 201), bacteriophage genes (38, 39, 57, 112), and bacterial
insertion sequences (59, 105, 160, 166, 176, 188, 209, 210).
Sequence comparison and molecular genetic analysis of many
of these sites have identified a canonical structure for these
frameshift sites. Their prevalence across such an evolutionarily
diverse distribution suggests that such sites may have evolved
multiple times, converging on a single simple solution.

Programmed —1 Frameshifting in Eukaryotes

In retroviruses, expression of the primary translational prod-
uct of the pol gene occurs as a translational fusion to the
upstream gag gene (93). The understanding that expression of
the Gag-Pol fusion protein occurred by this mechanism was
slow in coming and faced formidable ideological obstacles. The
favorite mechanism for expression of the Gag-Pol fusion, by
analogy to the expression of the env product, was through an
inefficient splice, uniting gag and pol into one reading frame in
the spliced mRNA. In a review published in 1984, Coffin states
that “the only reasonable hypothesis to explain the expression
of pol is that there is a distinct mRNA that can be translated
into the gag-pol precursor and that this mRNA is created by
splicing around the UAG codon [at the end of gag] to shift the
reading frame somewhere near the gag-pol boundary” (36).
However, by the next year the same author was describing the
idea of splicing to allow expression of the gag-pol product as
“losing ground” (37). Coffin was, of course, reflecting the com-
mon state of belief in the field, which was finally radically
altered with the publication of the paper which demonstrated
unequivocally a translational mechanism of expression (93).
This episode could be offered as a small example of “normal
science,” as defined by Kuhn (106). In a small way, the paper
by Jacks and Varmus revolutionized our thinking, forcing us to
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consider the idea that the ribosome might at some sequences
be programmed to make what appears to be a translational
error. Much of the work in this field during the last 10 years has
focused on understanding how the ribosome can do this.

—1 Frameshifting occurs on a “slippery heptamer.” The
initial discovery of —1 frameshifting in Rous sarcoma virus
(RSV) simply indicated that expression of the Gag-Pol fusion
protein occurred translationally but did not specify how this
event occurred. Later, sequence comparison and site-specific
mutagenesis identified a motif as responsible for inducing the
shift. The motif consists of two elements, a heptanucleotide
sequence of the form X-XXY-YYZ, shown as codons of the
upstream gag gene (for example, in RSV A-AAU-UUA [90] or
in the coronavirus infectious bronchitis virus [IBV] U-UUA-
AAC [22]), and an RNA secondary structure, usually a
pseudoknot, beginning about 6 nt downstream (193). Muta-
tional analysis suggested that changes to the “slippery-hep-
tamer” sequence which interrupt its repetitive structure can
drastically reduce frameshifting (90). Changes made upstream
or downstream of the heptamer had no effect on expression,
but almost all changes to the heptamer itself reduced expres-
sion of the Gag-Pol fusion protein. Changing any of the first 3
nt in the heptamer, for example, changing A-AAU-UUA to
C-AAU-UUA, A-CAU-UUA, or A-ACU-UUA, reduced ex-
pression about fivefold. The effect of all single base changes to
the next 3 nt were much more severe, essentially abolishing
expression. These data suggest that the repetitive nature of the
site, i.e., the existence of tandemly repeated nucleotides, is
essential to frameshifting.

Sequence comparison of the many available sites confirms
the importance of the motif. ten Dam et al. (193) identify 11
different heptamer sequences from among 38 —1 frameshift
sites: A-AAA-AAC, A-AAU-UUA, A-AAU-UUU, G-GGA-
AAC, G-GGC-CCC, G-GGU-UUA, G-GGU-UUU, U-UUA-
AAC, U-UUA-AAU, U-UUU-UUA, and G-GAU-UUA. Of
these, all but the last conform to the X-XXY-YYZ motif,
although many sequences which would conform do not appear
in the list. In an attempt to determine how many potential
heptamer sequences there are, Brierley et al. (23) constructed
a nearly exhaustive collection of heptamers. They found that
almost all of the sequences tested stimulated measurable
frameshifting, although the efficiency varied widely. All of the
sites listed above which were tested stimulated frameshifting
efficiently (from 16.1% for G-GGU-UUA to 41.7% for U-
UUA-AAC). As had been noted by Dinman et al. (52), intro-
ducing GGG or CCC into the YYY position of the motif
severely reduced frameshift efficiency; however, efficient sites
could be constructed with any homopolymeric sequence at the
XXX position.

A definitive analysis of frameshifting required determination
of the protein sequence encoded across the frameshift site.
The mutational analysis argued strongly that the heptamer was
an essential element but did not prove that frameshifting hap-
pened there. However, peptide sequencing has demonstrated
that the heptamer is the site of shifting. For example, the
frameshift on the RSV site, A-AAU-UUA (90), occurs after
decoding of the zero frame codon UUA as Leu and without
decoding the —1 frame codon UUU as Phe. This means that
the frameshift occurs after the entire heptamer has been de-
coded.

The simultaneous-slippage model. On the basis of the re-
petitive structure of the heptamer and the nature of the protein
product produced, Jacks et al. suggested a model for —1
frameshifting in RSV termed the simultaneous-slippage model
(90) (Fig. 4A). The model proposes that each of two ribosome-
bound tRNAs slip in the 5’ direction simultaneously from their
initial position in the zero frame (XXY-YYZ) to the —1 frame
(XXX-YYY). The model explains why the YYZ codon is de-
coded in the final product and the necessity for the homopoly-
meric triplets XXX and YYY. The model proposes that frame-
shifting can occur only when tRNAs can continue to form at
least two base pairs in the shifted frame; therefore, an XXY-
decoding tRNA can still base pair at least to the first 2 nt of
XXX. The fact that the first 2 nt of the anticodon must be able
to pair in overlapping frames creates the need for the 3-nt
repeat.

The original model imagined this happening before peptide
transfer by slippage of the peptidyl- and aminoacyl-tRNAs
bound to the ribosomal P and A sites, respectively. At this
point in the ribosome cycle, there are two tRNAs, each base
paired to the mRNA. However, as suggested by Weiss et al.
(218), the shift may occur at a second step in the elongation
cycle during which two tRNAs engage the mRNA, after pep-
tide transfer but before translocation of the tRNAs (Fig. 4B).
These two mechanisms cannot be distinguished by their pro-
tein products or by site-directed mutagenesis of the slippery
heptamer.

Surprisingly, on the human immunodeficiency virus type 1
(HIV-1) site, U-UUU-UUA (91), there appeared to be two
products synthesized across the heptamer. About 70% of the
product, as on the RSV site, is synthesized by decoding the
zero-frame UUA codon as Leu; however, about 30% of the
time, the ribosome appears to shift before decoding UUA. In
this product, the Leu is replaced by Phe, presumably encoded
by the overlapping —1 frame codon UUU. The more prevalent
product, but not the alternative product, could have been pro-
duced by simultaneous slippage. Jacks et al. suggested that the
less abundant product could have been produced by the nor-
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mal mechanism of simultaneous slippage, followed by sponta-
neous release of the UUA-decoding tRNA™" from the UUU
codon and subsequent decoding of UUU by phenylalanyl-
tRNAP™ (91). A simpler alternative would be that a single
tRNAFP® bound to the zero frame UUU codon slips onto the
overlapping —1 frame UUU codon followed by decoding of
the —1 frame UUU codon (note that the sequence immedi-
ately upstream of the heptamer, U-AAU, should not allow
slippage of peptidyl-tRNA*", necessitating a single tRNA
slippage model).

Support for this alternative mechanism comes from an anal-
ysis of frameshifting on the HIV-1 site in E. coli. Yelverton et
al. (229) show that starvation of E. coli cells for leucine induced
frameshifting on the HIV-1 site, although starvation for phe-
nylalanine or arginine had no effect. As in eukaryotic cells,
frameshifting on the HIV-1 site in E. coli resulted in two
products but starvation of the cells for leucine specifically stim-
ulated the product in which the —1 frame UUU codon, over-
lapping the UUA Leu codon, was decoded. Apparently, the
inability to decode the Leu codon efficiently stimulated the
alternative product. This result is consistent with the one-
tRNA slippage model; with the ribosome paused with the
UUA codon in the A site by the low availability of the cognate
tRNA™", peptidyl-tRNA"" slips —1 between identical UUU
codons. Decoding then resumes in the +1 frame by reading the
next codon, UUU, as Phe. Earlier, Weiss et al. (218) found that
E. coli ribosomes can shift on the mouse mammary tumor virus
(MMTV) slippery heptamer, A-AAA-AAC, by an apparent
two- or one-tRNA slippage model, either decoding the in-
frame Asn codon, AAC, before slippage or slipping and read-
ing the overlapping Lys codon, AAA. Interestingly, the pres-
ence of a downstream hairpin biased frameshifting toward the
two-tRNA slippage whereas removing the hairpin favored one-
tRNA slippage (the construct used lacked the downstream
region necessary to form the MMTV pseudoknot) (218). This
result makes it unlikely that one-tRNA slippage contributes
greatly to —1 frameshifting on such sites in eukaryotic cells,
although a minority of products may be made by that mecha-
nism.

More recently, Horsfield et al. (81) introduced termination
codons (UGA, UAA, and UAG) immediately downstream of
the HIV-1 slip site (e.g., creating the sequence U-UUU-UUA-
UGA) and found that frameshift efficiency in E. coli was in-
fluenced by the efficiency of recognition of the terminators by
peptide RFs. Most convincingly, they showed that expression
of a defective RF2 protein, capable of nonsense codon-di-
rected binding to ribosomes but deficient in peptide release,
stimulated frameshifting from the UGA and UAA constructs
but not the UAG or sense codon control constructs. Since RF2
recognizes UGA and UAA but not UAG, this suggests that
inefficient termination at the inserted terminator stimulated
frameshifting. Since this stimulation could occur only after the
codon has entered the A site, they propose that simultaneous
slippage occurs in this case after translocation of deacyl-
tRNAP"® and peptidyl-tRNA™" into the E and P sites, which
would place the termination codon in the A site. A less radical
model would propose that frameshifting in this case again
occurs by slippage of a single tRNA, in this case peptidyl-
tRNA™", during a pause caused by the slow recognition of the
termination codon. This mechanism resembles the alternative
mechanisms of Yelverton et al. (229) and Weiss et al. (218).
This model is consistent with the data from several sources that
base pairing by the tRNA in the E site does not influence
frameshifting (see, e.g., references 9, 114, and 217). Distin-
guishing between these models would require introducing mu-
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tations into the putative E-site codon (e.g., U-UUU — G-
UGU) to determine if they interfere with frameshifting.

The existence of an alternative mode of frameshifting on the
HIV-1 site does not decrease the generality of the simulta-
neous-slippage model. Clearly, the simultaneous-slippage
model better explains frameshifting on the vast majority of
sites, including all of the eukaryotic sites. In bacteria, as dis-
cussed below, the situation is less monolithic; several of the
putative simultaneous-slippage sites probably actually employ
a mechanism more similar to that proposed by Yelverton et al.
(229). Before dealing with those cases, though, we will discuss
other aspects of simultaneous slippage.

Stimulation of —1 frameshifting by a downstream
pseudoknot. The vast majority of simultaneous-slippage sites
include a pseudoknot downstream of the slippery heptamer,
although some sites substitute a simple hairpin or, in rare
cases, no structure at all (193). Early papers suggested that a
hairpin might stimulate frameshifting (21, 90, 92), yet mu-
tagenesis showed that the region distal to the hairpin in the
RSV site was also required, suggesting the possibility of a
pseudoknot (90). The first clear demonstration of a
pseudoknot came from analysis of the coronavirus IBV by
Brierley et al. (22). —1 frameshifting occurs between the la
and 1b genes of the virus, producing a la-1b fusion protein
(21). The site of frameshifting was identified as the slippery
heptamer, U-UUA-AAC, by flanking it with stop codons in the
zero and —1 frames (89). Initially, a hairpin loop located 6 nt
downstream of this heptamer was thought to stimulate frame-
shifting (21). Later, however, Brierley et al. (22) recognized
that the region distal to the heptamer could form a pseudoknot
(Fig. 5) in which an 8-nt region of the hairpin loop (5'-GAGG
CUCG-3') could base pair with an 8-nt segment (5'-CGAGC
CUU-3’) 32 nt downstream. Site-directed mutagenesis dem-
onstrated the requirement for the two base-pair interactions
(the stem of the hairpin loop is termed S1, and the pairing
between the loop and the downstream region is termed S2).
Changes to each of the putative paired regions were made by
replacing a stretch of 6 nt of S1 with their pairing partners (i.e.,
changing apparent G - C pairs to C - C and G - G), and the 8
nt of S2 with their pairing partners. Each of these four muta-
tions eliminated the ability to form the pseudoknot and elim-
inated frameshifting. Re-creating the pseudoknot by making
both compensatory changes in each stem (i.e., changing appar-
ent G - C pairs to C - G) restored frameshifting. Since there is
no chemical similarity between the alphabetic palindromes cre-
ated by these mutations (5'-GAGGCUCG-3’ has no chemi-
cally relevant similarity to 5'-GCUCGGAG-3'), apparently the
ability to form a pseudoknot, not its primary sequence, stimu-
lates frameshifting.

Similar experiments were done with other putative
pseudoknots, including those of the L-A virus of S. cerevisiae
(52), MMTV (30), feline immunodeficiency virus (141), and
simian retrovirus 1 (SRV-1) (192, 194), as well as a more
extensive analysis of the IBV site performed by Brierley et al.
(24). The results in each case were qualitatively similar: muta-
tions which interfere with formation of the pseudoknot reduce
frameshifting, and compensatory double mutations restore
frameshifting, although not always to wild-type levels. Al-
though it is not possible to assign a free energy value for a
pseudoknot, since the effects of the loops on stability are un-
known, the effect of mutations on the stability of each of the
stems in isolation can be estimated. In the case of both SRV-1
(192, 194), and IBV (24), it was difficult to directly correlate
stability with frameshift efficiency. In several cases, mutant
pseudoknots with similar estimated stabilities promoted differ-
ent levels of frameshifting. ten Dam et al. (194) pointed out
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FIG. 6. A model in which EF-2 stimulates simultaneous-slippage frameshifting. A translating ribosome (A) approaches the frameshift site, and a downstream
pseudoknot (B) pauses the ribosome. During the pause, the ribosome transfers the nascent peptide to the aminoacyl-tRNA, which then occupies the P-A site. EF-2
then enters the ribosome and attempts to cause translocation. Because the pseudoknot precludes movement of the mRNA, EF-2 (C) pushes the two tRNAs 1 base
to the left. After unwinding of the pseudoknot, the ribosome (D) resumes translation of the mRNA in the —1 frame.

that the correlation was better in S2 than in S1, and Brierley et
al. (24) found highly variable effects of mutations at the junc-
tion between S1 and S2, where the two stems are proposed to
stack coaxially. The lack of correlation between a simple sta-
bility model and the mutational data suggested that perhaps
there was a more complicated effect of pseudoknot structure.

Is the only role of the pseudoknot to block passage of the
ribosome? The spacing between the heptamer and secondary
structure, which averages about 6 nt (193), is also critical.
Changing the spacing by deleting or inserting as little as 2 bp
can reduce frameshifting, although not as much as creating
mutations which destabilize the structure (23). An early hy-

pothesis proposed that the structure would stall the ribosome
with the slippery heptamer in the decoding sites, allowing time
for the tRNAs to slip —1 (92). In this case, spacing would be
critical, since the slippery heptamer would have to occupy the
decoding sites during the induced pause. In fact, direct evi-
dence now shows that ribosomes do pause when traversing the
region including a pseudoknot (187, 202).

Is the only role of the pseudoknot to pause the ribosome
with the heptamer in the decoding sites? Both of the compet-
ing models of simultaneous slippage envision such a pause,
either before (90) or after (218) peptide transfer. Peptide
transfer is known to occur extremely quickly once an amino-
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FIG. 7. Position of the decoding sites during pseudoknot-induced pausing on
the L-A virus site. The positions of the putative first (top) and second (bottom)
pauses on the L-A virus site are illustrated, with the ends of the ribosome-
protected region indicated by arrows. The positions of the slippery heptamer
(white letters in black box) and pseudoknot (underlined) are shown relative to
the positions of the decoding sites predicted from the data of Wolin and Walter
(224). The slippery heptamer occupies the P and A sites only during the second
pause.

acyl-tRNA has been accepted into the A site of the ribosome.
In fact, a rate constant for this step cannot be measured, and
for experimental purposes it is considered instantaneous (197).
Therefore, the Jacks et al. model (90) suggests that slippage
occurs during a state which normally is extremely transient. Of
course, the Weiss et al. model (218) imagines slippage before
elongation factor-stimulated translocation (stimulated by
EF-G in bacteria and its homolog EF-2 in eukaryotes), which
also occurs rapidly although not as rapidly as peptide transfer.
If the ribosome must be paused at a specific step in the elon-
gation cycle, does the pseudoknot act as a roadblock or does it
directly interfere with a biochemical activity of the ribosome,
thereby causing the ribosome to pause in a way which facili-
tates frameshifting? If its effect is more specific, which activity
does it interfere with? This problem is central to understanding
the mechanism of —1 simultaneous-slippage frameshifting, al-
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though resolving it appears to be for the present beyond our
technical capacity.

Frameshifting in the Weiss et al. model (218) could result
from a mechanical effect of the pseudoknot on the ribosome.
The presence of the pseudoknot may physically interfere with
movement of the mRNA on the ribosome. The translocation
step occurs by slippage of the tRNA-mRNA complex across
the face of the ribosome. Specifically, the mRNA must slip 3 nt
along the ribosome during translocation, with the codon which
occupied the A site moving into the adjacent P site and the
P-site codon moving into the E site (Fig. 6). The pseudoknot
may physically block movement of the mRNA, allowing time
for the two mRNA-bound tRNAs to slip —1. In fact, move-
ment of the tRNA-mRNA complex on the ribosome occurs by
an EF-G/EF-2-stabilized change in conformation of the pep-
tidyl-tRNA, moving it into the P site. This movement of the
tRNA could, in the absence of mRNA slippage, cause the —1
slippage that occurs in frameshifting, as diagrammed in Fig. 6.
This is in essence a mechanical model for frameshift induction
by the ribosome, caused by physical restriction of movement.

The Jacks et al. model (90) requires a more sophisticated
effect of the pseudoknot. Since frameshifting occurs in prefer-
ence to peptide transfer, the pseudoknot could function in
either of two ways. First, it might interfere with the activity of
the peptidyl transferase center itself, precluding peptide trans-
fer. Since the peptidyl transferase activity appears to reside in
the large-subunit rRNA, one might imagine that the
pseudoknot would interact with the rRNA, perhaps disrupting
its structure or acting as a competitive inhibitor by mimicking
one of the tRNAs. Alternatively, since peptide transfer cannot
occur until EF-Tu (or its eukaryotic analog, EF-1a) leaves the
ribosomal A site, the pseudoknot could interfere with dissoci-
ation of the elongation factor.

The fact that a pseudoknot causes a translational pause has
been demonstrated in two laboratories (187, 202). The exper-
imental approaches were different. Tu et al. (202) used a “heel-
printing” technique (224) to map the position of paused ribo-
somes near the —1 frameshift site of the yeast double-stranded
RNA L1, also known as L-A (52, 205). This approach allows
mapping of the position of ribosomes to the nucleotide level
but cannot distinguish a transiently paused ribosome from a
permanently trapped ribosome. Somogyi et al. (187) assayed
the production of discrete nascent peptides during a synchro-
nized pulse of translation, allowing the indirect assignment of
the position of the elongating ribosomes. This approach does
not allow precise mapping but does allow identification of
transiently paused ribosomes. The two papers come to largely
complementary conclusions, demonstrating that ribosomes
pause at the position of pseudoknots, although the ability to
induce a pause does not appear to be sufficient to induce
efficient frameshifting.

The heelprinting assay identifies a ribosome positioned im-
mediately upstream of the pseudoknot. The assay involves
isolating short segments of mRNA protected from micrococcal
nuclease digestion. A population of mRNAs including a pro-
portion of paused ribosomes generates an excess of a specific
protected fragment. The 5’ end of that fragment is assigned by
using it to block primer extension when it is annealed to the
single-stranded minus-strand DNA. Tu et al. map a pair of
apparently paused ribosomes whose 5', or trailing, edges map
to 12 and 9 nt upstream of the slippery heptamer (202). They
argue that the two paused complexes correspond to unshifted
and —1-shifted ribosomes, although one might expect that the
shift would cause a 1-nt difference in position. They did not
demonstrate that formation of two complexes depends on the
presence of the slippery heptamer as this model would predict.
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FIG. 8. A pseudoknot-rewinding model for simultaneous-slippage frameshifting. (A and B) A translating ribosome approaches the frameshift site (A) and pauses
after partially unwinding S1 of the downstream pseudoknot (B) (the hatched triangle represents a putative ribosome-associated helicase). (C) Slippage occurs as a result
of re-formation of 1 bp or more of S1, causing the mRNA to move 1 nt to the right with respect to the helicase. (D) After unwinding the pseudoknot, the ribosome

resumes translation of the mRNA in the —1 frame.

On the other hand, it may be significant that the two complexes
differ in position by precisely one codon, with the ribosome
pausing at two successive codons. Wolin and Walter (224)
precisely mapped the distance along the mRNA from the trail-
ing border to the ribosomal A site in a ribosome paused at the
terminator of the bovine prolactin mRNA. They found 12 nt
between the edge and the A site. If elongating yeast ribosomes
behave similarly, that would put the slippery heptamer, G-
GGU-UUA, in the decoding sites during each of the two
pauses. As illustrated in Fig. 7, in the first of these paused
complexes the GGU codon would occupy the A site and in the
second GGU would be in the P site and UUA would be in the

A site. This suggests that simultaneous-slippage frameshifting
occurs at the second of the two pauses.

The 5’ borders of the two protected regions are 24 and 21 nt
upstream of the pseudoknot. Given the 30- to 31-nt size of the
protected region (202), this suggests that the ribosome
progresses until the pseudoknot is either 7 to 8 nt or 10 to 11
nt into the protected region. Why are there two pauses? One
possibility is that the intact pseudoknot interferes with two
successive translocation steps by the ribosome, although it is
unclear why the ribosome would not pause uniquely. Alterna-
tively, the two pauses may be caused by partial unwinding of
the pseudoknot. The ribosome may pause 23 nt upstream of
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the pseudoknot and then partially unwind the pseudoknot
(perhaps by 3 bp) in translocating 3 nt. It may then pause a
second time, after which it completely unwinds the structure
and resumes normal elongation.

The proposal that partial unwinding of the pseudoknot oc-
curs as the ribosome approaches the slippery heptamer ex-
plains why eliminating the first base pair in S1 had little effect
on IBV frameshifting (24). Brierley et al. explained this as
demonstrating the effect of overall stability of the structure,
since such changes should have a minimal effect on stability
(204). It is possible, alternatively, that the effect is minimal
because the base pair is normally disrupted before slippage
occurs on the IBV site; in that case, eliminating it would be
expected to have no effect. Unwinding may explain another
odd result. Morikawa and Bishop (141) showed that increasing
or decreasing the spacing by 3 nt between the slippery hep-
tamer and the pseudoknot in the feline immunodeficiency virus
frameshift site greatly reduced —1 frameshifting. They also
mutated the sequence of loop 2 to allow an additional 3 bp to
form at the bottom of S1, effectively moving the pseudoknot 3
nt nearer the heptamer while increasing its stability slightly.
Surprisingly, this mutation had little or no effect on frameshift
efficiency. Although they did not explain this result, it may
reflect the fact that the longer pseudoknot would be unwound
as the ribosome approached the heptamer. Increasing the
length of S1 might induce an additional translational pause but
would not eliminate the frameshift-producing pause caused by
the wild-type pseudoknot.

Tu et al. (202) correlate the ability of mutational variants of
the pseudoknot to induce pausing with induction of frameshift-
ing. The correlation is nearly perfect; all pseudoknots which
stimulate frameshifting induce a pause, and five of six defective
mutants appear not to do so. The simple conclusion from these
data is that frameshift-inducing pseudoknots position ribo-
somes, probably transiently, over the slippery heptamer and
that this pausing may be necessary for frameshifting. Since
frameshifting may occur after the ribosome has partially un-
wound the pseudoknot, it is possible that frameshifting re-
quires partial unwinding. This requirement for partial unwind-
ing suggests a model for simultaneous-slippage frameshifting
in which re-formation of 1 bp or more induces the slippage of
the mRNA with respect to the ribosome-bound tRNAs, as
shown in Fig. 8. In this model, the free energy associated with
re-forming 1 bp or more drives frameshifting. Like the EF-2
model described above (Fig. 6), this model provides a mechan-
ical explanation for the slippage. If a ribosome-associated he-
licase unwinds secondary structures in advance of the ribosome
to facilitate elongation, and the pseudoknot pauses the ribo-
some with, in this model, the pseudoknot bound to the heli-
case, re-forming base pairs would require the mRNA to move
slightly downstream with respect to the helicase and ribosome.
This would slip the mRNA in the 5" direction with respect to
the bound tRNAs, causing a leftward shift of frame.

Not all pseudoknots which cause ribosomes to pause can
stimulate —1 frameshifting. The limitation of the experiments
of Tu et al. (202) is that the transient nature of the pause
cannot be proven. The approach of Tsuchihashi (199) and
Somogyi et al. (187), on the other hand, directly visualizes this
transient pause. Tsuchihashi (199) used an in vitro transcrip-
tion-translation system to demonstrate the formation of a
product produced by —1 simultaneous-slippage frameshifting
in the dnaX gene of E. coli. As discussed below, frameshifting
at the dnaX gene causes premature termination at an out-of-
frame stop codon (15, 64, 201). In a control experiment, in
which shifting at the slippery heptamer had been eliminated by
a site-directed mutation, a polypeptide the size of this prema-
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FIG. 9. Structure of a frameshift-inducing pseudoknot. The structure is
shown schematically, with ribose (pentagons), bases (rectangles), and phosphate
bridges (lines). Bases shown in parallel orientation are involved in stacking
interactions. The intercalated adenosine 14 causes a bend in the overall struc-
ture. Adapted from reference 181 with permission of the publisher.

turely terminated product still appeared, although transiently,
since it disappeared with continued incubation. Tsuchihashi
interpreted this fragment as being a nascent peptide which
accumulated on ribosomes paused at the dnaX shift site. This
directly demonstrated pausing at the frameshift site and dem-
onstrated its transient nature. Somogyi et al. (187) extended
these experiments by using the well-characterized IBV frame-
shift site. They inserted the site into a reporter RNA construct
and translated it in vitro. Translation was allowed to continue
for increasing lengths of time at 26°C rather than 37°C, which
would slow elongation sufficiently to emphasize any transiently
paused complexes. To facilitate visualizing transient species, a
quasisynchronous pulse of translation was created by adding
the initiation inhibitor edeine 5 min after the start of the
reaction, which eliminated any further initiation. Somogyi et al.
observed transient nascent peptides, one apparently present on
ribosomes paused immediately upstream of the pseudoknot.
Because of limitations of the method, the precise location of
the apparent pause could not be determined. The pause, how-
ever, did depend on the presence of the pseudoknot. Replacing
the pseudoknot with mutationally destabilized versions drasti-
cally reduced pausing, as did replacing it with a stem-loop
structure. In either case, though, pausing was not eliminated
but only reduced less than 10-fold. Again, there was a good
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correlation between pausing and frameshifting, since all of the
constructs which induced pausing poorly also induced frame-
shifting at barely detectable or undetectable levels.

Significantly, the correlation between pausing and frame-
shifting was not perfect, since some pseudoknots incapable of
inducing measurable frameshifting can still induce measurable
pausing. This brings into question the causal relationship be-
tween pausing and frameshifting. Both groups concluded that
frameshifting may require some additional function provided
by the pseudoknot—one that cannot be provided by the pause-
inducing structures that cannot stimulate frameshifting.

If translational pausing and frameshifting are not necessarily
correlated, it is possible that the pseudoknot has a second
function in inducing frameshifting (32, 187). If the structure
does play a second critical role, one might expect that fulfilling
that role would require a particular primary or secondary
structure. Chen et al. (32) maintain that there are two general
mechanistic roles for a pseudoknot in frameshifting, either to
act simply as an impediment to ribosome passage because of
the difficulty of unwinding the structure, which seems unlikely,
or to bind some component of the translational apparatus to
directly induce —1 frameshifting. Fulfilling this alternative role
would require a specific primary or secondary structure to
allow specific recognition. They therefore attempted to analyze
the structure of a particular pseudoknot to determine the na-
ture of the structural constraints on its action. The pseudoknot
they chose was a variant of the gag-pro pseudoknot of MMTV
(30), termed VPK, which efficiently stimulates frameshifting.
Structural mapping with enzymatic and chemical probes dem-
onstrated that VPK forms a pseudoknot which resembles pre-
viously characterized model pseudoknots (109, 159, 225). The
main difference between VPK and the model pseudoknots is
the presence of an unpaired nucleotide at the interface be-
tween the two helices. In the models, the two helices, S1 and
S2, stack coaxially, with the stacking presumably contributing
to the stability of the molecule. The presence of the extra
nucleotide should interfere with stacking and therefore might
be expected to destabilize the structure. If stability were the
only determinant of pseudoknot activity, the extra nucleotide
might be expected to decrease the ability to stimulate frame-
shifting. Quite the opposite seems to be the case, since a
mutation that removes the nucleotide but still allows formation
of a pseudoknot actually interferes with frameshift stimulation.
A related variant of the MMTYV pseudoknot termed APK is
not able to stimulate frameshifting. One of the differences
between APK and VPK was an A - U base pair replacing a
G - U base pair at the helix interface (Fig. 9). The G — A
change from VPK to APK appears to be the main reason that
APK does not induce frameshifting. Structural mapping dem-
onstrates that the presence of the A + U base pair makes the
S1-S2 interface more accessible, which suggested to Chen et al.
(32) that the A - U base pair does not form, leaving two un-
paired nucleotides at the APK S1-S2 interface. Replacing the
A - U base pair of APK with a G - U both increases frameshift
stimulation and makes the S1-S2 interface less accessible in
APK. These data suggest strongly that the presence of a single
nucleotide, probably intercalated into the pseudohelix formed
by S1 and S2, is essential to frameshift stimulation.

Shen and Tinoco (181) have used a nuclear magnetic reso-
nance spectroscopy approach to determine the structure of a
34-nt VPK oligonucleotide. From the nuclear magnetic reso-
nance spectroscopy data, molecular modeling produced four
very similar structures, which generally confirm the predictions
of Chen et al. (32). The pseudoknot consists of two A-form
helices with an intercalated A residue at the interface. The
presence of that nucleotide and the length of the two loops
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introduce a bend of about 112° at the interface. The loops lie
along the grooves of the structure, L1 on the wide minor
groove of S2 and L2 on the narrow major groove of S1. The
structure is highly ordered with all but one of the loop nucle-
otides even participating in base stacking. The nuclear mag-
netic resonance spectroscopy data do indicate that the struc-
ture is dynamic, with rapid movement indicated for four non-
base-paired residues and fraying at the ends of S2. Shen and
Tinoco (181) speculate that frameshift stimulation depends
both on the bent structure of the pseudoknot, which is very
different from the suspected straight structure of pseudoknots
lacking the intercalating base, and on its dynamic structure,
which they propose may allow the structure to react more
favorably with the translational machinery. They note that the
mutational data suggest that the primary sequence of frame-
shift-stimulating pseudoknots is not constrained (22, 24, 30,
32). Therefore, they favor a role for the pseudoknot in which
its overall structure is recognized by the ribosome. They note a
similarity between the VPK structure and that of a base-paired
complex between a codon and the anticodon stem of a tRNA,
suggesting that the ability of the pseudoknot to stimulate
frameshifting may depend on its being recognized by one or
more factors which are responsible for monitoring codon-an-
ticodon pairing. How this might stimulate frameshifting is not
described.

Is there a pseudoknot-recognizing factor? How does the
pseudoknot induce frameshifting? The two possible mecha-
nisms mentioned by Chen et al. (32), with the pseudoknot
either blocking progress by the ribosome or interacting with a
component of the translational machinery, may not account for
all the possibilities. In particular, I have already mentioned one
possibility, that the re-formation of base pairs by a partially
unwound pseudoknot might drive slippage. At a more basic
level, there are two extreme models for the function of the
pseudoknot. At one extreme, an RNA catalysis model would
predict that the structure of the pseudoknot alone would be
sufficient, not requiring the intervention of any other protein or
RNA. At the other extreme, a factor recruitment model would
predict that the pseudoknot has no direct role in stimulation
but, rather, that it simply binds some factor on the surface of
the ribosome. A more moderate version of the ribonucleopro-
tein complex model would predict that the complex of the
pseudoknot and such a factor would induce frameshifting, act-
ing in concert.

The structural data of Chen et al. (32) and Shen and Tinoco
(181) seem to argue strongly for the factor recruitment model.
If pseudoknots must adopt a particular conformation to pro-
mote frameshifting, it may be that this conformation is the
target recognized by the factor. It is true that the ribosome
must specifically recognize polyribonucleotides, tRNAs, which
bear little resemblance to each other. The concept that the
pseudoknot is a molecular mimic of the codon-anticodon pair
structure is attractive, although how this mimicry would pro-
mote frameshifting is ill defined (the pseudoknot is unlikely to
mimic tRNA-binding in either decoding site, since those sites
are occupied when the frameshift occurs). Chen et al. (32)
demonstrate that the pseudoknots of both SRV-1 (192, 194)
and feline immunodeficiency virus (141) share the unusual
structure at the S1-S2 interface and that the structure is nec-
essary for their stimulating frameshifting. However, it is not
clear how general this structure is. In the IBV pseudoknot, for
example, the two stems are predicted to stack coaxially and
mutant forms of the pseudoknot which disrupt base pairing at
this position tend to interfere with frameshifting (see Fig. 5 in
reference 24). In addition, some frameshift sites replace the
pseudoknot with a conventional hairpin or no structure what-
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ever, as we will see below. For these reasons, the idea of a
pseudoknot recognition factor must be treated as extremely
hypothetical.

Various laboratories have attempted to test if pseudoknot-
binding factors are required for frameshift stimulation. ten
Dam et al. indirectly tested if such a factor exists (192). They
reasoned that if frameshifting in an in vitro system depended
on a pseudoknot-binding factor, an excess of the pseudoknot
should titrate the factor out of the extract, thus reducing
frameshifting. Using the SRV-1 site, which functions in an in
vitro system, they found that addition of an excess of the
SRV-1 pseudoknot in trans did not inhibit frameshifting. Even
a 2,000-fold molar excess of competitor pseudoknot caused no
decrease in frameshifting from the reporter RNA. This result
is consistent with the hypothesis that there is no pseudoknot-
binding factor, although it is also possible that the factor is
tightly ribosome associated. If this is the case, the factor might
not be extracted from translating ribosomes and the
pseudoknot competitor would not interfere with frameshift
induction. Tinoco’s laboratory reports having done a similar
experiment with the same result (32).

Two other groups have taken a genetic approach to the
identification of factors which stimulates —1 simultaneous-
slippage frameshifting, which might include pseudoknot-bind-
ing factors. Dinman and Wickner (54) used a genetic screen to
identify mutations which significantly reduced —1 frameshift-
ing. Mutations were identified in eight complementation
groups, termed mofI through mof8 (maintenance of frame).
They were identified as mutations which increased frameshift-
dependent expression of a lacZ reporter gene 2.7- to 8.9-fold.
These were not bypass suppressors, increasing lacZ expression
by a mechanism unrelated to the normal —1 frameshift mech-
anism, since their ability to stimulate lacZ expression de-
pended on the presence of a functional frameshift site. In
addition to this direct phenotype, the mof mutations had other
relevant phenotypes. Previously, Dinman and Wickner (53)
had demonstrated that the efficiency of —1 frameshifting crit-
ically regulates virus propagation, as measured by the ability of
a cDNA clone of the yeast virus-like double-stranded RNA to
support propagation of the M, satellite double-stranded RNA.
Increasing or decreasing efficiency by as little as twofold inter-
fered with propagation. Accordingly, five of the mof mutations
confer the same phenotype. It is not clear why not all the
mutations affect M; propagation. Those which fail to affect
propagation are among those with a small effect on frameshift-
ing, but mutants with indistinguishable effects on frameshifting
can differ in their ability to support M;. In addition, mutations
in three of these five genes, MOF2, MOF5, and MOF6, cause
temperature-sensitive growth with unique cell cycle arrest at
the restrictive temperature, and both MOF2 and MOFS are
essential for growth on nonfermentable carbon sources. These
pleiotropic phenotypes suggest that these MOF genes perhaps
encode elements of the translational apparatus (54).

None of the MOF genes is a clear candidate for a
pseudoknot-binding factor. Mutations in four of six tested
genes significantly increase +1 frameshifting on the Tyl frame-
shift site. Since the pseudoknot is not expected to stimulate +1
frameshifting, these genes are unlikely to encode pseudoknot-
binding factors. In fact, the MOF products could affect frame-
shift-dependent expression of the L-A pol gene indirectly. Mu-
tations in the UPFI gene provide a precedent for an indirect
effect. The upfl mutants were selected as increasing the ex-
pression of a frameshift mutant form of the HIS4 gene, osten-
sibly by increasing the efficiency of decoding by a frameshift
suppressor tRNA. However, the mutation actually increases
the stability of the HIS4 mRNA, made unstable by the lack of
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translation distal to the frameshift mutation. Although the mof
effect may not be related to mRNA stability (the amount of
L-A mRNA is unchanged in the mutant [54]), the mutations
could affect a step other than frameshifting itself and still have
the observed effect on expression. Determining the mechanism
of action of these mutations will, of course, require further
analysis.

Surprisingly, another mof mutation, mof9, has an unex-
pected target, the gene encoding the 5S rRNA (55). A multi-
copy plasmid which suppresses the mutation carries a segment
of the rDNA including the 5S rRNA gene. Subcloning dem-
onstrated that the 5S rRNA gene itself suppressed the pheno-
type, and classical genetic analysis showed that the mof9 mu-
tation is linked genetically to the rDNA array. In fact, Dinman
and Wickner (55) found that an rDNA cistron which had been
marked by integration of a URA3™ gene fortuitously conferred
a Mof™ phenotype. Presumably, this genetic background car-
ries a mutant form of the 5S rRNA gene, although this has not
been directly shown. However, two characterized 5S rRNA
gene mutations (206) confer the Mof~ phenotype when over-
expressed in a wild-type genetic background. This is somewhat
surprising, since the mutations were constructed to test the
ability to detect mutant forms of 5S rRNA in vivo and confer
no phenotype. It is odd that the Mof™ phenotype occurs in
three allelic forms of 5S rRNA, suggesting that it may be
relatively easy to generate such a phenotype. The mof9 muta-
tions increase frameshifting at both —1 and +1 frameshift
sites, suggesting that the 5S rRNA gene may have a role in
ensuring maintenance of translational frame and that the mu-
tants are somewhat defective in that function, allowing in-
creased programmed frameshifting. Alternatively, mof9 could
be a gain-of-function mutation, altering 5S rRNA to interfere
with the frame maintenance function of another ribosomal
component without 5S rRNA normally having a role in fidelity.

A second screen for suppressors that increase the efficiency
of —1 frameshifting has been performed in S. cerevisiae by
using the MMTYV gag-pro frameshift site (111). Using a com-
bination of a selection for increased copper resistance, with a
gene fusion to CUPI, the yeast copper metallothionein, and a
screen for increased expression of B-galactosidase from a lacZ
fusion, they identified mutations in two genes, IFSI and IFS2,
which increase frameshifting up to threefold at —1 frameshift
sites. These mutations also show increased suppression of non-
sense mutations in the presence of the drug paromomycin,
which causes decreased fidelity of translation (150, 184). The
wild-type IFSI gene has been cloned and shown to be identical
to the previously characterized gene SUAI/UPF2/NMD?2 (42,
75, 158), a gene involved in degradation of mRNAs containing
premature termination codons. The IFS2 gene is allelic to a
second gene involved in nonsense codon-mediated mRNA
degradation, UPFI (51). Although Lee et al. (111) state that
the ifs mutants do not alter the stability of mRNAs, including
programmed frameshift sites (reference 111 and data not
shown), the fact that the genes also affect the stability of
mRNAs which do not include frameshift sites suggests that the
effect of increased expression from programmed frameshift
sites may be caused by increased availability of mRNAs. Al-
ternatively, the proteins encoded by these genes may have a
dual function in modulating translational frameshifting and in
signaling the lack of translation of nonsense mutation-contain-
ing mRNAs. It is not clear how the protein would accomplish
the two tasks, since the first would seem to be a ribosomally
associated function and the second would not.

Some simultaneous-slippage sites do not include a stimula-
tory pseudoknot. The requirement for a pseudoknot to stimu-
late —1 frameshifting is nearly universal. However, there are
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FIG. 10. Sequence of the programmed frameshift site of the dnaX gene of E. coli. In the dnaX gene, base pairing between the 16S rRNA and a Shine-Dalgarno
site and a downstream stem-loop stimulates slippage on the A-AAA-AAG heptamer.

genes which either have no apparent structure or utilize a
stem-loop structure instead of a pseudoknot. For example, no
structure was found distal to —1 frameshift sites from either
retrotransposon 17.6 of Drosophila melanogaster or an isolate
of simian immunodeficiency virus isolated from African green
monkeys (SIV ,gnm) (193). In addition, stem-loops rather than
pseudoknots were predicted distal to the gag-pro frameshift
sites of human T-cell leukemia viruses 1 and 2 (HTLV-1 and
HTLV-2) and simian T-cell leukemia virus (STLV-1); the pro-
pol sites of SRV-1 and SRV-2 and Mason-Pfizer monkey virus;
and the gag-pol sites of retrotransposon gypsy of D. melano-
gaster, HIV-1, and HIV-2 (193). Most of these structures are
merely predicted by computer analysis, and no data exist to
prove that the RNA adopts the predicted conformation. The
fact that, as we have seen, frameshift-stimulating pseudoknots
cannot be replaced by similarly or more stable stem-loop struc-
tures (24) raises the question of why a pseudoknot is not
required in some cases.

One explanation could be that the heptanucleotide at these
sites is unusually slippery, obviating the need for stimulation by
the secondary structure. This may often be the case, as exem-
plified by the case of the HIV-1 frameshift site. Wilson et al.
(221) analyzed the signals which specify —1 frameshifting in
HIV-1 and found that only the six uracils of the homopoly-
meric sequence U-UUU-UUA appeared to be necessary for
efficient frameshifting and that this signal functioned in vitro in
a rabbit reticulocyte extract translation system and in vivo in a
heterologous yeast system. Later, in a careful quantitative anal-
ysis, Parkin et al. (153) demonstrated that in fact the distal
stem-loop was necessary for maximal frameshifting. Using a
construct in which the entire HIV-1 gag-pol region was ex-
pressed under control of a foreign promoter, Parkin et al.
showed that mutations which destabilized or eliminated the
stem-loop reduced frameshifting four- to sevenfold in vivo, and
two- to threefold in vitro.

Clearly, the HIV-1 gag-pol stem-loop stimulates frameshift-
ing at the slippery heptamer, although in other contexts, stem-
loops do not. It is not yet clear if the reason why the stem-loop
functions is the presence of an especially slippery heptamer or
of other features of the sequence surrounding the shift site. An
experiment which involved swapping downstream structures

showed that the HIV-1 gag-pol stem-loop does stimulate much
less efficiently than the pseudoknot derived from the MMTV
gag-pro shift site (30). However, the converse experiment, in-
troducing other slippery heptamers into the HIV-1 context, has
not been done. It is possible that stimulation by the HIV-1
heptamer requires other sequences either upstream or down-
stream of the shift site. Wilson et al. (221) used a 26-nt minimal
site and could not demonstrate a role for the stem-loop. It
could be, as suggested by Madhani et al. (120), that the region
encompassing the stem-loop plays a role in stimulating frame-
shifting. The possibility of a long-range interaction, in the form
of a pseudoknot, cannot be rigorously excluded.

Programmed —1 Frameshift Sites in Bacteria

By analogy to the characterized eukaryotic sites, putative
simultaneous-slippage —1 shift sites have been identified in
several insertion sequences (IS) and in the chromosomal gene
for two subunits of DNA polymerase 111, dnaX, in E. coli.
However, the analysis of these sites has revealed significant
phenomenological differences, implying the existence of mech-
anistic differences between the bacterial and eukaryotic sites.
Many of the bacterial sites do not include a stimulatory
pseudoknot, with many substituting a stem-loop structure and
some showing no evidence for any secondary structure. Some
of the sites do not show evidence of a heptameric sequence
being required at the shift site, which would certainly imply a
different mechanism. Finally, in vitro mutagenesis indicates
that several of the sites include a Shine-Dalgarno interaction
site upstream of the recoding site, which stimulates —1 frame-
shifting in a fashion analogous to its stimulation of +1 frame-
shifting at the prfB gene (44, 213, 217).

The dnaX gene: —1 frameshifting stimulated by both up-
stream and downstream elements. Three groups indepen-
dently discovered the single known instance of a simultaneous-
slippage —1 frameshifting in a bacterial chromosomal gene,
dnaX (15, 64, 201). The site is unusual in two ways. First,
frameshifting in dnaX is extremely efficient, with about 80% of
ribosomes shifting at the site. Second, unlike most pro-
grammed frameshifts, in which shifting leads to expression of a
C-terminally extended product, frameshifting in dnaX leads to
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premature termination at a —1 frame UGA stop codon. How-
ever, the consequence, as with other programmed sites, is to
express two alternative primary translation products, the two
subunits of E. coli DNA polymerase III, 7 (tau, 71 kDa) and vy
(gamma, 47 kDa). The dnaX ORF corresponds to a 71-kDa
protein (643 residues) approximately the size of T, which was
initially identified as the dnaX product. A second gene, dnaZ,
was defined genetically and demonstrated biochemically to
encode the <y subunit. These genetic results contrasted with
peptide sequencing results and immunological tests which sug-
gested that the shorter y subunit corresponded to an N-termi-
nal fragment of 7. This conflict was resolved when the dnaX
and dnaZ mutations were found to be complemented by the
same 2.2-kb DNA fragment, which included only the dnaX
reading frame. Apparently, by an unknown mechanism, the
dnaZ mutations interfered with expression of y from the gene
which encodes 7. An early model suggested that y was a pro-
teolytic fragment of 7, on the basis of in vitro data showing that
limited tryptic digestion of 7 released a fragment the size of the
v subunit (110). The cleavage occurs between Lys-472 and
Lys-473. Replacement of the codons specifying these residues
to eliminate the putative process had no effect on production
of v (15, 201), and no evidence was found in vivo for the
C-terminal fragment of =, which should be generated by pro-
teolysis (64). These results were inconsistent with the proteol-
ysis model.

The surprising result of the three papers published in 1990
was that the production of y required —1 translational frame-
shifting. A site resembling a eukaryotic simultaneous-slippage
—1 frameshift site occurs in dnaX (Fig. 10) with a putative
slippery heptamer, A-AAA-AAG (codons 429 and 430), fol-
lowed 6 nt downstream by predicted stem-loop (64, 201). A
ribosome shifting —1 at this site would encounter a UGA stop
codon two codons downstream, resulting in the expression of a
truncated protein of 47 kDa, the predicted size of vy. Produc-
tion of y was eliminated when this terminator was changed to
a sense codon (CGA); the mutation allowed continued trans-
lation into a lacZ reporter gene placed downstream in the —1
frame (64). As expected, site-directed mutations which altered
the slippery heptamer eliminated production of vy, showing that
the heptamer was essential to production of vy (15, 201). Se-
quences downstream of the slippery heptamer also stimulated
frameshifting. Deleting into this region reduced frameshifting
2.5-fold (64) to 7.9-fold (201). The effect was limited to the
region of the stem-loop; mutations altering nucleotides in-
volved in forming the stem reduced frameshifting, whereas
those targeting other sequences had little or no effect. Muta-
tions targeting the bottom of the stem-loop had a larger effect
(up to fourfold) than those targeting the top (about twofold).
Finally, amino acid sequencing of a small C-terminal tetrapep-
tide generated by mild proteolysis indicated that its sequence
was NH,-Ala-Lys-Lys-Glu-COOH. The Ala-Lys-Lys sequence
is encoded in the normal reading frame; the Glu occurs in the
—1 frame immediately after the putative slippery heptamer.
This sequence demonstrates that frameshifting occurs after
decoding of the AAA-AAG codons, with only one amino acid
being incorporated before termination.

These results generally support the simultaneous-slippage
model but do not eliminate the idea that slippage occurs by a
single tRNA™® bound to either of the Lys codons (which
would also produce the Lys-Lys depicted). However, detailed
mutagenesis of the dnaX heptamer indicated that both Lys
codons were essential to frameshifting. Single base changes
across the entire heptamer uniformly reduce frameshifting 2-
to 16-fold, and two changes, A-AAA-GAG and A-AAA-AUG,
eliminate frameshifting (200). Previous in vitro work with rab-
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bit reticulocyte extract (23) and in vivo work with S. cerevisiae
(52) indicated that the A-site codon of a slippery heptamer
(e.g., A-AAA-AAG) was more restricted than the P-site codon
(A-AAA-AAG). The P-site codon could be any redundant run
of nucleotides (AAA, UUU, CCC, or GGG), whereas if the
A-site codon were GGG or CCC, frameshifting was much
reduced. In dnaX, changing the heptamer to A-AAG-GGA
also greatly reduced frameshifting (200). This preference for
AAA or UUU in the A site may reflect the fact that frame-
shifting consists of two steps—codon-anticodon dissociation
and reassociation—and that in the A site, G - C base pairs
interfere with dissociation, as hypothesized by Dinman et al.
(52). The fact that G - C base pairs do not bar slippage in the
P site may indicate that the strength of the codon-anticodon
pair is weaker in the P site. This difference is consistent with
the differing roles for the two sites; selecting cognate codons in
the A site may require tighter base pairing.

From all these data, the dnaX frameshift appears to be a
bacterial counterpart of a eukaryotic simultaneous-slippage
frameshift site. But why is the dnaX site so unusually efficient?
The fact that the site includes a downstream stimulatory stem-
loop, rather than a pseudoknot, suggests that it actually should
be inefficient. At least part of the reason for its efficiency is that
the heptamer is unusually slippery. The sequence A-AAA-
AAG is uniformly at least twofold more efficient than any of
the substitutes tried. Tsuchihashi and Brown (200) noted that
the last base of the heptamer is essential for efficient frame-
shifting at dnaX. Changing the final G to any other base se-
verely reduced frameshifting. Strangely, in eukaryotes, a G in
this position inhibits frameshifting (23, 52). Tsuchihashi and
Brown noted that in E. coli, only one tRNA™*, with the anti-
codon U*UU (where U* is 5-methylaminomethyl-2-thiouri-
dine), recognizes both AAA and AAG codons whereas in
eukaryotes, each codon has a dedicated tRNA, with AAG
recognized by a tRNA with C in the wobble position of the
anticodon. For example, in rabbits, AAG is recognized by a
tRNA with anticodon CUU and AAA is recognized by a tRNA
with 5-methoxy-carbonylmethyl-2-thiouridine as the anti-
wobble base. The uridine modifications in both cases act to
restrict base pairing with A and not G (230). Recognition of
AAG by the U*UU tRNA in E. coli should therefore be much
weaker than its recognition of AAA. The difference in recog-
nition may also be because the anticodon loop of this tRNA
has an unusual structure. Circular dichroism and enzymatic
digestion analyses suggest that the wobble base may be in-
volved in hydrogen bonding (212), which might alter its base
pairing properties, weakening pairing with the AAG codon.
Presumably, the reason that G-ending heptamers induce little
frameshifting in eukaryotes is because the G - C base pair,
perhaps combined with a normal anticodon loop structure,
strengthens the codon-anticodon interaction, interfering with
slippage. Tsuchihashi and Brown (200) tested whether the ab-
normal codon-anticodon interaction causes increased frame-
shifting by constructing a mutant of tRNA™* in which the
U*UU anticodon was replaced with CUU. Expressing
tRNAE, reduced frameshifting on A-AAA-AAG and virtu-
ally eliminated frameshifting on A-AAG-AAG but had no
effect on the sequences containing noncognate A-site codons
A-AAA-AAA and A-AAA-AAC.

This result demonstrated that frameshifting efficiency de-
pends on the stability of the codon-anticodon pair in the nor-
mal frame in addition to the stability after shifting. The im-
portance of stability after shifting has been demonstrated
clearly (most clearly by Curran [45]). However, the effect of
instability in the normal frame can be seen in other systems, as
noted by Tsuchihashi and Brown (200). In the MMTYV gag-pro
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shift site, the A-site codon AAC promotes more efficient shift-
ing than does AAU (30), possibly because tRNA®*" with the
hypermodified base queosine at the antiwobble position binds
more strongly to AAU than to AAC. Both Phe codons, UUC
and UUU, are recognized by a tRNA with 2'-O-methyl-
guanosine at the antiwobble position, which should recognize
UUC more strongly than it recognizes UUU. This difference
might explain why UUU induces more frameshifting than
UUC in the A-site codon (90, 218). The same effect has been
seen in a +1 frameshift in S. cerevisiae, in which recognition of
the codon AGG by a tRNA with 5-methoxy-carbonylmethylu-
ridine at the antiwobble base, which normally restricts decod-
ing to AGA, causes extremely high levels of frameshifting
(208).

A second reason for the efficiency of the dnaX site is the
presence of an upstream stimulatory element. As in the prfB
gene, interaction between a Shine-Dalgarno site and the 3’ end
of 16S rRNA stimulates frameshifting on the dnaX site, al-
though in the —1 rather +1 direction. The potential Shine-
Dalgarno interaction site is present 10 nt upstream of the
A-AAA-AAG heptamer of dnaX. Larsen et al. (108) tested if
this site stimulated frameshifting in dnaX. They found that
changing the spacing to 7 or 16 nt eliminated the stimulatory
effect of the Shine-Dalgarno site. In fact, changing the spacing
to the optimum for +1 frameshifting, 3 nt, virtually eliminated
—1 frameshifting, to a level less than was observed when the
Shine-Dalgarno site was absent. They concluded that the
Shine-Dalgarno site could be either stimulatory or inhibitory
toward frameshifting depending on the type of frameshift and
the distance to the shift site. Maximal frameshifting at the prfB
+1 site required a spacing of 3 nt, while maximal —1 frame-
shifting required a spacing of about 10 to 14 nt. The optimum
spacing between the Shine-Dalgarno site and the initiator
AUG is intermediate between these values. If the Shine-Dal-
garno interaction serves to push the ribosome into the shifted
reading frame, one would expect this difference in spacing. The
spacing of the prfB gene would tend to stress the ribosome,
causing the mRNA to slip to the left to attempt to achieve a
more normal distance between decoding sites and the Shine-
Dalgarno interaction (Fig. 2). The dnaX spacing would have
the opposite effect, since to achieve the smaller normal spac-
ing, the mRNA would have to slip to the right, promoting a —1
shift (Fig. 10).

This mode of stimulation of frameshifting would appear to
be a prokaryotic adaptation. Eukaryotic ribosomes do not use
a mRNA-rRNA pairing to identify translation initiation sites.
Rather, they scan in a 5'-to-3’ direction starting at the 5'-
capped end of the mRNA and identify initiators by using the
complementarity of the initiator tRNAM<' (104). Therefore,
they are not expected to use a Shine-Dalgarno interaction to
stimulate —1 frameshifting.

Programmed —1 frameshifts in insertion sequences are
mechanistically diverse. Insertion sequences (IS) are a family
of simple transposable elements in bacteria. Like other trans-
posable elements, they encode an enzymatic activity, termed
transposase, which catalyzes insertion of copies of the IS into
novel chromosomal locations. The DNA sequences of several
IS elements, including IS70 (102), IS50 (171), and 1S903 (73),
include a long ORF which was assumed to encode transposase.
By contrast, the DNA sequences of a larger number of other
elements show no sign of such a gene product. In these cases,
the IS transposase is encoded by translational frameshifting.

IS1 includes an unusual —1 frameshift site. The DNA se-
quence of IS7 presented a conundrum, since it did not include
any ORF long enough to encode transposase. IS/ includes six
ORFs. Comparison of several iso-ISI sequences showed only
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silent substitutions (those which do not alter the predicted
protein product) in two of these frames, termed ins4 and insB.
These two genes are encoded on the same strand of IS/ from
partially overlapping reading frames (119). Site-specific mu-
tagenesis of these genes demonstrated that they are both re-
quired for the related processes of transposition and cointe-
gration (119). Original models suggested that both proteins
might be necessary or that mutations of a putative inessential
insA gene might be polar on the downstream insB gene. Sub-
sequently, detailed mutagenesis (59, 176) and analysis of pro-
teins produced from IS/ (59) demonstrated that ins4 and insB
were expressed as an InsA-InsB fusion protein by continuous
translation from insA into insB via a 5' extension of insB
termed B’ (176). Since insB is in the —1 frame with respect to
insA, this would require either a translational shift —1 within
the 103-nt overlap between the ORFs or the synthesis of an
alternative form of the mRNA in which ins4 and insB are in
the same reading frame. Expression of the fusion product is
inefficient, as judged by direct comparison of the amounts of
InsA and InsA-InsB expressed and from expression of a
insB::lacZ reporter construct (59). Quantitative lacZ assays
suggested that InsA-InsB is expressed at less than 1% the rate
of InsA. Although a pretranslational mode (transcriptional
stuttering or RNA editing) has not been explicitly excluded,
several lines of evidence point toward a translational mecha-
nism of fusion peptide expression.

The InsA-InsB fusion protein was proposed to be expressed
by —1 frameshifting at a sequence which resembles the eukary-
otic simultaneous-slippage frameshift sites. A heptamer se-
quence, A-AAA-AAC (shown as codons of ins4) occurs 15 nt
upstream of the putative insA terminator. An insA nonsense
mutation immediately upstream of this element eliminates
cointegration (an indirect assay of transposase), while one im-
mediately downstream has no effect. Putative insB mutations
upstream had no effect, while those downstream interfered
(176). This is consistent with the idea that ribosomes shift from
insA into insB at this point. Finally, a mutation of the putative
slippery heptamer, A-AAA-AAC to A-CAA-AAC, which had
previously been shown to interfere with frameshifting in
MMTYV (218), also interfered with expression of the down-
stream gene (59). Escoubas et al. proposed that, like eukary-
otic simultaneous-slippage sites, IS/ frameshifting requires a
region distal to the putative slippery heptamer (59). The region
distal to the ISI heptamer can be folded into several secondary
structures, both stem-loops and pseudoknots. Deletion of this
region reduced frameshifting almost twofold. On the basis of
these similarities, the ISI shift site has been proposed as a
prokaryotic analog of the eukaryotic simultaneous-slippage
frameshift sites (31).

More recent work has brought this conclusion into question.
Near-saturation mutagenesis of the putative IS7 slippery hep-
tamer indicates that frameshifting depends only on the first 4
nt of the motif, A-AAA (179). Mutations were introduced at
each of the positions of the heptamer, as well as at the 3 nt
preceding it, and their effect on cointegration was tested. This
assay is indirect, and some of the mutations clearly interfered
with cointegration by altering essential amino acids in the
insA-insB fusion product. However, by using careful controls
for this effect and by combining tests of some of these muta-
tions using a lacZ reporter construct, Sekine and Ohtsubo
(179) showed that several mutations of the A-AAA motif in-
terfered with expression whereas several of the last 3 nt, AAC,
had little effect. Since a second potential slippery heptamer,
U-UUA-AAA, overlaps the A-AAA-AAC motif, the require-
ment for the three bases upstream of the A-AAA was tested,;
none of the mutations of the U-UU sequence had an effect on
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expression. These data suggest that frameshifting occurs by —1
slippage of a single tRNA™* bound to AAA onto the overlap-
ping AAA codon and not by simultaneous slippage of two
tRNAs (179). Direct sequencing of the peptide encoded across
this sequence showed that frameshifting does indeed occur at
this motif and that the shift occurs before decoding of the AAC
codon, resulting in the expression of two successive Lys
codons, one in each of the two reading frames (178).

Thus, though IS7 uses —1 frameshifting to express its trans-
posase, it does not use the canonical simultaneous-slippage
mechanism but, rather, the alternative mechanism which oc-
curs inefficiently on the HIV-1 site, as shown by Jacks et al.
(91). In this case, I have argued above that frameshifting oc-
curs on U-UUU-UUA by —1 slippage of peptidyl-tRNA"™ on
U-UUU before the UUA codon can be recognized by amino-
acyl-tRNA™", Sekine and Ohtsubo (179) proposed this slip-
page model, although they preferred two others which require
abnormal codon-anticodon interaction by the tRNA present
during the shift. One of the alternative models proposes that
tRNA™* recognizes the AAA codon of the ISI site normally
but subsequently disengages from the wobble base, allowing
another tRNA™* to bind to the overlapping —1 codon; a
similar mechanism was proposed to account for —1 frameshift-
ing induced at a GCU codon by tRNASL, (tRNAS") de-
scribed above (27). Interestingly, as mentioned above, Wa-
tanabe et al. (212) have found evidence that the anticodon of
tRNA™* adopts an unusual structure in which the wobble base
is involved in an intramolecular hydrogen bond. They pro-
posed that this interaction promotes the two-of-three decoding
suggested by Sekine and Ohtsubo. A second model, actually a
variation on the first, suggests that tRNA™* recognizes the
zero-frame AAA codon but uses a shifted anticodon which
includes the U at position 33 adjacent to the anticodon (U-33);
subsequently, this nucleotide would disengage from the codon,
again allowing access by tRNA™* to the —1 frame AAA
codon. This second model is unlikely because U-33, a nearly
universal base in tRNAs, is involved in a tertiary interaction
which stabilizes the structure of the anticodon loop (164) and
so cannot stack underneath nt 34 as part of a shifted anticodon
(5, 19, 43). Sekine and Ohtsubo (179) found that changing the
first A of A-AAA had less effect on expression than changes to
the other positions; since they believed that this change would
interfere with slippage, they suggested that the slippage model
was unlikely. However, two-of-three pairing after slippage is
common among both —1 (see reference 193 for a review) and
+1 (45, 208) frameshift sites. Thus, the single tRNA slippage
model cannot be discounted.

Does frameshifting on the IS7 shift site, like eukaryotic si-
multaneous-slippage frameshifting, depend on the formation
of a stimulatory downstream secondary structure? Escoubas et
al. (59) suggested that the region immediately distal to the shift
site stimulated frameshifting, but they failed to provide direct
proof in the form of comparison of constructs with and without
the region. Sekine et al. (178) later showed that the 67 nt
downstream of the A-AAA shift site stimulated frameshifting
about fourfold and that a shorter, 42-nt region was nearly as
effective. The region distal to the shift site can be folded into
several possible secondary structures. Two alternative stem-
loop structures would begin 9 nt downstream of the A-AAA
shift site (176), a spacing similar to the structures following
eukaryotic sites (193). In addition, several structures located
more distally are also possible (59, 179), including one possible
pseudoknot. Surprisingly, mutants created by site-specific mu-
tagenesis, predicted to eliminate all of these secondary struc-
tures, failed to interfere with expression of the insA4-insB fusion
product, as measured indirectly in the cointegration assay
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(179). This indicates that the secondary structures probably
play no role in frameshift stimulation. Sekine and Ohtsubo
(179) suggested that the ins4 UAA termination codon, located
18 nt downstream of the shift site, may stimulate frameshifting.
Changing this codon to a sense codon (CAA) eliminated the
fourfold stimulation by the downstream region, and changing it
to either UGA or UAG increased stimulation a further 2.5-
and 3.3-fold, respectively. How a distant stop codon could
stimulate the IS/ shift is unclear. Sekine and Ohtsubo suggest
that the effect may resemble the ability of a nonsense codon in
an artificial construct to induce —1 frameshifting (217). The
analogy is incorrect, though, since in that case the stop codon
is the next codon past the shift site, so that during the shift the
stop codon occupies the ribosomal A site. The stimulatory
effect of slow recognition of termination codons in the ribo-
somal A site on frameshifting has been amply demonstrated.
The ins4 terminator could not have such an effect. One pos-
sibility is that the effect is indirect, with a ribosome paused on
the terminator causing a second ribosome to queue up 5’ to it
over the insA shift site. Arguing against this model is the lack
of effect of introduction of a premature terminator two codons
past the shift site on either the cointegration assay (178) or
frameshift-dependent lacZ expression (179). Determination of
the mechanism of IS/ frameshifting must await further work.

The IS! frameshift is extremely inefficient, allowing only
about 1% of ribosomes to shift frames. This low efficiency may
explain the very unusual mechanism used. Had IS/ used a
more canonical frameshift mechanism, much more efficient
frameshifting would certainly have resulted. Other IS elements
do use much more efficient frameshifts, up to at least 30% in
the case of IS750 (209). Although not as efficient as the dnaX
event, these higher-efficiency events use a mechanism which
much more closely resembles the metazoan paradigm, al-
though unusual elements specific to prokaryotes have been
added on.

IS150: a prokaryotic analog of a metazoan simultaneous-
slippage site. Like IS/, IS750 includes two ORFs, ins150A4 and
ins150B. The ins150B gene overlaps the last 55 nt of ins150A4 in
the —1 reading frame. Within the overlap region is a motif very
similar to a metazoan simultaneous-slippage site: a putative
slippery heptamer, A-AAA-AAG, followed 7 nt later by a
stem-loop structure (209). By overexpressing the entire I1S7150
element with the highly efficient, inducible fac promoter, Vo-
gele et al. (209) demonstrated that the element encodes three
products, the ins150A and insi150B products and an apparent
fusion product of the two frames. The ins150A4 and ins1504AB
products are expressed in about equimolar amounts, while the
insB product is about fivefold less abundant. Expression of the
insAB product involves an alternative translational event,
rather than resulting from RNA editing or transcriptional stut-
tering, as demonstrated by cDNA sequencing of the transcript.
Sequencing of the protein product expressed across the puta-
tive frameshift site showed that the shift occurs at the expected
location, with decoding of the two Lys codons (AAA-AAG)
followed by decoding of the first —1 frame codon (GCU, Ala),
consistent with the simultaneous-slippage model. The result
does not rule out a shift of the ISI type, with slippage by a
single tRNA™*, followed by decoding in the +1 frame. Vogele
et al. (209) did not mutagenize the slippery heptamer, so either
model is possible. However, the data do prove that expression
of ins150AB occurs by translational frameshifting.

The efficiency of the frameshift is unaffected by any 1S150
gene product and does not require sequences outside an 83-nt
cassette extending from 9 nt upstream of the slippery heptamer
to 66 nt downstream. Whether this is the true minimal cassette
is unknown, since shorter regions were not tested. The down-
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stream stem-loop consists of a 10-bp stem and a 28-nt loop.
The presence of the stem-loop stimulates frameshifting five-
fold. The possibility that the stimulatory structure is a
pseudoknot, as is the case in virtually all such sites in eu-
karyotes, has not been tested. In fact, the 8 nt immediately
downstream of the stem-loop could base pair with a portion of
the loop region. If the structure were in reality a pseudoknot,
IS750 would be a perfect prokaryotic analog of eukaryotic
simultaneous-slippage frameshift sites.

In eukaryotes, when a frameshift mechanism is used to fuse
the translation of a gene to an upstream gene, expression of a
downstream gene occurs only by this mechanism. In particular,
initiation at an AUG in frame with a downstream gene does
not occur in any case described. Internal initiation does occur
on eukaryotic mRNAs, for example, in the expression of pi-
cornavirus genes and of other cellular genes including the
antennapedia homeotic gene of D. melanogaster (reviewed in
reference 147). In none of these cases, however, does initiation
occur downstream of a second normally expressed gene, al-
though such model chimeric constructs have been made. In
addition, no eukaryotic gene has been found which is ex-
pressed by translational coupling, a process whereby terminat-
ing ribosomes efficiently reinitiate translation at overlapping or
nearly overlapping AUG or GUG initiation codons (8, 149,
175).

In prokaryotes, the existence of the phenomenon of trans-
lational coupling means that translation of a gene could be
coupled to a second upstream gene both by translational
frameshifting and by translational coupling. IS750 is an exam-
ple of such a system, since the element expresses an internally
initiated insI50B product in addition to the insI504 and
ins150AB products. The precise site of initiation has not been
demonstrated. There are two potential initiation sites which
would produce a protein of the size observed: an AUG in the
ins150A frame 3 codons upstream of the IS750 slippery hep-
tamer, and a GUG codon which overlaps the ins1504 termi-
nation codon in the insI50B reading frame. Vogele et al. (209)
tested the ability of the 83-nt cassette region including these
two potential initiators to direct initiation of translation and
found very inefficient expression of ins150B, much less efficient
than in the intact element. They concluded that translation
must occur from the AUG but depended on a initiation region
at least partly located upstream of the 83-bp minimal frame-
shift cassette. They did not, however, exclude the alternative
hypothesis that initiation of translation of insI50B occurs at the
GUG codon by translational coupling. As predicted by this
hypothesis, translation initiation in the 83-nt cassette was very
low since translation in the upstream ins4 frame had been
eliminated. Of 33 IS elements predicted to express a product
by simultaneous slippage, 10, including IS750, show evidence
of translational coupling. In five other cases, expression of a
downstream gene may occur exclusively by coupling. The in-
volvement of translational coupling has been demonstrated in
the case of IS3.

IS3: a single site modulates both —1 frameshifting and
translational coupling. IS3 also includes a putative —1 frame-
shift site within the overlap between the upstream orf4 and
downstream orfB genes. Near the end of orf4 is a sequence,
A-AAG, which could allow —1 slippage of a tRNA™* into the
orfB frame, as in IS]. This site is followed 5 nt downstream by
a pseudoknot. The existence of this region within the overlap
suggested that expression of an orf4-orfB fusion product could
occur by —1 frameshifting similar to that in IS/. A second
sequence at the end of orf4 suggests that an additional regu-
latory mechanism may also allow independent expression of
the orfB product. The terminator of orf4 overlaps the initiator
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of orfB (AUGA), again suggesting the presence of transla-
tional coupling between the two genes. This would predict that
IS3 encodes three protein products, the orf4 product, the
orfA-orfB fusion protein, and the orfB product, which has
been confirmed by in vivo by overexpressing the IS3 tran-
script in vivo with a T7 polymerase-based expression system
177).

1S3 orfB is expressed about equally by coupled initiation and
by translational frameshifting. Targeted mutagenesis changing
the A-AAG motif to A-CAG eliminates —1 frameshifting,
whereas changing the ATGA motif to CTGA eliminated in-
ternal initiation of orfB (177). Each mutation reduced expres-
sion of a orfB::lacZ reporter fusion by about half. In addition,
internal initiation of orfB depended on termination at the
overlapping orf4 terminator; introducing an upstream prema-
ture termination codon in orf4 virtually eliminated expression
of orfB::lacZ dependent on internal initiation. Amino-terminal
peptide sequencing by micro-Edman degradation of the puri-
fied lacZ products demonstrated that internal initiation oc-
curred at the coupling site and that frameshifting occurred at
the A-AAG motif.

The pseudoknot following the IS3 —1 slip site affects both
frameshifting and coupling (177). Mutations destabilizing and
restoring each of the two pseudoknot stems were tested for
their effect on both processes. Mutations destabilizing S1 of
the pseudoknot reduced frameshifting about sevenfold. Desta-
bilizing S2 had a more drastic effect, reducing frameshifting
about 40- to 50-fold; the greater effect of these mutants prob-
ably reflects the fact that the mutation of S2 reduced the
stability of the pseudoknot more. Thus, as in other —1 frame-
shift site, the secondary structure stimulates the shift, probably
by inducing a translational pause at the shifty A-AAG se-
quence.

The pseudoknot also affects translational initiation of orfB
by ensuring that initiation requires coupling to orf4. Destabi-
lizing either of the stems of the pseudoknot has the same effect,
reducing internal initiation of orfB 10-fold while only slightly
decreasing translational coupling of orf4 and orfB (177). The
pseudoknot structure apparently precludes direct binding by
the ribosome at the orfB initiation codon. However, since ri-
bosomes translating into the region from orf4 unwind the
structure, reinitiation by these ribosomes at the same site
should be relatively unaffected. The two translational mecha-
nisms operating on the IS3 transcript allows expression of the
three primary translational products (OrfA, OrfB, and OrfA-
OrfB) in a constant ratio. Presumably, these ratios are impor-
tant for efficient transposition of the element. Genetic evi-
dence implicate the OrfA-OrfB fusion peptide as the
transposase (177). Sekine et al. suggest that the orf4 product
may negatively regulate transposition in competition with the
orfA-orfB transposase; it is not clear what function the orfB
product may perform (177).

IS911: a Shine-Dalgarno interaction stimulates both —1
frameshifting and translational initiation. IS977 is an inser-
tion sequence from Shigella dysenteriae that is closely related to
the E. coli element IS3. Like IS7, IS911 includes two ORFs, a
shorter 5’ orf4 with a longer 3’ orfB overlapping it in the —1
frame. The overlap between the two genes includes a distinc-
tive A-AAA-AAG motif (shown as codons of orf4), which is
also found in five other members of the IS3 family although not
in IS3 itself (161). In addition, 6 nt downstream of the motif is
a “rabbit ear” stem-loop structure, a Y-shaped structure con-
sisting of a single stem off the top of which two other hairpin
loops branch (31).

The similarity in structure between this site and a eukaryotic
simultaneous-slippage site again suggested that this site was
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probably the site of —1 frameshifting in the expression of 1S977
transposase. Polard et al. (160) demonstrated that overexpres-
sion of an IS971 transcript allowed expression of two products
which appeared to be the products of the orf4 and orfB genes
and a third product consistent with frameshifting at the A-
AAA-AAG motif. In fact, the N-terminal sequences of the
orfA product and putative orfAB fusion product are identical,
as expected by this model. The sequence of the orfB product
showed that it initiates at an AUU codon immediately up-
stream of the A-AAA-AAG, dependent on a Shine-Dalgarno
site located 8 bp upstream of the AUU. The only other gene
known to initiate with an AUU codon is the gene for initiation
factor 3 of E. coli (172), to which the initiator region of orfB
bears significant homology (160). Internal initiation of orfB
complicated measurement of the presumed —1 frameshift. Us-
ing a lacZ reporter fusion system, Polard et al. (160) compared
expression of orfA and orfB fusions, finding that orfB was ex-
pressed at about 16% the efficiency of orfA. Only 1/10 of this
expression occurred as a result of internal initiation at the orfB
AUU codon. The residual expression appeared to occur by
frameshifting at the A-AAA-AAG motif, since it could be
eliminated by mutating the motif to A-CAA-AAG, which
would interfere with tRNA slippage. Although neither detailed
mutagenesis of the motif nor sequencing of the peptide prod-
uct in this region has been performed, the conclusion that —1
frameshifting expresses the orfAB product is clear. Given the
unexpected result with IS/, though, one cannot assume that
the mechanism involves simultaneous slippage.

The conjunction of the orfB initiator and the orfAB frame-
shift site creates a region in which ribosomes recognize two
signals, specifying two alternative forms of the orfB product.
Polard et al. (160) suggested that this conjunction might indi-
cate that initiation at orfB was “coupled” to orfAB frameshift-
ing. It is unclear, however, how initiation, which occurs by
binding of the 30S subunit, might be coupled to frameshifting,
which occurs on elongating 70S ribosomes. The processes are
“coupled” in the sense that they utilize the same sequence
signals in the mRNA. Both initiation of orfB and orfA-orfB
frameshifting depend on a Shine-Dalgarno 16S rRNA interac-
tion site located 8 nt upstream of the AUU and 11 nt upstream
of the slippery heptamer. These spacings are each optimal for
the processes of translational initiation (182) and —1 frame-
shifting (108). Fayet et al. (63) first showed that the Shine-
Dalgarno site in IS911 stimulates frameshifting by site-directed
mutagenesis of the Shine-Dalgarno site looking for changes
which would affect frameshift efficiency. Changing this site
from GGAG to GGAA, predicted to reduce the stability of
mRNA-rRNA pairing, reduced frameshifting twofold, while
changing it to CCCG, which should completely block pairing,
reduced frameshifting eightfold, indicating that the Shine-Dal-
garno interaction stimulates frameshifting. Second, they tested
whether the spacing between the Shine-Dalgarno site and the
heptamer was critical. In the prfB gene, frameshift efficiency
was maximal when the spacing was 3 nt (108). Apparently, the
optimal spacing to stimulate —1 frameshifting is somewhat
greater. Frameshifting was only slightly reduced by changing
the wild-type spacing of 11 nt to 7 nt but was drastically re-
duced by changing it to 4 nt, the optimal distance for +1
frameshifting (63). Changes which increased spacing to as
much as 22 nt had a slight effect on frameshifting. This differs
from the observations of Larsen et al. (108), who found that
spacings of 16 nt or more eliminated the effect of the Shine-
Dalgarno site. The reason for this difference is unclear.
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tRNA HOPPING

Up to this point, the discussion has focused on events in
which the reading frame shifts between overlapping codons.
However, shifts can occur in which the frame shifts by larger
increments, to as much as 50 nt. Such an event is termed a
translational hop. Translational hopping was first observed in
synthetic constructs made to test the sequence requirements of
frameshifts in E. coli. Hopping occurred by re-pairing of
tRNAs on cognate or near-cognate codons shifted +2 to +6
(217). All of these events were very inefficient, occurring with
apparent efficiencies of only 0.4 to 1%. More recently, ex-
tremely efficient translational hops have been identified in
phage T4 gene 60, encoding topoisomerase (83, 216), and in
the #rpR gene, encoding the E. coli trp repressor (10). Clearly,
the sequences surrounding these sites must stimulate transla-
tional hopping in the same way that sequence contexts stimu-
late frameshifting. It is not immediately clear whether the
distinction between translational frameshifts and translational
hops has a functional significance or if it is just semantic, i.e.,
whether hopping is mechanistically distinct from frameshifting
or if it is just frameshifting over longer distances. Analysis of
the efficient hop sites suggests that they involve mechanisms
not previously found in frameshifting, suggesting that the dis-
tinction is not merely semantic.

Nonprogrammed Translational Hopping

One of the earliest studies which identified suppressors of
frameshift mutations was performed with the #pE91 allele of
Salmonella typhimurium, a —1 frameshift mutation (169). The
mutation is leaky, allowing very low level expression of the trpE
product by spontaneous shifting of frame near the site of the
frameshift mutation. Weiss et al. characterized the low-level
frameshifting which occurs at this site by transferring the re-
gion surrounding the mutation into a lacZ expression vector
(217). Unexpectedly, the peptide expressed across the site in-
dicated that the frameshift occurred by a translational hop of
+2 rather than by —1 frameshifting. The original mutation
changed the sequence GGA-GUG-GUG-AGG to GGA-
GUG-UGA-GG, introducing an in-frame stop codon. Sponta-
neous suppression occurs inefficiently (0.5%) by a translational
hop, with a tRNAV* apparently hopping +2; the sequence is
read as Gly-Val-Arg, decoding the GGA, GUG, and AGG
codons (217). Hopping on this sequence appears to resemble
+1 frameshifting. Ribosomes probably pause at the in-frame
UGA stop codon after decoding the Val codon, GUG. At a
very low frequency during that pause, peptidyl-tRNAV?! can
dissociate from the in-frame GUG codon and repair with the
+2-shifted GUG codon. After the hop, the ribosome resumes
normal decoding, reading the next codon, AGG, as Arg.

Weiss et al. identified two other sequences on which the
ribosome hops, either +5 on the sequence AAC-UCA-AU (in
which peptidyl-tRNA®*" hops between cognate codons) or +6
on the sequence CUU-UAG-CUA (in which peptidyl-
tRNA™" hops over an in-frame stop codon between near-
cognate codons). Each of these events was confirmed by N-
terminal sequencing of the protein product, and each occurs
inefficiently (the +5 hop at 0.4%, and the +6 hop at 1.0%).
Two of these hops occur at in-frame stop codons, which one
presumes provide the pause necessary for the unconventional
event to occur. However, the third occurs at an in-frame sense
codon (UCA); this codon is not rare and is not predicted to
cause a translational pause, as do the AGG and AGU codons
in Ty frameshifting in S. cerevisiae. It is not clear that transla-
tional hopping depends on a translational pause, although that
would be very unexpected.
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FIG. 11. The translational hop site of the bacteriophage T4 gene 60. The hop occurs by repositioning of a tRNASY from a takeoff to a landing GGA codon (white
letters in black rectangles). This is stimulated by an in-frame UAG terminator, a hairpin loop, an upstream 16-amino-acid nascent peptide, and an approximately 50-nt
spacer. Ribosomal protein L9 modulates the ability of the hairpin to stimulate the hop (illustrated by the arrow).

A similar 6-nt hop was discovered serendipitously when the
bovine placental lactogen gene was overexpressed in E. coli
(98). Expression of the gene in E. coli resulted in the produc-
tion of two forms of the protein, the full-length product and a
second product in which a 2-codon hop appears to have oc-
curred. The hop occurs at the sequence CTA-TTG-AGG-
TTG-GTT, which encodes Leu-Leu-Val, presumably by read-
ing the CTA codon, decoding TTG and hopping over the AGG
codon, and decoding GTT. The authors suggest that the low
abundance of the AGG-decoding tRNA in E. coli, possibly
exacerbated by the high demand for that tRNA generated by
overexpression of a gene with a high proportion of AGG
codons (as suggested in reference 25), causes a translational
pause and that the peptidyl-tRNA™" then hops between cog-
nate codons. The event is efficient, occurring with an efficiency
of about 20%. This model for the expression of the protein has
not been confirmed, for example, by modifying the AGG
codon to an abundant Arg codon.

The high-level occurrence of translational hopping in this
case may mean that alternative translational events may be-
come a problem for the biotechnology industry. It has long
been recognized that differences in codon usage and, by im-
plication, tRNA abundance might profoundly affect the yield
of proteins expressed in heterologous contexts; however, it is
now evident that this problem may be compounded by the
heterogeneity of products brought about by translational er-
rors (for a recent review of this problem, see reference 148).
This difficulty adds to the importance of our understanding the
mechanisms underlying translational errors and alternative
translational events.

Programmed Translational Hopping

Just as programmed translational frameshifts resemble
frameshift errors, some genes are encoded by using pro-
grammed translational hops which resemble these spontane-
ous nonprogrammed hops. Apparently, programmed transla-
tional hops are much less prevalent than frameshifts, since
there are now only three cases of proposed translational hops,
all in bacterial systems. The mechanisms of two of these hops,
those of the T4 gene 60 and the rpR gene of E. coli, have been
studied in some detail. One of these resembles the spontane-
ous hops described above, while the other does not. In the case
of the third putative hop, in the gene encoding Bacteroides ru-
minicola 1,4-B-p-endoglucanase, the mechanism is not known.

Hopping in the topoisomerase gene of phage T4. The type II
topoisomerase of bacteriophage T4 is a hexameric protein

made up of dimers of three proteins, the smallest of which is
encoded by gene 60 (115, 190). This gene is one of four genes
encoded by the bacteriophage which are interrupted; that is,
they include a region which is not expressed in the protein
product. The other three genes, td, nrdB, and sunY, all include
group I self-splicing introns (33, 72, 183, 185); after removal of
these introns, the genes are translated normally. This in itself
is unusual enough for prokaryotic genes. However, in gene 60,
a 50-nt interruption is not removed by RNA splicing but re-
mains present in the mature mRNA. A programmed transla-
tional hop allows the ribosome to bypass this region to encode
the correct protein product. This hop is quite specific and is
very efficient (83). The mechanisms underlying this unusual
mechanism of gene expression have been very well character-
ized. This mechanism can be considered the canonical form of
programmed translational hopping against which other subse-
quently discovered examples must be compared.

The existence of a 50-bp interruption was apparent from the
sequence of gene 60. The seven N-terminal residues of that
subunit (115, 190) match the beginning of a 45-bp ORF. How-
ever, this frame could not encode the 18-kDa gene 60 product.
Marker rescue experiments showed that gene 60 extended far
beyond the end of this frame, into a region including a second,
nonoverlapping reading frame (83). The combination of these
two regions could encode an 18-kDa protein. Direct protein
sequencing of the gene 60 product showed that the gene was
translated up to a GGA Gly codon in the first frame, the last
codon before an in-frame UAG nonsense codon, and then
continued to be decoded 50 nt downstream, starting immedi-
ately distal to another GGA Gly codon at the beginning of the
second frame (83). This 50-nt interruption in the continuity of
the gene was present in the mRNA, and no evidence of splicing
of this region could be obtained (an in vitro-synthesized
mRNA, unlike the mRNAs of the other interrupted T4 genes,
would not splice in an in vitro reaction). However, the gene
could direct the synthesis of the 18-kDa product in a cell-free
protein synthesis system (83). The simplest explanation for the
expression of the protein was that the translational machinery
simply bypassed the interruption by a translational hop. Al-
though the authors of the original paper thought it unlikely, it
was still formally possible that the 18-kDa gene 60 product
were produced by a protein-splicing event, joining the products
of the first reading frame with a putative second primary trans-
lation product, perhaps initiating translation of that frame at
an in-frame AUU codon (as occurs in IS/ [160] and the initi-
ation factor 3 gene [172]).
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In an elegant paper, Weiss et al. (216) characterized the
mechanism of translational hopping in gene 60. Hopping oc-
curs in gene 60 at an extremely high rate, estimated as 94%
(216). There are five distinct components of the hop site, which
together promote the extremely efficient alternative decoding
event (Fig. 11): a pair of matched “takeoff” and “landing”
codons, an in-frame stop codon, an upstream nascent polypep-
tide sequence, and a hairpin structure which includes the take-
off codon (216). A region of 143 nt, including the 50-nt coding
gap and the 93 nt upstream of it, constitutes the minimal
sequence of the hop site. The requirement for the upstream
sequence reflects the fact that the nascent peptide encoded in
that region stimulates the hop. The codons specifying amino
acids 17 to 30 of the gene 60 product are essential to stimulate
the hop, which occurs after reading codon 47. Combinations of
frameshift mutations of the region preceding the translational
gap were tested for their effect on hopping. Any combination
of mutations which retained normal decoding of codons 17 to
30 had little effect on hopping efficiency, yet mutations includ-
ing some of the same changes which altered the reading of this
region reduced hopping to background levels. This clearly sug-
gests that it is the primary amino acid sequence encoded by
codons 17 to 30 which stimulates hopping. This conclusion was
further strengthened by introducing synonymous codon
changes at each of these codons; changing the codons in this
region to synonymous codons had no effect on the efficiency of
hopping, demonstrating that the amino acids encoded by the
region, not the RNA sequence, stimulate the event.

The nascent peptide stimulates hopping after decoding of
the last sense codon in the upstream frame, GGA. Translation
then resumes 50 nt downstream at a UUA codon immediately
3" to a second GGA codon. To demonstrate that a peptidyl-
tRNA reading the first GGA must dissociate from it and re-
associate with the second GGA to promote the hop, Weiss et
al. (216) mutated either one or both of these codons. Changing
either of the codons to GCA eliminated hopping, while chang-
ing both restored it. The requirement for a match between the
two codons implies that both must be read by the ribosome,
consistent with the hypothesized reengagement model. Fur-
ther, the fact that the double mutant allows hopping at near-
normal levels suggests that the tRNA does not play an impor-
tant role in the hop. Some sequence features of the site must
explain the high efficiency of hopping. One feature is the non-
sense codon immediately after the first GGA codon. Changing
it to a sense codon reduced hopping by up to 59-fold. Presum-
ably, slow recognition of the in-frame nonsense codon causes a
translational pause; as predicted, the tetranucleotide sequence
at this site, UAG-C, is underrepresented in termination sites in
E. coli (26).

The second feature is a hairpin immediately after the takeoff
codon (Fig. 11). The stability of this structure is essential.
Mutations which increase its stability by increasing the length
of the stem tend to decrease hopping efficiency. Strangely,
mutations which decrease its stability, by disrupting base pairs
near the loop, interfere equally well with hopping. Herbst et al.
(77) have proposed a dynamic model to explain this behavior.
They proposed that the ribosome destabilizes the hairpin as it
approaches the takeoff codon. When the ribosome pauses at
that site, the upper portion of the hairpin, past the GGA
codon, can re-form within the ribosomal A site, and it is the
re-formation of the structure which then stimulates the hop.
Apparently, the hairpin interacts with the ribosome, specifi-
cally with ribosomal protein L9, since #opl mutations which
target the 7pll gene encoding that subunit increase the effi-
ciency of hopping on mutant sites with extended hairpins,
although they have no effect on shorter hairpins. Herbst et al.
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suggest that hopping is inhibited by a shortened hairpin be-
cause it cannot re-form in the A site. They also suggest that a
elongated hairpin cannot re-form for a different reason; i.e., it
cannot disengage from the putative ribosome-associated heli-
case. The hopl mutation would reduce the ability of the heli-
case to inhibit re-formation of the longer helices; in this model,
it would be predicted to affect only elongated hairpins.

Although the details of this model are still very hypothetical,
the stimulatory role of the hairpin is clear. An early model (83)
invoking an alternative stacked-hairpin structure which would
juxtapose the takeoff and landing codons to allow direct trans-
fer of the peptidyl-tRNA now seems unlikely. Weiss et al.
showed that mutations which specifically destabilize this alter-
native structure had little or no effect on hopping efficiency
(216). Interestingly, hopping efficiency decreased significantly
when the length of the coding gap was either substantially
decreased or increased. It may be that the hairpin occupying
the A site mimics tRNA occupation or simply interferes with
recognition by release factor to prolong the translational pause
at the site. Alternatively, the hairpin may directly promote the
hop, although how it would do this is not clear.

Hopping in the trpR gene of E. coli. In general terms, the T4
gene 60 translational hop resembles programmed frameshifts.
During a translational pause, the ribosome-bound peptidyl-
tRNA shifts between cognate codons and continues translating
in the new reading frame. The shift depends on structural
features of the site, although one of those features is unexpect-
edly expressed in the structure of the nascent protein rather
than in the RNA of the site. The event, although extreme,
exemplifies the attributes of the other programmed transla-
tional elongation events which I have discussed.

A translational hop which occurs in the #7pR gene does not
conform well to the paradigm. It occurs without the need for
repositioning of the peptidyl-tRNA, it is apparently stimulated
by a nonspecific sequence of amino acids in the nascent pep-
tide, and it does not appear to depend on a well-defined trans-
lational pause site. Understanding the mechanism of this event
may fundamentally challenge our thinking about how pro-
grammed alternative coding events occur.

Inspection of its sequence suggested to Benhar et al. (12)
that a programmed +1 frameshift might occur in the #pR
gene, the repressor of several operons regulated by Trp in E.
coli. They found a sequence, A-AAA-AAT, which resembled a
slippery sequence associated with frameshifts. Although this
sequence resembles most closely a —1 simultaneous-slippage
site, they found no evidence of —1 frameshifting but, rather, a
low level of apparent +1 frameshifting (as measured with a
lacZ reporter fused downstream in either frame) (12). If
frameshifting were to occur at or before this site, it would
result in the expression of a product identical to the #rpR
product over the first 73 amino acids but would then shift into
the +1 frame and terminate translation at a +1 TGA termi-
nator 15 codons downstream, to encode a 10-kDa protein
slightly shorter than the 12-kDa normal translation product. As
expected, translation of the #pR gene in vitro produced a
10-kDa protein which reacted to antibody directed against the
15 C-terminal residues of the putative frameshift product. Fur-
ther confirming the assignment, this protein required the nor-
mal #pR initiation codon to be expressed, reacted against an-
tibodies which recognized an N-terminal peptide of the #7pR
product, and had an N-terminal amino acid sequence identical
to that of the full-length #pR product (12). All these data argue
that a +1 frameshift occurs near the A-AAA-AAT motif to
produce an alternative form of the #pR product.

More detailed analysis of the phenomenon showed that
translational hopping rather than frameshifting might be hap-
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pening in #rpR. Since a lacZ fusion to #rpR seemed a faithful
reporter of #pR frameshifting, Benhar and Engelberg (10)
used this fusion to attempt to characterize the frameshift fur-
ther. Using the fusion, they identified a region from codons 54
to 70 of #rpR which could direct the apparent frameshift. A 5’
deletion which removed codons 2 to 65 eliminated lacZ ex-
pression. Strangely, expression could be restored by introduc-
ing an unrelated 13-codon sequence upstream of codon 65 but
not by introducing a 9-codon sequence. Benhar and Engelberg
(10) concluded that the region distal to codon 65 was essential
but that a random sequence of at least 10 amino acids was
necessary as well, although the role of a random amino acid
sequence remains obscure. By introducing a cleavage site for
the protease factor Xa immediately before codon 65 (11), they
were able to determine the amino acid sequence encoded by
the trpR-lacZ fusion gene. Quite unexpectedly, the sequence
indicated that a translational hop into the +1 frame occurs
immediately after codon 65, a Met codon, although the hop
occurs not into #rpR sequences but into the adjacent lacZ
sequence. The hop of 55 nt was confirmed by genetic analysis
which showed that a +1 frame termination codon introduced
immediately upstream of the UUA Leu codon at which elon-
gation resumes had no effect on lacZ expression whereas a
terminator inserted 3 codons downstream in the +1 frame
blocked lacZ expression, as did a terminator inserted immedi-
ately upstream of codon 65. This is consistent with the idea that
the ribosome hops from codon 65 to the UUA codon and then
continues elongation. However, unlike the gene 60 hop, there
are not matching takeoff and landing codons at the ends of the
coding gap. The last codon read before the hop is an AUG,
and the codon immediately before the next codon decoded is
a GUU. Clearly, peptidyl-tRNAM¢! is not able to base pair with
GUU, so it cannot act as a landing codon. Additionally, mu-
tating the GUU codon to UAA, the nonsense codon mutation
referred to above, had no effect on hopping. Therefore, with
matching takeoff and landing codons lacking, it is unlikely that
hopping at this site could involve repositioning of the peptidyl-
tRNA.

A final puzzling result is the fact that the #pR hop requires
translation through the coding gap in the normal reading
frame. Nonsense codons were inserted at four positions down-
stream of codon 65 in the zero frame. Each of these mutations
would block expression of lacZ by translational hopping. This
is odd because this region would be skipped over by the ribo-
somes which hop. Therefore, it is unclear how ribosomes which
do not decode this region would detect the presence of these
terminators. The only possible explanation is that one of the
majority of ribosomes which do not hop must be required to
decode these codons to allow hopping by other ribosomes.
Benhar and Engelberg-Kulka suggested that a ribosome which
normally translates through the region may in some fashion
stabilize a ribosome which bypasses the region, although the
nature of that stabilization is unclear. Alternatively, they imag-
ine that the bypassing ribosome may have to “ratchet” through
the region without incorporating amino acids, a mechanism
which they admit is unprecedented and one which is again ill
defined. Since translocation of the ribosome occurs only after
successful peptide transfer to an incoming aminoacyl-tRNA
and is concomitant with the movement of a tRNA from the A
to the P site, it is unclear how a ribosome might ratchet
through a 55-nt region without incorporating amino acids.

The only conclusion which can be drawn about the #pR story
is that it is a conundrum. The mechanisms proposed for the
hop are, to say the least, unconventional as well as undefined.
It is not clear whether this event can be considered a model for
hopping which may occur at presently undiscovered sites or
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whether we should attempt to use these results to speculate
about the mechanism of translational frame maintenance. The
result obtained for the #pR-lacZ fusion may not even be rel-
evant for the intact #7pR gene. Since the described hop occurs
into lacZ sequences, lacking in #pR, the same mechanism
cannot explain the expression of the truncated form of #pR. In
fact, the putative +1 frame coding region which, as indicated
by immunoblotting, is encoded in the 10-kDa form of #pR is
specifically bypassed in the #rpR-lacZ hop. One is forced to
conclude that the region of #rpR around codon 65 may be a hot
spot for unconventional decoding events, although the identity
of that event depends on what sequences are adjacent.

Does translational hopping occur in other cellular genes?
Only the T4 gene 60 and #rpR genes are proposed to use a
programmed translational hop. Are there other genes which
could use the same mechanism? Since the two known examples
differ in so many ways, it is not possible to identify other
potential sites by sequence inspection. There are some genes
which are candidates for a translational hop. The carboxy-
methyl cellulase gene of Bacteroides ruminicola expresses two
primary translation products, one of which may be expressed
from two overlapping reading frames (129). The carboxy-
methyl cellulase gene includes two ORFs, the second of which
overlaps the first by 13 nt in the —1 reading frame. The N
terminus of an 88-kDa product is encoded within the upstream
OREF, while the N terminus of an 82-kDa product is encoded in
the second ORF. The first ORF could encode a protein of only
18 kDa, so it must be encoded by some mechanism which fuses
the translational product of the two reading frames. However,
the predicted size of such a product is 106 kDa. This suggests
that in fusing the two frames, a large region is excluded po-
tentially by a translational hop. A second carboxymethyl cel-
lulase gene from Fibrobacter succinogenes has a similar struc-
ture (29) and could conceivably be expressed by either —1
frameshifting or translational hopping. A third gene, the pla4
gene of Prevotella loescheii, may also be expressed by transla-
tional hopping (122). In none of these cases is the simpler
hypothesis of RNA splicing ruled out, making speculation
about possible hopping mechanisms premature. It remains to
be seen if the gene 60 and #pR hops are archetypes of a new
class of programmed frameshift events or idiosyncrasies.

CONCLUDING REMARKS

Programmed translational frameshifts are not a unitary phe-
nomenon but, rather, a varied collection of unconventional
events, all of which cause the ribosome to alter its reading of
the genetic code to produce an alternative product not en-
coded directly by the mRNA. Although this review does not
attempt to be exhaustive—I have focused on a few systems in
which the mechanism of frameshifting has been relatively well
established—it is clear that the ribosome can be perturbed in
many ways to produce shifts in either direction or translational
hops of dozens of codons. Although the overwhelming impres-
sion is of diversity, a few common themes occur over and over
among these sites. First is the necessity for a translational
pause. Translational pauses are essential because the frame-
shift event always occurs in competition with a normal elon-
gation event, whether that be continued translation or termi-
nation. Frameshift events are at a distinct kinetic disadvantage
and rarely occur at random sites in the genome. At a frameshift
site, the alternative canonical translation event is slowed to a
rate which is much closer than normal to the rate of the
frameshift event. With this adjustment, frameshifting ceases to
be a kinetically unfavorable outcome, allowing the ribosome to
efficiently shift frames.
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The second common theme is that frameshifting requires
the “recoding” or “rephasing” of translation. In nearly all
cases, frameshifting occurs because a tRNA which has been
selected by the ribosome as a cognate codon for an normal
frame codon shifts position to another cognate or near-cognate
codon. Interestingly, in the early literature, it was thought that
frameshifting would occur by the misplacement of incoming
aminoacyl-tRNA in the ribosomal A site (see the discussions of
possible frameshift mechanisms in references 2 and 13). Re-
cent work with the Ty3 retrotransposon in S. cerevisiae has
reintroduced the idea of efficient out-of-frame binding of
aminoacyl-tRNA as a mechanism of programmed frame-
shifting. The rat ornithine decarboxylase antizyme gene may
provide a second example of this phenomenon in a higher
eukaryote.

The next phase of research on programmed translational
frameshift will probably diverge into two paths. One focus of
research will be on the factors responsible for promoting these
events. For example, several laboratories are currently at-
tempting to identify a factor which stimulates —1 simulta-
neous-slippage frameshifting. The ultimate goal of these
groups may be to use this factor to develop novel antiviral
agents which could target this essential step in the expression
of prominent disease-causing viruses, including HIV-1. The
success of this line depends on the existence of such a factor,
which still is in doubt. The second focus will be to use pro-
grammed frameshift systems as probes of the frame mainte-
nance mechanism. The +1 frameshift and translational hop
systems are more likely candidates for this path, since —1
simultaneous-slippage frameshifting appears to be a truly non-
canonical event which may be, like suppression of UGA
codons by the selenocysteine-incorporation system (16), a spe-
cially encoded alternative event. However, even these frame-
shifts may depend on bending the molecular rules of frame
maintenance. The next few years should reveal whether either
route will provide new insights into the mechanisms of pro-
grammed translational frameshifting.

ACKNOWLEDGMENTS

I thank many members of the frameshifting community for their
generous help and for providing preliminary data.

This work was supported by grant GM-29480 from the Public Health
Service.

REFERENCES

1. Atkins, J. F., and R. F. Gesteland. 1995. Discontinuous triplet decoding
with or without re-pairing by peptidyl-tRNA, p. 471-490. In D. S6ll and U.
L. RajBhandary (ed.), tRNA: structure, biosynthesis and function. Ameri-
can Society for Microbiology, Washington, D.C.

2. Atkins, J., R. Gesteland, B. Reid, and C. Anderson. 1979. Normal tRNAs
promote ribosomal frameshifting. Cell 18:1119-1131.

3. Atkins, J. F., D. Elseviers, and L. Gorini. 1972. Low activity of 3-galacto-
sidase in frameshift mutants of Escherichia coli. Proc. Natl. Acad. Sci. USA
69:1192-1195.

4. Atkins, J. F., J. B. Lewis, C. W. Anderson, and R. F. Gesteland. 1975.
Enhanced differential synthesis of proteins in a mammalian cell-free system
by addition of polyamines. J. Biol. Chem. 250:5688-5695.

S. Ayer, D., and M. Yarus. 1986. The context effect does not require a fourth
base pair. Science 231:393-395.

6. Balasundaram, D., J. D. Dinman, C. W. Tabor, and H. Tabor. 1994. SPE] and
SPE?2: two essential genes in the biosynthesis of polyamines that modulate +1
ribosomal frameshifting in Saccharomyces cerevisiae. J. Bacteriol. 176:7126—
7128.

7. Balasundaram, D., J. D. Dinman, R. B. Wickner, C. W. Tabor, and H.
Tabor. 1994. Spermidine deficiency increases +1 ribosomal frameshifting
efficiency and inhibits Tyl retrotransposition in Saccharomyces cerevisiae.
Proc. Natl. Acad. Sci. USA 91:172-176.

8. Baughman, G., and M. Nomura. 1983. Localization of the target site for
translational regulation of the L11 operon and direct evidence for transla-
tional coupling in Escherichia coli. Cell 34:979-988.

9. Belcourt, M. F., and P. J. Farabaugh. 1990. Ribosomal frameshifting in the

11.
12.
13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.
. Cavicchioli, R., P. D. East, and K. Watson. 1991. endAFS, a novel family E

30.

31

32.

33.

34

35.

36.

MICROBIOL. REV.

yeast retrotransposon Ty: tRNAs induce slippage on a 7 nucleotide minimal
site. Cell 62:339-352.

. Benhar, I, and K. H. Engelberg. 1993. Frameshifting in the expression of

the E. coli rpR gene occurs by the bypassing of a segment of its coding
sequence. Cell 72:121-130.

Benhar, 1., and H. Engelberg-Kulka. 1991. A procedure for amino acid
sequencing in internal regions of proteins. Gene 103:79-82.

Benhar, 1., C. Miller, and H. Engelberg-Kulka. 1992. Frameshifting in the
expression of the Escherichia coli trpR gene. Mol. Microbiol. 6:2777-2784.
Beremand, M. N., and T. Blumenthal. 1979. Overlapping genes in RNA
phage: a new protein implicated in lysis. Cell 18:257-266.

Berkhout, B., B. F. Schmidt, A. van Strein, J. van Boom, J. van Westrenen,
and J. van Duin. 1987. Lysis gene of bacteriophage MS2 is activated by
translation termination at the overlapping coat gene. J. Mol. Biol. 195:517-
524.

Blinkowa, A. L., and J. R. Walker. 1990. Programmed ribosomal frame-
shifting generates the Escherichia coli DNA polymerase III -y subunit
from within the 7 subunit reading frame. Nucleic Acids Res. 18:1725-
1729.

Bock, A., K. Forchhammer, J. Heider, and C. Baron. 1991. Selenoprotein
synthesis: an expansion of the genetic code. Trends Biochem. Sci. 16:463—
467.

Boeke, J. D., and S. B. Sandmeyer. 1991. Yeast transposable elements, p.
193-261. In E. W. Jones, J. R. Pringle and J. R. Broach (ed.), The molecular
biology of the yeast Saccharomyces, vol. 1. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y.

Bossi, L. 1983. Context effects: translation of UAG codon by suppressor
tRNA is affected by the sequence following UAG in the message. J. Mol.
Biol. 164:73-87.

. Bossi, L., and D. M. Smith. 1984. Suppressor suf/: a novel type of tRNA

mutant that induces translational frameshifting. Proc. Natl. Acad. Sci. USA
81:6105-6109.

Brault, V., and W. A. Miller. 1992. Translational frameshifting mediated by
a viral sequence in plant cells. Proc. Natl. Acad. Sci. USA 89:2262-2266.
Brierley, 1., M. Broursnell, M. Birns, B. Bilmoria, V. Block, T. Brown, and
S. Inglis. 1987. An efficient ribosomal frame-shifting signal in the poly-
merase-encoding region of the coronavirus IBV. EMBO 1J. 6:3779-3785.
Brierley, L., P. Digard, and S. C. Inglis. 1989. Characterization of an effi-
cient coronavirus ribosomal frameshifting signal: requirement for an RNA
pseudoknot. Cell 57:537-547.

Brierley, L., A. J. Jenner, and S. C. Inglis. 1992. Mutational analysis of the
“slippery-sequence” component of a coronavirus ribosomal frameshifting
signal. J. Mol. Biol. 227:463-479.

Brierley, L., N. J. Rolley, A. J. Jenner, and S. C. Inglis. 1991. Mutational
analysis of the RNA pseudoknot component of a coronavirus ribosomal
frameshifting signal. J. Mol. Biol. 220:889-902.

Brinkmann, U., R. E. Mattes, and P. Buckel. 1989. High-level expression of
recombinant genes in Escherichia coli is dependent on the availability of
the dnaY gene product. Gene 85:109-114.

Brown, C. M., P. A. Stockwell, C. N. A. Trotman, and W. P. Tate. 1990.
Sequence analysis suggests that tetra-nucleotides signal the termination of
protein synthesis in eukaryotes. Nucleic Acids Res. 18:6339-6345.

Bruce, A. G., J. F. Atkins, and R. F. Gesteland. 1986. tRNA anticodon
replacement experiments show that ribosomal frameshifting can be caused
by doublet decoding. Proc. Natl. Acad. Sci. USA 83:5062-5066.

Burke, D. 1988. Ph.D. thesis. Washington University, St. Louis.

endoglucanase gene from Fibrobacter succinogenes AR1. J. Bacteriol. 173:
3265-3268.

Chamorro, M., N. Parkin, and H. E. Varmus. 1992. An RNA pseudoknot
and an optimal heptameric shift site are required for highly efficient ribo-
somal frameshifting on a retroviral messenger RNA. Proc. Natl. Acad. Sci.
USA 89:713-717.

Chandler, M., and O. Fayet. 1993. Translational frameshifting in the con-
trol of transposition in bacteria. Mol. Microbiol. 7:497-503.

Chen, X., M. Chamorro, S. I. Lee, L. X. Shen, J. V. Hines, L. Tinoco, Jr., and
H. E. Varmus. 1995. Structural and functional studies of retroviral RNA
pseudoknots involved in ribosomal frameshifting: nucleotides at the junc-
tion of the two stems are important for efficient ribosomal frameshifting.
EMBO J. 14:842-852.

Chu, F. K,, G. F. Maley, F. Maley, and M. Belfort. 1984. Intervening
sequence in the thymidylate synthase gene of bacteriophage T4. Proc. Natl.
Acad. Sci. USA 81:3049-3053.

Clare, J., and P. J. Farabaugh. 1985. Nucleotide sequence of a yeast Ty
element: evidence for an unusual mechanism of gene expression. Proc.
Natl. Acad. Sci. USA 82:2829-2833.

Clare, J. J., M. Belcourt, and P. J. Farabaugh. 1988. Efficient translational
frameshifting occurs within a conserved sequence of the overlap between
the two genes of a yeast Tyl transposon. Proc. Natl. Acad. Sci. USA
85:6816-6820.

Coffin, J. 1984. Structure of the retroviral genome, p. 261-368. In R. Weiss,
N. Teich, H. Varmus, and J. Coffin (ed.), RNA tumor viruses: molecular



VoL. 60, 1996

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

biology of tumor viruses. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Coffin, J. 1985. Structure of the retroviral genome, p. 17-73. In R. Weiss, N.
Teich, H. Varmus, and J. Coffin (ed.), RNA tumor viruses: molecular
biology of tumor viruses. Supplements and appendixes. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.

Condron, B. G., J. F. Atkins, and R. F. Gesteland. 1991. Frameshifting in
gene 10 of bacteriophage T7. J. Bacteriol. 173:6998-7003.

Condron, B. G., R. F. Gesteland, and J. F. Atkins. 1991. An analysis of
sequences stimulating frameshifting in the decoding of gene 10 of bacte-
riophage T7. Nucleic Acids Res. 19:5607-5612.

Craigen, W. J., and C. T. Caskey. 1986. Expression of peptide chain release
factor 2 requires high-efficiency frameshift. Nature (London) 322:273-275.
Craigen, W. J., R. G. Cook, W. P. Tate, and C. T. Caskey. 1985. Bacterial
peptide chain release factors: conserved primary structure and possible
frameshift regulation of release factor 2. Proc. Natl. Acad. Sci. USA 82:
3616-3620.

Cui, Y., K. W. Hagan, S. Zhang, and S. W. Peltz. 1995. Identification and
characterization of genes that are required for the accelerated degradation
of mRNAs containing a premature translational termination codon. Genes
Dev. 9:423-436.

Curran, J., and M. Yarus. 1987. Reading frame selection and transfer RNA
anticodon loop stacking. Science 238:1545-1550.

Curran, J., and M. Yarus. 1988. Use of tRNA suppressors to probe regu-
lation of Escherichia coli release factor 2. J. Mol. Biol. 203:75-83.
Curran, J. F. 1993. Analysis of effects of tRNA:message stability on frame-
shift frequency at the Escherichia coli RF2 programmed frameshift site.
Nucleic Acids Res. 21:1837-1843.

Curran, J. F., and M. Yarus. 1989. Rates of aminoacyl-tRNA selection at
29 sense codons in vivo. J. Mol. Biol. 209:65-77.

Danilevskaya, O., F. Slot, M. Pavlova, and M. L. Pardue. 1994. Structure of
the Drosophila HeT-A transposon: a retrotransposon-like element forming
telomeres. Chromosoma 103:215-224.

Dayhuff, T., J. Atkins, and R. Gesteland. 1986. Characterization of ribo-
somal frameshift events by protein sequence analysis. J. Biol. Chem. 261:
7491-7500.

den Boon, J. A, E. J. Snijder, E. D. Chirnside, A. A. de Vries, M. C.
Horzinek, and W. J. Spaan. 1991. Equine arteritis virus is not a togavirus
but belongs to the coronaviruslike superfamily. J. Virol. 65:2910-2920.
Denison, M. R., P. W. Zoltick, J. L. Leibowitz, C. J. Pachuk, and S. R.
Weiss. 1991. Identification of polypeptides encoded in open reading frame
1b of the putative polymerase gene of the murine coronavirus mouse
hepatitis virus AS59. J. Virol. 65:3076-3082.

Dinman, J. 1995. Personal communication.

Dinman, J. D., T. Icho, and R. B. Wickner. 1991. A —1 ribosomal frameshift
in a double-stranded RNA virus of yeast forms a gag-pol fusion protein.
Proc. Natl. Acad. Sci. USA 88:174-178.

Dinman, J. D., and R. B. Wickner. 1992. Ribosomal frameshifting efficiency
and gag/gag-pol ratio are critical for yeast M; double-stranded RNA virus
propagation. J. Virol. 66:3669-3676.

Dinman, J. D., and R. B. Wickner. 1994. Translational maintenance of
frame: mutants of Saccharomyces cerevisiae with altered —1 ribosomal
frameshifting efficiencies. Genetics 136:75-86.

Dinman, J. D., and R. B. Wickner. 1995. 5S rRNA is involved in fidelity of
translational reading frame. Genetics 141:95-105.

Donly, B. C., C. D. Edgar, F. M. Adamski, and W. P. Tate. 1990. Frameshift
autoregulation in the gene for Escherichia coli release factor 2: partly
functional mutants result in frameshift enhancement. Nucleic Acids Res.
18:6517-6522.

Dunn, J. J., and F. W. Studier. 1983. Complete nucleotide sequence of
bacteriophage T7 DNA and the locations of T7 genetic elements. J. Mol.
Biol. 166:477-535.

Eleouet, J. F., D. Rasschaert, P. Lambert, L. Levy, P. Vende, and H. Laude.
1995. Complete sequence (20 kilobases) of the polyprotein-encoding gene
1 of transmissible gastroenteritis virus. Virology 206:817-822.

Escoubas, J., M. Prere, O. Fayet, I. Salvignol, D. Galas, D. Zerbib, and M.
Chandler. 1991. Translational control of transposition activity of the bac-
terial insertion sequence IS/. EMBO J. 10:705-712.

Falk, H., N. Mador, R. Udi, A. Panet, and A. Honigman. 1993. Two cis-
acting signals control ribosomal frameshift between human T-cell leukemia
virus type II gag and pro genes. J. Virol. 67:6273-6277.

Farabaugh, P. 1995. Post-transcriptional regulation of transposition by Ty
retrotransposons of Saccharomyces cerevisiae. J. Biol. Chem. 270:10361-
10364.

Farabaugh, P. J., H. Zhao, and A. Vimaladithan. 1993. A novel programed
frameshift expresses the POL3 gene of retrotransposon Ty3 of yeast: frame-
shifting without tRNA slippage. Cell 74:93-103.

Fayet, O., M.-F. Prere, P. Polard, J. Atkins, and M. Chandler. 1994. Per-
sonal communication.

Flower, A. M., and C. S. McHenry. 1990. The gamma subunit of DNA
polymerase IIT holoenzyme of Escherichia coli is produced by ribosomal
frameshifting. Proc. Natl. Acad. Sci. USA 87:3713-3717.

ALTERNATIVE READING OF THE GENETIC CODE

65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

131

. Fong, W. F., J. S. Heller, and E. S. Canellakis. 1976. The appearance of an
ornithine decarboxylase inhibitory protein upon the addition of putrescine
to cell cultures. Biochim. Biophys. Acta 428:456-465.

Gafner, J., E. M. De Robertis, and P. Philippsen. 1983. 8 sequences in the
5’ non-coding region of yeast tRNA genes. EMBO J. 2:583-591.

Gallant, J., and D. Foley. 1980. On the causes and prevention of mistrans-
lation, p. 615-638. In G. Chambliss, G. Craven, R. Davies, J. Davis, J.
Kahan, and M. Nomura (ed.), Ribosomes: structure, function and genetics.
University Park Press, Baltimore.

Gallant, J. A., and D. Lindsley. 1992. Leftward ribosome frameshifting at a
hungry codon. J. Mol. Biol. 223:31-40.

Gesteland, R., R. Weiss, and J. Atkins. 1992. Recoding: reprogrammed
genetic decoding. Science 257:1640-1641.

Gnirke, A., U. Geigenmiiller, H.-J. Rheinberger, and K. H. Nierhaus. 1989.
The allosteric 3-site model of the ribosomal elongation cycle: analysis with
a heteropolymeric mRNA. J. Biol. Chem. 264:7291-7301.

Godeny, E. K., L. Chen, S. N. Kumar, S. L. Methven, E. V. Koonin, and
M. A. Brinton. 1993. Complete genomic sequence and phylogenetic analysis
of the lactate dehydrogenase-elevating virus (LDV). Virology 194:585-596.
Gott, J. M., D. A. Shub, and M. Belfort. 1986. Multiple self-splicing introns
in bacteriophage T4: evidence from autocatalytic GTP labeling of RNA in
vitro. Cell 47:81-87.

Grindley, N., and C. Joyce. 1981. Analysis of the structure and function of
the kanamycin-resistance transposon Tn903. Cold Spring Harbor Symp.
Quant. Biol. 45:125-133.

Grosjean, H., S. DeHenau, and D. M. Crothers. 1978. On the physical basis
for the ambiguity in genetic coding interactions. Proc. Natl. Acad. Sci. USA
75:610-614.

He, F., and A. Jacobson. 1995. Identification of a novel component of the
nonsense-mediated mRNA decay pathway by use of an interacting protein
screen. Genes Dev. 9:437-454.

Heller, J. S., W. F. Fong, and E. S. Canellakis. 1976. Induction of a protein
inhibitor to ornithine decarboxylase by the end products of its reaction.
Proc. Natl. Acad. Sci. USA 73:1858-1862.

Herbst, K., L. Nichols, R. Gesteland, and R. Weiss. 1994. A mutation in
ribosomal protein L9 affects ribosomal hopping during translation of gene
60 from bacteriophage T4. Proc. Natl. Acad. Sci. USA 91:12525-12529.
Herold, J., and S. G. Siddell. 1993. An ‘elaborated’ pseudoknot is required
for high frequency frameshifting during translation of HCV 229E poly-
merase mRNA. Nucleic Acids Res. 21:5838-5842.

Hinnebusch, A. G., and S. W. Liebman. 1991. Protein synthesis and trans-
lational control in Saccharomyces cerevisiae, p. 627-735. In J. R. Broach,
J. R. Pringle, and E. W. Jones (ed.), The molecular biology of the yeast
Saccharomyces, vol. 1. Genome dynamics, protein synthesis, and energetics.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.
Hopfield, J. 1974. Kinetic proofreading: a new mechanism for reducing
errors in biosynthetic processes requiring high specificity. Proc. Natl. Acad.
Sci. USA 71:4135-4139.

Horsfield, J. A., D. N. Wilson, S. A. Mannering, F. M. Adamski, and W. P.
Tate. 1995. Prokaryotic ribosomes recode the HIV-1 gag-pol —1 frameshift
sequence by an E/P site post-translocation simultaneous slippage mecha-
nism. Nucleic Acids Res. 23:1487-1494.

Hryniewicz, M., and R. Vonder Haar. 1983. Polyamines enhance
readthrough of the UGA termination codon in a mammalian messenger
RNA. Mol. Gen. Genet. 190:336-343.

Huang, W. M., S.-Z. Ao, S. Casjens, R. Orlandi, R. Zeikus, R. Weiss, D.
Winge, and M. Fang. 1988. A persistent untranslated sequence within
bacteriophage T4 DNA topoisomerase gene 60. Science 239:1005-1012.
Hughes, D., J. F. Atkins, and S. Thompson. 1987. Mutants of elongation
factor Tu promote ribosomal frameshifting and nonsense readthrough.
EMBO J. 6:4235-4239.

Hui, A., and H. de Boer. 1987. Specialized ribosome system: preferential
translation of a single mRNA species by a subpopulation of mutated ribo-
somes in Escherichia coli. Proc. Natl. Acad. Sci. USA 84:4762-4766.
Hyun, N. S., T. D. Copeland, M. Hatanaka, and S. Oroszlan. 1993. Char-
acterization of ribosomal frameshifting for expression of pol gene products
of human T-cell leukemia virus type I. J. Virol. 67:196-203.

Icho, T., and R. B. Wickner. 1989. The double-stranded RNA genome of
yeast virus L-A encodes its own putative RNA polymerase by fusing two
open reading frames. J. Biol. Chem. 264:6716-6723.

Igarashi, K., K. Kashiwagi, R. Aoki, M. Kojima, and S. Hirose. 1979.
Comparative studies on the increase by polyamines of fidelity of protein
synthesis in Escherichia coli and wheat germ cell-free systems. Biochem.
Biophys. Res. Commun. 91:440-448.

Inglis, S., N. Rolley, and L. Brierley. 1990. The ribosomal frame-shift signal
of infectious bronchitis virus, p. 603-610. In J. McCarthy and M. Tuite (ed.),
Posttranscriptional control of gene expression. Springer-Verlag KG, Berlin.
Jacks, T., H. D. Madhani, F. R. Masiarz, and H. E. Varmus. 1988. Signals
for ribosomal frameshifting in the Rous sarcoma virus gag-pol region. Cell
55:447-458.

Jacks, T., M. D. Power, F. R. Masiarz, P. A. Luciw, P. J. Barr, and H. E.
Varmus. 1988. Characterization of ribosomal frameshifting in HIV-1 gag-



132

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.
107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

FARABAUGH

pol expression. Nature (London) 331:280-283.

Jacks, T., K. Townsley, H. E. Varmus, and J. Majors. 1987. Two efficient
ribosomal frameshifting events are required for synthesis of mouse mam-
mary tumor virus gag-related polyproteins. Proc. Natl. Acad. Sci. USA
84:4298-4302.

Jacks, T., and H. E. Varmus. 1985. Expression of the Rous sarcoma virus
pol gene by ribosomal frameshifting. Science 230:1237-1242.

Jacob, W., M. Santer, and A. Dahlberg. 1987. A single base change in the
Shine-Dalgarno region of 16S rRNA of Escherichia coli affects translation
of many proteins. Proc. Natl. Acad. Sci. USA 84:4757-4761.

Jiang, B., S. S. Monroe, E. V. Koonin, S. E. Stine, and R. I. Glass. 1993.
RNA sequence of astrovirus: distinctive genomic organization and a puta-
tive retrovirus-like ribosomal frameshifting signal that directs the viral rep-
licase synthesis. Proc. Natl. Acad. Sci. USA 90:10539-10543.

Jorgenson, F., F. M. Adamski, W. P. Tate, and C. G. Kurland. 1993.
Release factor-dependent false stops are infrequent in Escherichia coli. J.
Mol. Biol. 230:41-50.

Kakegawa, T., E. Sato, S. Hirose, and K. Igarashi. 1986. Polyamine binding
sites on Escherichia coli ribosomes. Arch. Biochem. Biophys. 251:413-420.
Kane, J. F., B. N. Violand, D. F. Curran, N. R. Staten, K. L. Duffin, and G.
Bogosian. 1992. Novel in-frame two codon translational hop during synthe-
sis of bovine placental lactogen in a recombinant strain of Escherichia coli.
Nucleic Acids Res. 20:6707-6712.

Kastelein, R. A., E. Ramaut, W. Fiers, and J. VanDuin. 1982. Lysis gene
expression of RNA phage MS2 depends on a frameshift event during
translation of the overlapping coat protein gene. Nature (London) 295:35—
41.

Kawakami, K., S. Pande, B. Faiola, D. P. Moore, J. D. Boeke, P. J.
Farabaugh, J. N. Strathern, Y. Nakamura, and D. J. Garfinkel. 1993. A
rare tRNA-Arg(CCU) that regulates Tyl element ribosomal frameshifting
is essential for Tyl retrotransposition in Saccharomyces cerevisiae. Genetics
135:309-320.

Kim, K. H., and S. A. Lommel. 1994. Identification and analysis of the site
of —1 ribosomal frameshifting in red clover necrotic mosaic virus. Virology
200:574-582.

Kleckner, N., T. Foster, M. Davis, S. Hanley-Way, S. Halling, V. Lundblad,
and K. Takeshita. 1981. Genetic organization of Tnl10 and analysis of
Tnl0-associated excision events. Cold Spring Harbor Symp. Quant. Biol.
45:225-238.

Kolor, K., D. Lindsley, and J. A. Gallant. 1993. On the role of the P-site in
leftward ribosome frameshifting at a hungry codon. J. Mol. Biol. 230:1-5.
Kozak, M. 1992. A consideration of alternative models for the initiation of
translation in eukaryotes. Crit. Rev. Biochem. Mol. Biol. 27:385-402.
Kropinski, A. M., M. A. Farinha, and L. Jansons. 1994. Nucleotide se-
quence of the Pseudomonas aeruginosa insertion sequence 1S222: another
member of the IS3 family. Plasmid 31:222-228.

Kuhn, T. S. 1970. The structure of scientific revolutions. University of
Chicago Press, Chicago.

Kurland, C. G. 1992. Translational accuracy and the fitness of bacteria.
Annu. Rev. Genet. 26:29-50.

Larsen, B., N. M. Wills, R. F. Gesteland, and J. F. Atkins. 1994. rRNA-
mRNA base pairing stimulates a programmed —1 ribosomal frameshift. J.
Bacteriol. 176:6842-6851.

Le, S. Y., J. H. Chen, and J. V. Maizel. 1989. Thermodynamic stability and
statistical significance of potential stem-loop structures situated at the
frameshift sites of retroviruses. Nucleic Acids Res. 17:6143-6152.

Lee, S., P. Kanda, R. Kennedy, and J. Walker. 1987. Relation of the
Escherichia coli dnaX gene to its two products—the tau and gamma sub-
units of DNA polymerase III holoenzyme. Nucleic Acids Res. 15:7663—
7675.

Lee, S., J. Umen, and H. Varmus. 1995. A genetic screen identifies cellular
factors involved in retroviral —1 frameshifting. Proc. Natl. Acad. Sci. USA
92:6587-6591.

Levin, M. E., R. W. Hendrix, and S. R. Casjens. 1993. A programmed
translational frameshift is required for the synthesis of a bacteriophage
lambda tail assembly protein. J. Mol. Biol. 234:124-139.

Lill, R., and W. Wintermeyer. 1987. Destabilization of codon-anticodon
interaction in the ribosomal exit site. J. Mol. Biol. 196:137-148.

Lindsley, D., and J. A. Gallant. 1993. On the directional specificity of
ribosome frameshifting at a hungry codon. Proc. Natl. Acad. Sci. USA
90:5469-5473.

Liu, L. F., C. C. Liu, and B. M. Alberts. 1979. T4 DNA topoisomerase: a
new ATP-dependent enzyme essential for initiation of T4 bacteriophage
DNA replication. Nature (London) 281:456-461.

Loftfield, R., E. Eigner, and A. Pastuszyn. 1981. The role of spermine in
preventing misacylation by phenylalanyl-tRNA synthetase. J. Biol. Chem.
256:6729-6735.

Lovgren, T. N., A. Petersson, and R. B. Loftfield. 1978. The mechanism of
aminoacylation of transfer ribonucleic acid. The role of magnesium and
spermine in the synthesis of isoleucyl-tRNA. J. Biol. Chem. 253:6702-6710.
Lustig, F., P. Elias, T. Axberg, T. Samuelsson, I. Tittawella, and U. La-
gerkvist. 1981. Codon reading and translational error: reading of the glu-

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

MICROBIOL. REV.

tamine and lysine codons during protein synthesis in vitro. J. Biol. Chem.
256:2635-2643.

Machida, Y., C. Machida, and E. Ohtsubo. 1984. Insertion element IS/
encodes two structural genes required for its transposition. J. Mol. Biol.
177:229-245.

Madhani, H. D., T. Jacks, and H. E. Varmus. 1988. Signals for the expres-
sion of the HIV pol gene by ribosomal frameshifting, p. 119-125. In B. R.
Franza, B. R. Cullen, and F. Wong-Staal (ed.), The control of human
retrovirus gene expression. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Mikinen, K., V. Ness, T. Tamm, E. Truve, A. Aaspollu, and M. Saarma.
1995. The putative replicase of the cocksfoot mottle sobemovirus is trans-
lated as a part of the polyprotein by —1 ribosomal frameshift. Virology
207:566-571.

Manch-Citron, J., and J. London. 1994. Expression of the Prevotella loes-
cheii adhesin gene (plaA) is mediated by a programmed frameshifting hop.
J. Bacteriol. 176:1944-1948.

Marczinke, B., A. J. Bloys, T. D. Brown, M. M. Willcocks, M. J. Carter, and
L Brierley. 1994. The human astrovirus RNA-dependent RNA polymerase
coding region is expressed by ribosomal frameshifting. J. Virol. 68:5588-
5595.

Marczynski, B. 1985. The binding of spermine to polynucleotides and
complementary oligonucleotides at near physiological ionic strength. Int. J.
Biochem. 17:107-111.

Marlor, R. L., S. M. Parkhurst, and V. G. Corces. 1986. The Drosophila
melanogaster gypsy transposable element encodes putative gene products
homologous to retroviral proteins. Mol. Cell. Biol. 6:1129-1134.
Matsufuji, S., R. Kanamoto, Y. Murakami, and S. Hayashi. 1990. Mono-
clonal antibody studies on the properties and regulation of murine orni-
thine decarboxylase antizymes. J. Biochem. 107:87-91.

Matsufuji, S., T. Matsufuji, Y. Miyazaki, Y. Murakami, J. F. Atkins, R. F.
Gesteland, and S. Hayashi. 1995. Autoregulatory frameshifting in decoding
mammalian ornithine decarboxylase antizyme. Cell 80:51-60.

Matsufuji, S., Y. Miyazaki, R. Kanamoto, T. Kameji, Y. Murakami, T.
Baby, K. Fujita, T. Ohno, and S. Hayashi. 1990. Analyses of ornithine
decarboxylase antizyme mRNA with a ¢cDNA cloned from rat liver. J.
Biochem. 108:365-371.

Matsushita, O., J. B. Russell, and D. B. Wilson. 1991. A Bacteroides ru-
minicola 1,4-B-p-endoglucanase is encoded in two reading frames. J. Bac-
teriol. 173:6919-6926.

Maurer, B., H. Bannert, G. Darai, and R. M. Flugel. 1988. Analysis of the
primary structure of the long terminal repeat and the gag and pol genes of
the human spumaretrovirus. J. Virol. 62:1590-1597.

McCann, P., C. Tardif, J. Hornsperger, and P. Bohlen. 1979. Two distinct
mechanisms for ornithine decarboxylase regulation by polyamines in rat
hepatoma cells. J. Cell. Physiol. 99:183-190.

McMurry, L. M., and I. D. Algranati. 1986. Effect of polyamines on trans-
lation fidelity in vivo. Eur. J. Biochem. 155:383-390.

Menninger, J. 1977. Ribosome editing and the error catastrophe hypothesis
of cellular aging. Mech. Ageing Dev. 6:131-142.

Meulenberg, J. J., M. M. Hulst, E. J. de Meijer, P. L. Moonen, A. den
Besten, E. P. de Kluyver, G. Wensvoort, and R. J. Moormann. 1993. Lelys-
tad virus, the causative agent of porcine epidemic abortion and respiratory
syndrome (PEARS), is related to LDV and EAV. Virology 192:62-72.
Miller, J. H., and A. M. Albertini. 1983. Effects of surrounding sequence on
the suppression of nonsense codons. J. Mol. Biol. 164:59-71.

Miller, W. A., P. M. Waterhouse, and W. L. Gerlach. 1988. Sequence and
organization of barley yellow dwarf virus genomic RNA. Nucleic Acids Res.
16:6097-6111.

Mitchell, J., G. Judd, A. Bareyal-Leyser, and S. Ling. 1994. Feedback
repression of polyamine transport is mediated by antizyme in mammalian
tissue-culture cells. Biochem. J. 299:19-22.

Miyazaki, Y., S. Matsufuji, and S. Hayashi. 1992. Cloning and character-
ization of a rat gene encoding ornithine decarboxylase antizyme. Gene
113:191-197.

Moazed, D., and H. F. Noller. 1989. Intermediate states in the movement of
transfer RNA in the ribosome. Nature (London) 342:142-148.

Morch, M. D., and C. Benicourt. 1980. Polyamines stimulate suppression of
amber termination codons in vitro by normal tRNAs. Eur. J. Biochem.
105:445-451.

Morikawa, S., and D. H. L. Bishop. 1992. Identification and analysis of the
gag-pol ribosomal frameshift site of feline immunodeficiency virus. Virology
186:389-397.

Murakami, Y., S. Matsufuji, T. Kameji, S. Hayashi, K. Igarashi, T.
Tamura, K. Tanaka, and A. Ichihara. 1992. Ornithine decarboxylase is
degraded by the 26S proteasome without ubiquitination. Nature (London)
360:597-599.

Murakami, Y., S. Matsufuji, Y. Miyazaki, and S. Hayashi. 1992. Destabi-
lization of ornithine decarboxylase by transfected antizyme gene expression
in hepatoma tissue culture cells. J. Biol. Chem. 267:13138-13141.

Nam, S. H., T. D. Copeland, M. Hatanaka, and S. Oroszlan. 1993. Char-
acterization of ribosomal frameshifting for expression of pol gene products



VoL. 60, 1996

145.

14e.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

of human T-cell leukemia virus type 1. J. Virol. 67:196-203.

Naranda, T., and Z. Kucan. 1989. Effect of spermine on the efficiency and
fidelity of the codon-specific binding of tRNA to the ribosomes. Eur. J.
Biochem. 182:291-297.

Ninio, J. 1974. A semiquantitative treatment of missense and nonsense
suppression in the strA and ram ribosomal mutants of Escherichia coli.
Evaluation of some molecular parameters of translation in vitro. J. Mol.
Biol. 84:297-313.

Oh, S. K., and P. Sarnow. 1993. Gene regulation: translational initiation by
internal ribosome binding. Curr. Opin. Genet. Dev. 3:295-300.

Olins, P. O., and S. C. Lee. 1993. Recent advances in heterologous gene
expression in Escherichia coli. Curr. Opin. Biotechnol. 4:520-525.
Oppenheim, D., and C. Yanofsky. 1980. Translational coupling during ex-
pression of the tryptophan operon of Escherichia coli. Genetics 95:785-795.
Palmer, E., J. M. Wilhelm, and F. Sherman. 1979. Phenotypic suppression
of nonsense mutants in yeast by aminoglycoside antibiotics. Nature (Lon-
don) 277:148-150.

Pande, S., A. Vimaladithan, H. Zhao, and P. J. Farabaugh. 1995. Pulling
the ribosome out of frame +1 at a programmed frameshift site by cognate
binding of aminoacyl-tRNA. Mol. Cell. Biol. 15:298-304.

Parker, J. 1989. Errors and alternatives in reading the universal genetic
code. Microbiol. Rev. 53:273-298.

Parkin, N. T., M. Chamorro, and H. E. Varmus. 1992. Human immunode-
ficiency virus type 1 gag-pol frameshifting is dependent on downstream
mRNA secondary structure: demonstration by expression in vivo. J. Virol.
66:5147-5151.

Pedersen, S. 1984. Escherichia coli ribosomes translate in vivo with variable
rate. EMBO J. 3:2895-2898.

Pedersen, W. T., and J. F. Curran. 1991. Effects of the nucleotide 3’ to an
amber codon on ribosomal selection rates of suppressor tRNA and release
factor-1. J. Mol. Biol. 219:231-241.

Pegg, A. 1986. Recent advances in the biochemistry of polyamines in eu-
karyotes. Biochem. J. 234:249-262.

Peter, K., D. Lindsley, L. Peng, and J. A. Gallant. 1992. Context rules of
rightward overlapping reading. New Biol. 4:520-526.

Pinto, L, J. G. Na, F. Sherman, and M. Hampsey. 1992. cis- and trans-acting
suppressors of a translation initiation defect at the cycl locus of Saccharo-
myces cerevisiae. Genetics 132:97-112.

Pleij, C. W., K. Rietveld, and L. Bosch. 1985. A new principle of RNA
folding based on pseudoknotting. Nucleic Acids Res. 13:1717-1731.
Polard, P., M. F. Prére, M. Chandler, and O. Fayet. 1991. Programmed
translational frameshifting and initiation at an AUU codon in gene expres-
sion of bacterial insertion sequence 1S911. J. Mol. Biol. 222:465-477.
Prére, M.-F., M. Chandler, and O. Fayet. 1990. Transposition in Shigella
dysenteriae: isolation and analysis of IS9/1, a new member of the IS3 group
of insertion sequences. J. Bacteriol. 172:4090-4099.

Priimagi, A. F., L. J. Mizrokhi, and Y. V. Ilyin. 1988. The Drosophila
mobile element jockey belongs to LINEs and contains coding sequences
homologous to some retroviral proteins. Gene 70:253-262.

Priifer, D., E. Tacke, J. Schmitz, B. Kull, A. Kaufmann, and W. Rohde.
1992. Ribosomal frameshifting in plants: a novel signal directs the —1
frameshift in the synthesis of the putative viral replicase of potato leafroll
luteovirus. EMBO J. 11:1111-1117.

Quigley, G. J., and A. Rich. 1976. Structural domains of transfer RNA
molecules. Science 194:796-806.

Randerath, E., R. C. Gupta, L. L. S. Y. Chia, S. H. Chang, and K. Rand-
erath. 1979. Yeast tRNALEU/UAG. Purification, properties, and determi-
nation of the nucleotide sequence by radioactive derivative methods. Eur.
J. Biochem. 93:79-94.

Rezsohazy, R., B. Hallet, J. Mahillon, and J. Delcour. 1993. 1S231V and W
from Bacillus thuringiensis subsp. israelensis, two distant members of the
1S231 family of insertion sequences. Plasmid 30:141-149.

Rheinberger, H.-J., U. Geigenmiiller, A. Gnirke, T.-P. Hausner, J. Remme,
H. Saruyama, and K. H. Nierhaus. 1990. Allosteric three-site model for the
ribosomal elongation cycle, p. 318-330. In W. E. Hill, A. Dahlberg, R. A.
Garrett, P. B. Moore, D. Schlessinger, and J. R. Warner (ed.), The ribo-
some: structure, function, and evolution. American Society for Microbiol-
ogy, Washington, D.C.

Riddle, D., and J. Carbon. 1973. Frameshift suppression: a nucleotide
addition in the anticodon of a glycine tRNA. Nature (London) New Biol.
242:230-234.

Riyasaty, S., and J. Atkins. 1968. External suppression of a frameshift
mutation in Salmonella. J. Mol. Biol. 34:541-557.

Rom, E., and C. Kahana. 1994. Polyamines regulate the expression of
ornithine decarboxylase antizyme in vitro by inducing ribosomal frame-
shifting. Proc. Natl. Acad. Sci. USA 91:3959-3963.

Rothstein, S., R. Jorgensen, J. Yin, Z. Yong-di, R. Johnson, and W. Rezni-
koff. 1981. Genetic organization of Tn5. Cold Spring Harbor Symp. Quant.
Biol. 45:99-105.

Sacerdot, C., G. Fayat, P. Dessen, M. Springer, J. A. Plumbridge, M.
Grunberg-Manago, and S. Blanquet. 1982. Sequence of 1.26 kb DNA
fragment containing the structural gene for E. coli initiation factor IF-3:

ALTERNATIVE READING OF THE GENETIC CODE

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.
189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

133

presence of an AUU initiator codon. EMBO J. 1:311-315.

Saigo, K., W. Kugimiya, Y. Matsuo, S. Inouye, K. Yoshioka, and S. Yuki.
1984. Identification of the coding sequence for a reverse transcriptase-like
enzyme in a transposable genetic element in Drosophila melanogaster. Na-
ture (London) 312:659-661.

Sandbaken, M. G., and M. R. Culbertson. 1988. Mutations in elongation
factor EF-1a affect the frequency of frameshifting and amino acid misin-
corporation in Saccharomyces cerevisiae. Genetics 120:923-934.
Schumperli, D., K. McKenney, D. Sobieski, and M. R berg. 1982.
Translational coupling at an intercistronic boundary of the Escherichia coli
galactose operon. Cell 30:865-871.

Sekine, Y., and E. Ohtsubo. 1989. Frameshifting is required for production
of the transposase encoded by insertion sequence 1. Proc. Natl. Acad. Sci.
USA 86:4609-4613.

Sekine, Y., N. Eisaki, and E. Ohtsubo. 1994. Translational control in pro-
duction of transposase and in transposition of insertion sequence IS3. J.
Mol. Biol. 235:1406-1420.

Sekine, Y., H. Nagasawa, and E. Ohtsubo. 1992. Identification of the site of
translational frameshifting required for production of the transposase en-
coded by insertion sequence ISI. Mol. Gen. Genet. 235:317-324.

Sekine, Y., and E. Ohtsubo. 1992. DNA sequences required for transla-
tional frameshifting in production of the transposase encoded by ISZ. Mol.
Gen. Genet. 235:325-332.

Sekiya, T., K. Takeishi, and T. Ukita. 1969. Specificity of yeast glutamic acid
transfer RNA for codon recognition. Biochim. Biophys. Acta 182:411-426.
Shen, L. X., and L Tinoco, Jr. 1995. The structure of an RNA pseudoknot
that causes efficient frameshifting in mouse mammary tumor virus. J. Mol.
Biol. 247:963-978.

Shine, J., and L. Dalgarno. 1974. The 3'-terminal sequence of Escherichia
coli 16S ribosomal RNA: complementarity to nonsense triplets and ribo-
some binding sites. Proc. Natl. Acad. Sci. USA 71:1342-1346.

Shub, D. A, J. M. Gott, M. Q. Xu, B. F. Lang, F. Michel, J. Tomaschewski,
J. Pedersen-Lane, and M. Belfort. 1988. Structural conservation among
three homologous introns of bacteriophage T4 and the group I introns of
eukaryotes. Proc. Natl. Acad. Sci. USA 85:1151-1155.

Singh, A., D. Ursic, and J. Davies. 1979. Phenotypic suppression and mis-
reading in Saccharomyces cerevisiae. Nature (London) 277:146-148.
Sjoberg, B. M., S. Hahne, C. Z. Mathews, C. K. Mathews, K. N. Rand, and
M. J. Gait. 1986. The bacteriophage T4 gene for the small subunit of
ribonucleotide reductase contains an intron. EMBO J. 5:2031-2036.
Snijder, E. J., J. A. den Boon, P. J. Bredenbeek, M. C. Horzinek, R.
Rijnbrand, and W. J. Spaan. 1990. The carboxyl-terminal part of the pu-
tative Berne virus polymerase is expressed by ribosomal frameshifting and
contains sequence motifs which indicate that toro- and coronaviruses are
evolutionarily related. Nucleic Acids Res. 18:4535-4542.

Somogyi, P., A. J. Jenner, L. Brierley, and S. C. Inglis. 1993. Ribosomal
pausing during translation of an RNA pseudoknot. Mol. Cell. Biol. 13:
6931-6940.

Steibl, H. D., and F. M. Lewecke. 1995. IS1222: analysis and distribution of
a new insertion sequence in Enterobacter agglomerans 339. Gene 156:37-42.
Steinberg, S., A. Misch, and M. Sprinzl. 1993. Compilation of tRNA se-
quences and sequences of tRNA genes. Nucleic Acids Res. 21:3011-3015.
Stetler, G. L., G. J. King, and W. M. Huang. 1979. T4 DNA-delay proteins,
required for specific DNA replication, form a complex that has ATP-
dependent DNA topoisomerase activity. Proc. Natl. Acad. Sci. USA 76:
3737-3741.

Suzuki, T., Y. He, K. Kashiwagi, Y. Murakami, S.-I. Hayashi, and K.
Igarashi. 1994. Antizyme protects against abnormal accumulation and tox-
icity of polyamines in ornithine decarboxylase-overproducing cells. Proc.
Natl. Acad. Sci. USA 91:8930-8934.

ten Dam, E., I. Brierley, S. Inglis, and C. Pleij. 1994. Identification and
analysis of the pseudoknot-containing gag-pro ribosomal frameshift signal
of simian retrovirus-1. Nucleic Acids Res. 22:2304-2310.

ten Dam, E., C. Pleij, and L. Bosch. 1990. RNA pseudoknots: translational
frameshifting and readthrough of viral RNAs. Virus Genes 4:121-136.
ten Dam, E., P. Verlaan, and C. Pleij. 1995. Analysis of the role of the
pseudoknot component in the SRV-1 gag-pro ribosomal frameshift signal:
loop lengths and stability of the stem regions. RNA 1:146-154.

Thomas, L. K., D. B. Dix, and R. C. Thompson. 1988. Codon choice and
gene expression: synonymous codons differ in their ability to direct amino-
acylated-transfer RNA binding to ribosomes in vitro. Proc. Natl. Acad. Sci.
USA 85:4242-4246.

Thompson, R. 1988. EFTu provides an internal kinetic standard for trans-
lational accuracy. Trends Biochem. Sci. 13:91-93.

Thompson, R. C., D. B. Dix, and J. F. Eccleston. 1980. Single turnover
kinetic studies of guanosine triphosphate hydrolysis and peptide formation
in the elongation factor Tu-dependent binding of aminoacyl-tRNA to Esch-
erichia coli ribosomes. J. Biol. Chem. 255:11088-11090.

Tokunaga, F., T. Goto, T. Koide, Y. Murakami, S. Hayashi, T. Tamura, K.
Tanaka, and A. Ichihara. 1994. ATP- and antizyme-dependent endoprote-
olysis of ornithine decarboxylase to oligopeptides by the 26 S proteasome.
J. Biol. Chem. 269:17382-17385.




134

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

FARABAUGH

Tsuchihashi, Z. 1991. Translational frameshifting in the Escherichia coli
dnaX gene in vitro. Nucleic Acids Res. 19:2457-2462.

Tsuchihashi, Z., and P. O. Brown. 1992. Sequence requirements for effi-
cient translational frameshifting in the Escherichia coli dnaX gene and the
role of an unstable interaction between tRNALys and an AAG lysine
codon. Genes Dev. 6:511-519.

Tsuchihashi, Z., and A. Kornberg. 1990. Translational frameshifting gen-
erates the gamma subunit of DNA polymerase III holoenzyme. Proc. Natl.
Acad. Sci. USA 87:2516-2520.

Tu, C., T. H. Tzeng, and J. A. Bruenn. 1992. Ribosomal movement impeded
at a pseudoknot required for frameshifting. Proc. Natl. Acad. Sci. USA
89:8636-8640.

Tiirkel, S., and P. Farabaugh. Unpublished data.

Turner, D. H., and N. Sugimoto. 1988. RNA structure prediction. Annu.
Rev. Biophys. Biophys. Chem. 17:167-192.

Tzeng, T.-H., C.-L. Tu, and J. A. Bruenn. 1992. Ribosomal frameshifting
requires a pseudoknot in the Saccharomyces cerevisiae double-stranded
RNA virus. J. Virol. 66:999-1006.

Van Ryk, D., Y. Lee, and R. Nazar. 1990. Efficient expression and utilization
of a mutant 5S rRNA in Saccharomyces cerevisiae. J. Biol. Chem. 265:8377—
8381.

Varenne, S., and C. Lazdunski. 1986. Effect of distribution of unfavourable
codons on the maximum rate of gene expression by an heterologous or-
ganism. J. Theor. Biol. 120:99-110.

Vimaladithan, A., and P. J. Farabaugh. 1994. Special peptidyl-tRNA mol-
ecules promote translational frameshifting without slippage. Mol. Cell.
Biol. 14:8107-8116.

Vogele, K., E. Schwartz, C. Welz, E. Schiltz, and B. Rak. 1991. High-level
ribosomal frameshifting directs the synthesis of IS150 gene products. Nu-
cleic Acids Res. 19:4377-4385.

Walker, D. C., and T. R. Klaenhammer. 1994. Isolation of a novel IS3 group
insertion element and construction of an integration vector for Lactobacil-
lus spp. J. Bacteriol. 176:5330-5340.

Wang, A. L., H. M. Yang, K. A. Shen, and C. C. Wang. 1993. Giardiavirus
double-stranded RNA genome encodes a capsid polypeptide and a gag-
pol-like fusion protein by a translation frameshift. Proc. Natl. Acad. Sci.
USA 90:8595-8599.

Watanabe, K., N. Hayashi, A. Oyama, K. Nishikawa, T. Ueda, and K.
Miura. 1994. Unusual anticodon loop structure found in E. coli lysine
tRNA. Nucleic Acids Res. 22:79-87.

Weiss, R., D. Dunn, A. Dahlberg, J. Atkins, and R. Gesteland. 1988. Read-
ing frame switch caused by base-pair formation between the 3’ end of 16S
rRNA and the mRNA during elongation of protein synthesis in Escherichia
coli. EMBO J. 7:1503-1507.

Weiss, R., and J. Gallant. 1983. Mechanism of ribosome frameshifting
during translation of the genetic code. Nature (London) 302:389-393.
Weiss, R., and J. Gallant. 1986. Frameshift suppression in aminoacyl-tRNA
limited cells. Genetics 112:727-739.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

MICROBIOL. REV.

Weiss, R., W. Huang, and D. Dunn. 1990. A nascent peptide is required for
ribosomal bypass of the coding gap in bacteriophage T4 gene 60. Cell
62:117-126.

Weiss, R. B., D. M. Dunn, J. F. Atkins, and R. F. Gesteland. 1987. Slippery
runs, shifty stops, backward steps, and forward hops: =2, —1, +1, +2, +5,
and +6 ribosomal frameshifting. Cold Spring Harbor Symp. Quant. Biol.
52:687-693.

Weiss, R. B., D. M. Dunn, M. Shuh, J. F. Atkins, and R. F. Gesteland. 1989.
E. coli ribosomes re-phase on retroviral frameshift signals at rates ranging
from 2 to 50 percent. New Biol. 1:159-169.

Weiss, R. B., D. Lindsley, B. Falahee, and J. Gallant. 1988. On the mech-
anism of ribosomal frameshifting at hungry codons. J. Mol. Biol. 203:403—
410.

Willcocks, M. M., T. D. Brown, C. R. Madeley, and M. J. Carter. 1994. The
complete sequence of a human astrovirus. J. Gen. Virol. 75:1785-1788.
Wilson, W., M. Braddock, S. E. Adams, P. Rathjen, S. Kingsman, and A.
Kingsman. 1988. HIV expression strategies: ribosomal frameshifting is di-
rected by a short sequence in both mammalian and yeast systems. Cell
55:1159-1169.

Wilson, W., M. H. Malim, J. Mellor, A. J. Kingsman, and S. M. Kingsman.
1986. Expression strategies of the yeast retrotransposon Ty: a short se-
quence directs ribosomal frameshifting. Nucleic Acids Res. 14:7001-7016.
Wintermeyer, W., R. Lill, and J. M. Robertson. 1990. Role of the tRNA exit
site in ribosomal translocation, p. 348-357. In W. E. Hill, A. Dahlberg,
R. A. Garrett, P. B. Moore, D. Schlessinger, and J. R. Warner (ed.), The
ribosome: structure, function, and evolution. American Society for Micro-
biology, Washington, D.C.

Wolin, S. L., and P. Walter. 1988. Ribosome pausing and stacking during
translation of a eukaryotic mRNA. EMBO J. 7:3559-3569.

Wyatt, J. R., J. D. Puglisi, and I. Tinoco, Jr. 1990. RNA pseudoknots.
Stability and loop size requirements. J. Mol. Biol. 214:455-470.

Xiong, Z., and S. A. Lommel. 1989. The complete nucleotide sequence and
genome organization of red clover necrotic mosaic virus RNA-1. Virology
171:543-554.

Xu, H., and J. D. Boeke. 1990. Host genes that influence transposition in
yeast: the abundance of a rare tRNA regulates Tyl transposition frequency.
Proc. Natl. Acad. Sci. USA 87:8360-8364.

Yarus, M., S. W. Cline, P. Wier, L. Breeden, and R. C. Thompson. 1986.
Actions of the anticodon arm in translation on the phenotypes of RNA
mutants. J. Mol. Biol. 192:235-255.

Yelverton, E., D. Lindsley, P. Yamauchi, and J. Gallant. 1994. The function
of a ribosomal frameshifting signal from human immunodeficiency virus-1
in Escherichia coli. Mol. Microbiol. 11:303-313.

Yokoyama, S., T. Watanabe, K. Murao, H. Ishikura, Z. Yamaizumi, S.
Nishimura, and T. Miyazawa. 1985. Molecular mechanism of codon rec-
ognition by tRNA species with modified uridine in the first position of the
codon. Proc. Natl. Acad. Sci. USA 82:4905-4909.



