
======== CHAPTER 5 ======== 

PROGRAMMED -1 
FRAMESHIFTING IN EUKARYOTES 

By far the most numerous and the most ubiquitous of frameshift sites 
are a class of -1 frameshift sites first described in metazoan retro

viruses. These sites have been found in retroviruses,27,36,4o-43,56,59,63,64 co
ronaviruses, 5,17 ,18,25,35 arteriviruses,31,61 astroviruses,44,57,99 giardiaviruses,96 
toroviruses,8o several plant viruses,4,47,62,73,103 Drosophila retrotrans
posons,16,58,72,76 a virus-like element in yeast,20,37,92 a bacterial gene,3,30,89 
bacteriophage genesI3,14,24,54 and bacterial insertion sequences.26,50,71,75,77,82,94,95 

Sequence comparison and molecular genetic analysis of many of these sites 
has identified a canonical structure for these frameshift sites. Their preva
lence across such an evolutionarily diverse distribution argues that such 
sites have evolved several times, each time converging on a single simple 
solution. 

PROGRAMMED -1 FRAMESHIFTING IN EUKARYOTES 
In retroviruses, expression of the primary translational product of the 

pol gene was found to occur as a translational fusion to the upstream gag 
gene.43 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 stated that "the only rea
sonable hypothesis to explain the expression of pol is that there is a dis
tinct 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."ll 
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."12 
Coffin was of course reflecting the common 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.43 

This episode could be offered as a small example of "normal science," as 
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defined by Kuhn.51 In a small way the 
paper by Jacks and Varmus43 revolution
ized our thinking, forcing us to 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 
ten years has focused on understanding how 
the ribosome can do this. 

Jacks and Varmus43 hypothesized that 
there was no subgenomic mRNA which 
could directly express the observed gag-pol 
fusion protein. At the time of the paper 
the only truly viable hypotheses to explain 
its expression were alternative splicing and 
translational frameshifting. The idea that 
the retroviral message might be edited, for 
example to either remove 2 nt or insert 
1 nt, thus putting the gag and pol genes 
into the same reading frame was not con
sidered since editing had not been discov
ered at that time. However, editing and 
splicing are both processes which modify 
the primary sequence of the mRNA while 
frameshifting leaves it unchanged. To 
distinguish between mRNA modification 
and a translational mechanism Jacks and 
Varmus43 in vitro synthesized model 
mRNAs derived from the Rous sarcoma 
virus (RSV) gag-pol junction using a bac
teriophage polymerase. The presumption 
was that a putative splice (or editing event) 
would be catalyzed by enzymes found in 
eukaryotes but not prokaryotes. Therefore, 
the in vitro transcription system would be 
incapable of the modification. The mRNAs 
were translated using either a prokaryotic 
or a eukaryotic in vitro system. The as
sumption here was that the retroviral 
frameshift event should be catalyzed only 
byeukaryotic ribosomes. The result of this 
experiment was that only the eukaryotic 
system produced the predicted gag-pol 
product in addition to the normal gag 
product; prokaryotic ribosomes only pro
duced the gag product. What appears to 

have been a critical experiment strangely 
was described but the data not shown. In 
that experiment, the RNA exposed to the 
eukaryotic translation system, an unfrac
tionated whole-cell reticulocyte extract, was 
reisolated and subjected to translation with 
the prokaryotic extract. This experiment 
was meant to exclude the idea that the 
eukaryotic extract modified the mRNA by 
splicing which then allowed expression of 
the gag-pol fusion protein. Jacks and 
Varmus found that the mRNA exposed to 

the eukaryotic system still would not sup
port expression of the fusion by prokary
otic ribosomes. These experiments strongly 
argued for a translational mechanism of 
expression of the fusion, though the pre
cise mechanism could not be determined. 
Perhaps prematurely Jacks and Varmus 
concluded that the event was translational 
frameshifting, though that conclusion has 
since been confirmed. 

One irony about this paper is that the 
comparison of the products made by 
prokaryotic and eukaryotic translation sys
tems was done under the assumption that 
the event would be uniquely eukaryotic. 
Thus, the expectation was that prokaryotic 
ribosomes would be incapable of promot
ing frameshifting on the RSV site. Of 
course, this is the result which Jacks and 
Varmus obtained. The irony is that this 
type of frameshift site is not unique to 
eukaryotes, but indeed structurally related 
sites occur in many prokaryotic genes. 
Thus, frameshifting might in retrospect be 
expected to have occurred on the RSV site 
in the prokaryotic in vitro extract. As we 
shall see in chapter 6, though, differences 
between translation machineries and the 
necessity for additional stimulatory ele
ments in prokaryotic sites means prokary
otic ribosomes can not always frameshift 
on a true eukaryotic site. 

In their original paper, Jacks and 
Varmus also attempted to prove that the 
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event depended on a special mRNA se
quence. For example, they showed that a 
random overlap could not replace the RSV 
frameshift region. This seems an obvious 
conclusion in retrospect, but it was neces
sary to exclude the idea that the eukary
otic in vitro translation system was par
ticularly prone to frameshift errors. We 
now know that frameshifting occurs at a 
large number of sites structurally similar 
to the RSV site, and that the mechanism of 
frameshifting requires slippage of ribosome
bound tRNAs. 

-1 FRAMESHIFTING OCCURS 
ON A "SLIPPERY HEPTAMER" 

The initial discovery of -1 frame
shifting in RSV simply indicated that ex
pression of the gag-pol fusion protein oc
curred translationally but did not specify 
how this event occurred. Later sequence 
comparison and site-specific mutagenesis 
identified a motif as responsible for induc
ing 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,40 or in the coronavirus in
fectious bronchitis virus, IBV-U-UUA
AAC6), and a RNA secondary structure, 
usually a pseudoknot, beginning about 6 nt 
downstream (Fig. 5.1).85 Mutational analy
sis suggested that changes to the "slippery 
heptamer" sequence which interrupt its 
repetitive structure could drastically reduce 
frameshifting. 4o Changes made upstream or 
downstream of the heptamer had no effect 
on expression, but almost all changes to 
the heptamer itself reduced expression of 
the gag-pol fusion protein. Changing any 
of the first three nucleotides in the hep
tamer, for example changing A-AAU-UUA 
to C-AAU-UUA, A-CAU-UUA or 
A-ACU-UUA, reduced expression about 
5-fold. All single base changes to the next 
three nucleotides were much more severe, 
essentially abolishing expression. This data 
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suggests that the repetItIve nature of the 
site, the existence of tandemly repeated 
nucleotides, is essential to frameshifting. 

Sequence comparison of the many 
available sites confirm the importance of 
the motif. Ten Dam et al85 identify 11 
different heptamer sequences 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 mo
tif though 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 
aF constructed a nearly exhaustive collec
tion of heptamers. They found that almost 
all of the sequences tested stimulated mea
surable frameshifting, though the efficiency 
varied widely. All of the sites listed above 
which were tested efficiently stimulated 
frameshifting (from 16.1 % for G-GGU
UUA to 41.7 for U-UUA-AAC). As had 
been noted by Dinman et al,20 introduc
ing 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 se
quence 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 frame
shift on the RSV site, A-AAU-UUA, oc
curs after decoding of the zero frame codon 
UUA as Leu and without decoding the -1 
frame codon UUU as Phe. 40 This means 
that the frameshift occurs after the entire 
heptamer has been decoded. 
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Fig. 5.1. Structure of the Rous sarcoma virus (RSV) programmed -1 frameshift site. The structure of the slippery 
heptamer and pseudoknot stimulator are shown, along with the sequence of the - 1 frameshift product. The 
amino acid sequence of the frameshift product is shown in black, and underlined by the arrow; the amino 
acids of the - 1 frame within the slippery heptamer which do not appear in that product are shown in gray. 

THE SIMULTANEOUS-SLIPPAGE 
MODEL 

Based on the repetitive strucrure of the 
heptamer, and on the nature of the pro
tein product produced, Jacks et al sug
gested a model for -1 frameshifting in RSV 
termed the simultaneous-slippage model40 

(Fig. 5.2). The model proposes that each 
of two ribosome-bound tRNAs slip in the 
5' direction simultaneously from their ini
tial position in the zero frame (XXY-YYZ) 

to the -1 frame (XXX-YYY). The model 
explains the fact that the YYZ codon is 
decoded in the final product and the ne
cessity for the homopolymeric triplets 
XXX and YYY. In the model, frame
shifting can only occur if tRNAs can con
tinue to form at least two base pairs in 
the shifted frame. Thus an XXY-decoding 
tRNA can still base pair at least to the 
first two nucleotides of XXX, though when 
X and Yare different the wobble base can 
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Fig. 5.2. A proposed mechanism for -1 frameshifting by simultaneous slippage, according to Jacks et a/.40 The 
ribosome (thick lines) is diagrammed showing the three tRNA binding sites. -1 slippage is proposed to occur 
after decoding of the second zero frame codon of the slippery heptamer (shown as the RSV site, A-AAUUUA). 
Subsequently peptide transfer occurs, followed by translocation. Thereafter, translation continues in the - 1 
frame by recruitment of iso/eucyl-tRNA0~u. 

not. The fact that the first two nucleotides 
of the anticodon must be able to pair in 
overlapping frames creates the need for the 
three nucleotide repeat. 

In their original model Jacks et al pro
posed that this would happen before pep
tide transfer by slippage of the peptidyl
and aminoacyl-tRNAs bound to the ribo
somal P and A sites. In fact, this point 
was not made explicitly but can be derived 
from the cartoon of the model presented 
in the paper and which is reproduced in 
Figure 5.2. At this point in the ribosome 
cycle there are two tRNAs each base paired 
to the mRNA. This feature would explain 
the need for the repetitive structure of two 
codons. The problem with this model IS 

that this step in the elongation cycle is 

normally very transient. After the EF-la 
exits the A site, leaving the aminoacyl
tRNA engaging the codon in that site, 
peptide transfer occurs extremely rapidly. 
In the exceedingly short time after EF-la 
exits it is unclear how a frameshift event 
could be promoted efficiently. However, as 
suggested by Weiss et al,97 there is a sec
ond step in the elongation cycle during 
which two tRNAs engage the mRNA, af
ter peptide transfer but before transloca
tion of the tRNAs (Fig. 5.3). They pro
posed that this is the stage at which the 
frameshift occurs. Of course, this step is 
also transient since EF-2 would normally 
promote translocation of the peptidyl
tRNA from the PIA site into the P site in 
preparation for acceptance of the next 
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Fig. 5.3. An alternative simultaneous slippage mechanism, proposed by Weiss et al. 97 In this case, - 1 slippage 
occurs after both recruitment of the second tRNA to the slippery heptamer and peptide transfer. After 
slippage, translocation occurs and translation continues in the -1 frame. 

aminoacyl-tRNA. Again, it is unclear how 
efficient frameshifting might occur in com
petition with this normally very efficient 
process. A third possibility is that frame
shifting occurs while the aminoacyl-tRNA 
is still associated with EF-la, either be
fore or after GTP cleavage (Fig. 5.4). 
Again, this model is problematic, this time 
because slippage would cause the eF-la
associated tRNA to no longer be bound to 
a cognate codon. Based on our understand
ing of how the ribosome distinguishes be
tween cognate and noncognate tRN As (see 
chapter 2), this should cause the aminoacyl
tRNA to be rejected, aborting frame
shifting. Resolving which of these three 
mechanisms actually occurs will be diffi
cult since they can not be distinguished by 

their protein products nor by site-directed 
mutagenesis of the slippery heptamer. 

Surprisingly, on the HIV-l site, U
UUU-UUA,41 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 prod
uct the Leu is replaced by Phe, encoded 
by the overlapping -1 frame codon UUU. 
The more prevalent product could be 
produced by simultaneous slippage on 
U-UUU-UUA but not the alternative 
product. The simple alternative that frame
shifting occurs at a heptamer shifted one 
codon upstream is probably not correct 
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Fig. 5.4. A model for simultaneous slippage occurring with ternary complex in the AjT hybrid site. Slippage 
could occur before acceptance of the aminoacyl-tRNA cognate for the second slippery site codon. After 
slippage the aminoacyl-tRNA would be accepted, peptide transfer and translocation would occur, and 
translation would then continue in the + 1 reading frame. 

since that heptamer, U-AAU-UUU, would 
be predicted not to support slippage since 
peptidyl-tRNAAsn bound to the AAU 
would not be able to recognize the over
lapping UAA codon with the required two 
base pairs (slipping between a cognate 

AAU 
interaction, III, and the slipped pairing, 
UAA UUA 

I ). Jacks et a141 suggested that the less 
UUA 

abundant product could have been pro-
duced by the normal mechanism of simul
taneous slippage, followed by spontaneous 
release of the UUA-decoding tRNALeu from 
the UUU codon and subsequent decoding 
of UUU by phenylalanyl-tRNAPhe (see 
Fig. 5.5). This model, of course, assumes 
that frameshifting occurs before peptide 
transfer, since spontaneous loss of the 
UUA-decoding tRNALeu would cause pre-

mature termination of translation if it oc
curred after. 60 A simpler alternative would 
be that a single tRNAPhe bound to the 
UUU codon slips onto the overlapping 
UUU codon followed by decoding of the 
-1 frame UUU codon (see Fig. 5.6). This 
model differs fundamentally from the si
multaneous slippage model in that in it 
frameshifting occurs after translocation of 
peptidyl-tRNA into the P site and before 
recruitment of the next in-frame 
aminoacyl-tRNA. This is the step of the 
elongation cycle at which + 1 frameshifting 
also occurs. Finding that it is true that -1 
frameshifting were possible at either of two 
steps of the elongation cycle would have a 
profound impact on our modeling of the 
mechanism of frameshifting. 
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Fig. 5.5. A model to explain the second frameshift product generated on the HIV·1 site. In this model slippage 
occurs according to the Jacks et a/40 mechanism (see Fig. 5.2), though a model consistent with the model 
shown in Fig. 5.4 is possible. Slippage on the HIV·1 heptamer (U·UUU-UUA) is followed by dissociation of 
the aminoacyl-tRNA from the A site. Since the slippage has already occurred, the tRNA then selected in the 
A site corresponds to the - 1 frame Phe codon, Uuu. 

Support for this alternative mechanism 
comes from an analysis of frameshifting on 
the HIV -1 site in E. coli. Yelverton et aP05 
show that starvation of E. coli cells for leu
cine induces frameshifting on the HIV-1 
site, though starvation for phenylalanine or 
arginine had no effect. As in eukaryotic 
cells, frameshifting on the HIV -1 site in 
E. coli resulted in two products, but star
vation of the cells for leucine specifically 
stimulated the product in which the -1 
frame UUU codon, overlapping the UUA 
Leu codon, was decoded. Apparently, the 
inability to decode the Leu codon effi
ciently 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 
tRNALeu, peptidyl-tRNAPhe slips -1 be
tween identical UUU codons. Decoding 
then resumes in the + 1 frame by reading 
the next codon, UUU, as Phe. Earlier, 
Weiss et a197 found that E. coli ribosomes 
can shift on the 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 reading the overlapping Lys 
codon, AAA. Interestingly, the presence of 
a downstream hairpin biased frameshifting 
toward the two-tRNA slippage, while re
moving the hairpin favored one-tRNA slip
page (the construct used lacked the down-
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Fig. 5.6. A one-tRNA slippage model for the second HIV-l frameshift product. In this model frameshifting 
occurs before selection of the tRNA0~ to decode UUA by slippage of pep tidyl-tR NA:;: . Continued 
expression in the -1 frame continues by selection of phenylalanyl-tRNA~: followed by arginyl-tRNA~~t. 

stream region necessary to form the MMTV 
pseudoknot).97 This result makes it un
likely that one-tRNA slippage contributes 
greatly to -1 frameshifting on such sites 
in eukaryotic cells, though a minority of 
products may be made by that mechanism. 

The existence of an alternative mode 
of frameshifting on the HIV-1 site does not 
decrease the generality of the simultaneous 
slippage model. Clearly, the simultaneous 
slippage model better explains frameshift
ing on a vast majority of sites, including 
all of the eukaryotic sites. In fact, the fact 
that the pseudoknot does not stimulate this 
unusual form of frameshifting suggests that 
one-tRNA slippage is mechanistically un
related to the more common two-tRNA 

slippage. Thus the occurrence of the aber
rant one-tRNA slippage events need not 
be accounted for in models which purport 
to explain simultaneous slippage frame
shifting. Of course, one-tRNA slippage 
events are clearly the exception at eukary
otic sites. In bacteria, as we will see, the 
situation is less monolithic; several of the 
putative simultaneous slippage sites prob
ably actually employ a mechanism more 
similar to that proposed by Yelverton et al. 105 

STIMULATION OF -1 
FRAMESHIFTING BY A 
DOWNSTREAM PSEUDOKNOT 

The initial attempts to characterize -1 
frameshift sites clearly showed that a 
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region downstream from the slippery 
heptamer stimulated frameshifting. 5,40,42 

Within this downstream region one could 
find evidence for a hairpin which might 
be responsible for the stimulation. How
ever, the situation appeared to be more 
complicated since mutagenesis showed that 

Fig. 5.7. Three representa· 
tionsofapseudoknot. The 
sequence corresponds to 
the VPK pseudoknot de· 
scribed by 5hen and 
Tinoco. 78 The pseudoknot 
can be represented (A) as 
a hairpin with base pair· 
ing between the loop and 
a downstream sequence, 
(B) as an exploded pseu· 
doknot structure in which 
the two stems of the 
pseudoknot (51 and 52) 
do not form a coaxial stack 
or (C) as a structure in 
which the two stems to 
stack, which more closely 
resembles the actual struc· 
ture in three dimensions. 
51, stem 1; 52, stem 2; L1, 
loop 1; L2, loop 2. 

A 

B 
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a region distal to the hairpin in the RSV 
site was also required.40 This region was 
not necessary to form the hairpin but 
might be involved in a more complex 
structure. Within the downstream region 
is a short sequence, which is complemen
tary to a sequence within the loop of the 
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hairpin. A structure in which the loop of 
a hairpin base pairs with a sequence out
side the hairpin is called a pseudoknot (see 
Fig. 5.7). 

The first clear demonstration that a 
pseudoknot stimulated frameshifting came 
from analysis of a coronavirus, infectious 
bronchitis virus (IBV), by Brierley et al. 6 

-1 frameshifting occurs between the 1a and 
1 b genes of the virus, producing an 1a-1 b 
fusion protein.5 The site of frameshifting 
was identified as the slippery heptamer, 
U-UUA-AAC, by introducing stop codons 
in the zero immediately downstream of the 
slippery heptamer and in the -1 frame 
immediately upstream of the heptamer; 
neither mutation interfered with frameshift 
expression indicating that the shift in 
frames occurs within the heptamer. 38 Ini
tially, a hairpin loop located 6 nt down
stream of this heptamer was thought to 
stimulate frameshifting. 5 Later, however, 
Brierley et al recognized that the region 
distal to the heptamer could form a 
pseudoknot in which an 8 nt region of 
the hairpin loop (5 1-GAGGCUCG-3 1) 

could base pair with an 8 nt segment (5 1-

CGAGCCUU-3 1) 32 nt downstream. Site 
directed mutagenesis demonstrated the re
quirement for the two base pair interac
tions (the stem of the hairpin loop is 
termed S 1, and the pairing between the 
loop and the downstream region S2; see 
Fig. 5.7). 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 
mutations eliminated the ability to form 
the pseudoknot and eliminated frame
shifting. Recreating the pseudoknot by 
making both compensatory changes in each 
stem (i.e., changing apparent G-C pairs to 
C-G) restored frameshifting. Since there is 
no chemical similarity between the al
phabetic palindromes created by these 
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mutations (5 1-GAGGCUCG-3 1 has no 
chemically reI evan t similarity to 51_ 

GCUCGGAG-3 1) apparently the ability to 
form a pseudoknot, not its primary 
sequence, stimulates frameshifting. 

Similar experiments were done on other 
putative pseudoknots, including those of 
the L-A virus of S. cerevisiae,20 mouse mam
mary tumor virus (MMTV),9 feline immu
nodeficiency virus (FIV)63 and simian 
retrovirus-1 (SR V _1),84,86 as well as a more 

extensive analysis of the IBV site performed 
by Brierley et al,8 The result in each case 
was qualitatively similar, mutations which 
interfere with formation of the pseudoknot 
reduce frameshifting, and compensatory 
double mutations restore frameshifting, 
though not always to wild type levels. Al
though it is not possible to assign a free 
energy value for a pseudoknot since the 
effect 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 84,86 and IBV8 it was difficult to 

directly correlate stability with frameshift 
efficiency. In several cases mutant pseudo
knots with similar estimated stabilities 
promoted different levels of frameshifting. 
ten Dam et al86 pointed out that the cor
relation was better in S2 than in S 1, and 
Brierley et al8 found highly variable effects 
of mutations at the junction between S1 
and S2 where the two stems are proposed 
to stack coaxially. The lack of correlation 
between a simple stability model and the 
mutational data suggested that perhaps 
there was a more complicated effect of 
pseudoknot structure. 

DOES THE PSEUDO KNOT 
ONLY BLOCK PASSAGE 
OF THE RIBOSOME? 

The spacing between the heptamer and 
secondary structure, which averages about 
6 nt,85 is also critical. Changing the spac
ing by deleting or inserting as little as two 
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base pairs can reduce frameshifting, though 
not as much as mutations which destabi
lize':! the structure.7 An early hypothesis 
proposed that the structure would stall the 
ribosome with the slippery heptamer in the 
decoding sites allowing time for the 
tRNAs to slip _1.42 In this case spacing 
would be critical, since the slippery hep
tamer would have to occupy the decoding 
sites during the induced pause. In fact, di
rect evidence now shows that ribosomes do 
pause when traversing the region including 
a pseudoknot, as described below.81 ,90 

Is the only role of the pseudoknot to 
pause the ribosome with the heptamer in 
the decoding sites? Both of the competing 
models of simultaneous slippage envision 
such a pause, either before40 or after97 pep
tide transfer. Peptide transfer is known to 
occur extremely quickly once an aminoacyl
tRNA has been accepted into the A site 
of the ribosome. In fact, a rate constant 
for this step can not be measured and for 
experimental purposes it is considered in
stantaneous.87 Therefore, the Jacks et al 
model40 suggests slippage occurs during a 
state which normally is extremely transient. 
Of course, the Weiss et al model97 imag
ines slippage before elongation factor 
stimulated translocation (stimulated by 
EF-G in bacteria, or its homolog EF-2 in 
eukaryotes), which also occurs rapidly, 
though not as rapidly as peptide transfer. 
If the ribosome must be paused at a spe
cific step in the elongation cycle, does the 
pseudoknot act as a roadblock, or does it 
directly interfere with a biochemical activ
ity of the ribosome, thereby causing the 
ribosome to pause in a way which facili
tates frameshifting? If its effect is more 
specific, then which activity does it inter
fere with? This problem is central to un
derstanding the mechanism of -1 simul
taneous-slippage frameshifting, though 
resolving it appears to be for the present 
beyond our technical capacity. 

Frameshifting in the Weiss et al model 
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 ri
bosome. The translocation step occurs by 
slippage of the tRNAemRNA complex 
across the face of the ribosome. Specifically, 
the mRNA must slip 3 nt along the ribo
some during translocation, with the codon 
which had occupied the A site moving into 
the adjacent P site, and the P site codon 
moving into the E site (see Fig. 5.8). The 
pseudoknot may physically block move
ment of the mRNA, allowing time for the 
two mRNA-bound tRNAs to slip -1. In 
fact, movement of the tRNAemRNA com
plex on the ribosome occurs by an EF-G/ 
EF-2 stabilized change in conformation of 
the peptidyl-tRNA, moving it into the P 
site. This movement of the tRNA could, 
in the absence of mRNA movement, cause 
the -1 slippage that occurs in frame
shifting, as diagrammed in Figure 5.8. This 
is in essence a mechanical model for frame
shift induction by the ribosome caused by 
physical restriction of movement. 

The Jacks et al model requires a more 
sophisticated effect of the pseudoknot. 
Since frameshifting occurs in preference 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, preclud
ing peptide transfer. 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. Alterna
tively, since peptide transfer can not occur 
until EF-Tu (or its eukaryotic analog 
EF-1a) leaves the ribosomal A site, the 
pseudoknot could interfere with dissocia
tion of the elongation factor. There is no 
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Fig. 5.8. - 1 simulta
neous slippage frame
shifting induced by 
EF-2. The ribosome is 
shown paused at the 
pseudoknot. EF-2 
(shown as a black ar
row) tends to push the 
two mRNA-bound 
tRNAs in the 5' direc
tion (relative to the 
mRNA).lfthepseudo
knot precludes move
ment of the mRNA 
this would tend to 
cause the tRNAs to 
slip - 1. After unwind
ing of the pseudoknot 
by a putative riboso
mal helicase transla
tion continues in the 
- 1 frame. Reprinted 
with permission from 
Farabaugh P. Micro
biological Reviews 
60:103-134. © 1996 
American Society for 
Microbiology. 
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direct evidence available in support of 
either of these models. 

The fact that a pseudoknot causes a 
translational pause has been demonstrated 
in two laboratories.S1 ,90 The experimental 
approaches were different. Tu et a190 used 
a "heelprinting" technique101 to map the 
position of paused ribosomes near the -1 
frameshift site of the yeast double-stranded 
RNA L1, also known as L_A.20,92 This ap
proach allows mapping of the position of 

ribosomes to the nucleotide level but can 
not distinguish a transiently paused from 
a permanently trapped ribosome. Somogyi 
et aisl assayed the production of discrete 
nascent peptides during a synchronized 
pulse of translation, allowing the indirect 
assignment of the position of the elongat
ing ribosomes. This approach does not al
low precise mapping but does allow identi
fication of transiently paused ribosomes. The 
two papers come to largely complementary 
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conclusions, demonstrating that ribosomes 
pause at the position of pseudoknots, 
though the ability to induce a pause does 
not appear to be sufficient. 

The heelprinting assay identifies a ri
bosome positioned immediately upstream 
of the pseudoknot. The assay involves iso
lating short segments of mRNA protected 
from micrococcal nuclease digestion. A 
population of mRNAs including a propor
tion of paused ribosomes generates an ex
cess of a specific protected fragment. The 
5 I end of that fragment is assigned by us
ing it to block primer extension when it 
is annealed to the single-stranded minus 
strand DNA. Tu et al map a pair of ap
parently paused ribosomes the 5 I, or trail
ing, edge of which map to 12 and 9 nt 
upstream of the slippery heptamer. 9o They 
argue that the two paused complexes cor
respond to unshifted and -1 shifted ribo
somes, though one might expect that the 
shift would cause a 1 nt difference in po
sition. They did not demonstrate that for
mation of two complexes depends on the 
presence of the slippery heptamer as this 
model would predict. On the other hand, 
it may be significant that the two com
plexes differ in position by precisely one 
codon, suggesting that the ribosome pauses 
at two successive codons. Wolin and 
Walter101 precisely mapped the distance 
along the mRNA from the trailing border 
to the ribosomal A site in a ribosome 
paused at the terminator of the bovine pro
lactin mRNA. They find that there are 
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 shown in Figure 
5.9, 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 in the A site. This suggests 
that simultaneous slippage frameshifting 
occurs at the second of the two pauses. 

The 51 border of the two protected re
gions are 24 and 21 nt upstream of the 
pseudoknot. Given the 30 to 31 nt size of 
the protected region,90 this suggests that 
the ribosome progresses until the pseu
doknot is either 7-8 nt or 10-11 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, though 
it is unclear why the ribosome would not 
pause uniquely. Alternatively, the two 
pauses may be caused by partial unwind
ing of the pseudoknot. The ribosome may 
pause when it first encounters the pseudo
knot, then it may partially unwind the 
pseudoknot (perhaps by 3 bp) in translo
cating 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 occurs as the ribosome ap
proaches the slippery heptamer explains 
why eliminating the first base pair in Sl 
had little effect on IBV frameshifting. 8 

Brierley et al explained this as demonstrat
ing the effect of the overall stability of the 
structure, since such changes should have 
a minimal effect on stability.91 It is pos
sible, alternatively, that the effect is mini
mal because the base pair is normally dis
rupted 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 
Bishop63 showed that increasing or decreas
ing the spacing by 3 nt between the slip
pery heptamer and the pseudoknot in the 
feline immunodeficiency virus (FIV) frame
shift 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 S 1, effectively moving the 
pseudoknot 3 nt nearer the heptamer while 
also increasing its stability slightly. Sur
prisingly, this mutation had little or no 
effect on frameshift efficiency. Though they 
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Fig. 5.9. The deduced posi· 
tion of the slippery hep· 
tamer during two pauses 
on the L·A (or L·l) site. The 
three tRNA binding sites 
are shown (not to scale) 
relative to the upstream and 
downstream positions in 
the mRNA protected from 
attack by RNase by the rio 
bosome. During the first 
pause only the first of the 
codons of the heptamer 
(shown as the L·A sequence, 
G·GGUUUA) enter the A 
site. During the second 
pause, both codons enter 
the A and P sites in the 
position predicted for si· 
multaneous slippage. The 
region downstream corre· 
sponding to the beginning 
of the pseudoknot is shown 
underlined. Reprinted with 
permission from Farabaugh 
P. Microbiological Reviews 
60: 103·134. © 1996 Ameri· 
can Society for Microbiol· 
ogy. 
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did not explain this result it may reflect 
the fact that the longer pseudoknot would 
be unwound as the ribosome approaches 
the heptamer. Increasing the length of Sl 
might induce an additional translational 
pause but would not eliminate the frame
shift producing pause caused by the wild 
type pseudoknot. 

Tu et al correlate the ability of muta
tional variants of the pseudoknot to induce 
pausing with their ability to induce frame
shifting. The correlation is nearly perfect; 
all pseudoknots which stimulate frame
shifting induce a pause, and five of six de
fective mutants appear not to do so. The 
simple conclusion from these data is that 
frameshift-inducing pseudoknots position 
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ribosomes, probably transiently, over the 
slippery heptamer and that this pausing 
may be necessary for frameshifting. Since 
frameshifting may occur after the ribosome 
has partially unwound the pseudoknot it 
is possible that frameshifting requires par
tial unwinding. This requirement for par
tial unwinding suggests a model for simul
taneous slippage frameshifting in which 
reformation of one or more base pairs in
duces the slippage of the mRNA with re
spect to the ribosome-bound tRNAs, as 
shown in Figure 5.10. In this model, the 
free energy associated with reforming one 
or more base pairs drives frameshifting. 
Like the EF-2 model described above (see 
Fig. 5.S), this model provides a mechani
cal explanation for the slippage. If a ribo
somal-associated helicase unwinds second
ary structures in advance of the ribosome 
to facilitate elongation, then in this model 
the pseudoknot pauses the ribosome with 
the pseudoknot bound to the helicase. Re
forming base pairs would then require the 
mRNA to move slightly downstream with 
respect to the helicase, and thus with re
spect to the ribosome. This might cause 
the mRNA to slip in the 3' 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 is that the transient nature of the 
pause was assumed but was not dem
onstrated. The approach of Tsuchihashi88 

and Somogyi et al,8l on the other hand, 
directly visualizes this transient pause. 
Tsuchihashi88 used an in vitro transcrip
tion/translation system to demonstrate a 
protein produced by -1 simultaneous slip
page frameshifting in the dnaX gene of 
E. coli. As will be discussed below, frame
shifting at the dnaX gene causes prema-

ture termination at an out of frame stop 
codon. 3,30,89 In a control experiment, shift
ing at the slippery heptamer was elimi
nated by a site-directed mutation, yet a 
polypeptide the size of this prematurely 
terminated product still appeared tran
siently and disappeared in longer incuba
tions. Tsuchihashi interpreted this frag
ment as being a nascent peptide which 
accumulated on ribosomes paused at the 
dnaX shift site. This strongly implied that 
a transient pause occurred at the frameshift 
site. Somogyi et al8l amplified on these 
experiments using the well-characterized 
!BV frameshift site. They inserted the site 
into a reporter RNA construct and trans
lated it in vitro. Translation was allowed 
to continue for increasing lengths of time 
using reaction conditions which would slow 
down elongation by incubating at 26°e 
rather than 3 JOe to emphasize any tran
siently paused complexes. To facilitate vi
sualization of transient species, a quasi-syn
chronous pulse of translation was created 
by adding the initiation inhibitor edeine 
5 minutes after the start of the reaction. 
In the presence of the inhibitor ribosomes 
can not initiate, so that any protein ex
pressed during later incubation must come 
from ribosomes that initiated during the 
initial 5 minutes. As expected, translation 
is discontinuous, with the accumulation of 
several discrete species of nascent proteins 
on ribosomes which transiently pause dur
ing elongation. The proteins do not result 
from premature termination since the 
bands corresponding to each product dis
appears during longer incubations. Somogyi 
et al observed one nascent peptides which, 
based on its molecular weight, apparently 
was present on ribosomes paused immedi
ately upstream of the pseudoknot. Because 
of limitations of the method the precise 
location of the apparent pause could not 
be determined. The pause, however, did 
depend on the presence of the pseudoknot. 
Replacing the pseudoknot with mutation-
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ally destabilized versions drastically reduced 
pausing, as did replacing it with a stem
loop strucrure. In either case, though, paus
ing was not eliminated but only reduced 
less than IO-fold. The reduced intensity of 
the band means that the pause caused by 
the less stable structures were of shorter 
duration. Again, there was a good correla
tion between pausing and frameshifting 
since all of the constructs which poorly 
induced pausing also induced frameshifting 
at barely detectable or undetectable levels. 
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Fig. 5.10. A pseudoknot
rewinding model for si
multaneous slippage. The 
ribosome pauses on the 
slippery heptamer (U
UUA-AAU), unwinding 
the first few base pairs of 
pseudoknot stem 1; the 
triangle represents a ri-
bosome-associated he/i
case responsible for un
winding the structure. 
Reformation of the base 
pairs forces movement 
of the mRNA in the 5' to 
3' direction, causing slip
page of the bound tRNAs 
-1 (shown occurring as 
predicted by the Weiss 
et a/97 model as in 
Fig. 5.3). After slippage 
and unwinding of the 
pseudoknot, translation 
continues in the -1 
frame. Reprinted with 
permission from 
Farabaugh P. Microbio
logical Reviews 60: 103-
134. © 1996 American 
Society for Microbiology. 

Significantly, the correlation between 
pausing and frameshifting was not perfect, 
since some pseudoknots incapable of induc
ing measurable frameshifting could still 
induce measurable pausing. This brings 
into question the causal relationship be
tween pausing and frameshifting. If trans
lational pausing and frameshifting are not 
necessarily correlated then it is possible 
that the pseudoknot has a second function 
in inducing frameshifting. 1o•81 If the struc
rure does have such a critical second role 
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then one might expect that fulfilling that 
role would require a particular primary or 
secondary structure. Chen et apo maintain 
that there are two general mechanistic roles 
for a pseudoknot in frameshifting, either 
ro act simply as an impediment to ribo
some passage because of the difficulty of 
unwinding the structure, which they con
sider unlikely, or to bind some component 
of the translational apparatus to directly 
induce -1 frameshifting. That component 
would probably be a protein, though bind
ing by another nucleic acid is not formally 
excluded. Fulfilling this alternative role 
would require a specific primary or second
ary structure to allow specific recognition. 
They therefore attempted to analyze the 
structure of a particular pseudoknot to de
termine what structural constraints there 
were to its action. The pseudoknot they 
chose was a variant of the gag-pro pseu
doknot of MMTV, termed VPK,78 which 
efficiently stimulates frameshifting. Struc
rural mapping using enzymatic and chemi
cal probes demonstrated that VPK forms 
a pseudoknot which resembles previously 
characterized model pseudoknots. 52,70,102 

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, Sl and S2, stack coaxially, 
with the stacking presumably contributing 
to the stability of the molecule. The pres
ence of the extra nucleotide should inter
fere with stacking and, therefore, might be 
expected to destabilize the structure. If sta
bility were the only determinant of pseudo
knot activity, the extra nucleotide might 
be expected to decrease the ability to 
stimulate frameshifting. Quite the opposite 
seems to be the case. Another variant of 
the MMTV pseudoknot, termed APK, can 
not stimulate frameshifting. One of the 
differences between APK and VPK is an 
A-U base pair replacing a G-U base pair 
at the helix interface (Fig. 5.11). This 

change appears to be the prime cause of 
the inability of APK to induce frame
shifting. Structural mapping demonstrated 
that the presence of the A- U base pair 
makes the SI-S2 interface more accessible, 
which suggested to Chen et apo that the 
A- U base pair does not form, leaving two 
unpaired nucleotides at the APK Sl-S2 in
terface. Replacing the A-U base pair of 
APK with a G-U both increases frameshift 
stimulation and makes the S I-S2 interface 
less accessible in APK. These data suggest 
strongly that the presence of a single nucle
otide, probably intercalated into the pseu
dohelix formed by Sl and S2, is essential 
to frameshift stimulation. 

Shen and Tinoco78 have used an nuclear 
magnetic resonance (NMR) approach to 
determine the structure of a 34 nt VPK 
oligonucleotide. Molecular modeling based 
on their NMR data produced four very 
similar structures which generally confirm 
the predictions of Chen et al. lo The 
pseudoknot consists of two A-form helices 
with an intercalated A residue at the in
terface. The presence of that nucleotide, 
and the length of the two loops, introduces 
a bend of about 121 0 at the interface. The 
loops lie along the grooves of the struc
ture-L1 on the wide minor groove of S2 
and L2 on the narrow major groove of S1. 
The structure is highly ordered including 
having all but one of the loop nucleotides 
participate in base stacking. The NMR 
data indicates that the structure is dy
namic, with rapid movement indicated for 
four nonbase paired residues and fraying at 
the ends of S2. Shen and Tinoc078 specu
late that frameshift stimulation depends 
both on the bent structure of the pseudo
knot, which is very different from the pre
sumed straight structure of pseudoknots 
lacking the intercalating base, and on its 
dynamic nature which they propose may 
allow for the structure to react more fa
vorably with the translational machinery. 
They note that the mutational data sug-
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gest that the primary sequence of frame
shift-stimulating pseudoknots are not con
strained.6,8-10 Thus 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 pseudo
knot to stimulate frameshifting may depend 
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Fig. 5.11. Structure of a 
frameshift-inducing pseu
doknot. The overall struc
ture of the pseudoknot, 
VPK78, is shown. The extra 
nucleotide, Al~ causes a 
bend between stem 1 (be
low) and stem 2 (above). 
More details are given in 
the text (after Shen and 
Tinoco78). Reprinted with 
permission from Farabaugh 
P. Microbiological Reviews 
60: 1 03-134. © 1996 Ameri
can Society for Microbiol
ogy. 

on its being recognized by one or more fac
tors which are responsible for monitoring 
,codon-anticodon pairing. How this might 
stimulate frameshifting is not described. 

More recently, Kang et a145 have de

termined the structure of the nonframeshift 
stimulating APK pseudoknot. The result 
tends to confirm that the conformation of 
the pseudoknot determines its ability to 
stimulate since APK apparently has a very 
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different three-dimensional structure even 
though its primary sequence is very close 
to VPK's. The most obvious structural dif
ference in APK is the presence of two un
paired nucleotides at the interface between 
the two stems. The presence of an extra 
base changes the spatial relationship be
tween the two stems so that they are no 
longer coaxial because they are both bent 
and twisted with respect to each other. In 
addition, L2 does not lie within the wide 
minor groove of Sl as it does in the VPK 
structure but rather is far more solvent 
accessible. The impression is of a much 
more open structure, consistent with the 
greater accessibility of the S 1-S2 interface. lO 

The APK pseudoknot also has a lower ther
mal stability than does VPK, with an SoC 
lower melting temperature (64°C rather 
than 72°C). Kang et al45 tested whether 
the difference in thermodynamic stability 
alone could explain the greater effect of 
VPK by constructing a variant of APK 
predicted to form a longer S2. This pseudo
knot actually has a higher thermal stabil
ity than VPK (S6°C versus nOC) yet it 
stimulates only slightly more frameshifting 
than does APK. They argue that this lack 
of correlation between thermal stability and 
frameshift induction suggests that it is the 
structure of the pseudoknot which stimu
lates frameshifting, supporting their hy
pothesis that the pseudoknot binds to a 
ribosomal component or ribosome-bound 
factor to stimulate frameshifting. 

IS THERE A PSEUDO KNOT 
RECOGNIZING FACTOR? 

How does the pseudoknot induce 
frameshifting? The two possible mecha
nisms mentioned by Chen et alia-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 particu
lar, I have already mentioned one possibil
ity, that the reformation 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 ca
talysis model would predict that the struc
ture of the pseudoknot alone would be suf
ficient, 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 sim
ply binds some factor on the surface of the 
ribosome. A more moderate version of the 
ribonucleoprotein complex model would pre
dict that the complex of the pseudoknot and 
such a factor would induce frameshifting, 
acting in concert. 

The structural data of Chen et al,lo 
Shen and Tinoco,78 and Kang et al45 seem 
to argue strongly for the factor recruitment 
model. If pseudoknots must adopt a par
ticular conformation to promote frameshift
ing, then 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 mo
lecular mimic of the codon -anticodon pair 
structure is attractive, though how this 
mimicry would promote 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 apo demonstrate 
that the pseudoknots of both SR V _1 84.86 

and FIV63 share an unusual structure at the 
S 1-S2 interface and that that structure is nec
essary for them to stimulate frameshifting 
(see Fig. 5.11 which illustrates how the 
"wedge" nucleotide disrupts the linear 
structure of the pseudoknot). However, it 
is not clear how general this structure is. 
In the !BV pseudoknot, for example, the 
two stems are predicted to stack coaxially, 
and mutant forms of the pseudoknot which 
disrupt base pairing at the interface tend 
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to interfere with frameshifting. In addition, 
some frameshift sites replace the pseudo
knot with a conventional hairpin or no 
structure whatever, as we will see below. 

Kang et al45 show that the ability to 
stimulate frameshifting does not simply 
depend on the thermal stability of the 
pseudoknot, supporting the concept of a 
pseudoknot-recognizing factor. Still, this 
result does not invalidate the alternative 
hypotheses, in particular that it is the abil
ity of the pseudoknot to reform base pairs 
at the beginning of Sl which explains its 
stimulatory effect. The most obvious dif
ference between the stimulatory and non
stimulatory pseudoknots VPK and APK is 
that L2 does not lie within the minor 
groove of Sl in APK. Rather supporting 
the proposed structure-specific recognition 
of Kang et al.45 It could be that the loop 
provides increased stability to Sl, facilitat
ing reformation of the necessary base pairs. 
Kang et al45 note that the contribution to 
stability from loops and their interaction 
with stems is not known, so the impor
tance of this interaction can not be esti
mated. For these reasons, the idea of a 
pseudoknot-recognizing factor must be 
treated as extremely hypothetical. 

Kollmus et al49 provide an example in 
which a protein binding to a downstream 
secondary structure stimulates frameshift
ing. The system is entirely synthetic, based 
upon iron-dependent translational control 
of ferritin translation. Ferritin expression 
increases in conditions of high iron and 
decreases in low iron; the regulation de
pends on iron-regulated binding of a pro
tein termed iron response factor (IRF) to a 
stem-loop termed the iron response element 
(IRE) in the 5' nontranslated region of the 
gene. Kollmus et al transferred the IRE to 
the region immediately downstream of the 
HIV -1 frameshift site and showed that it 
could stimulate frameshifting and that 
frameshifting increased about 2-fold in con
ditions of low iron compared with high 
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iron conditions. They were unable to show 
similar stimulation of frameshifting on the 
HTLV -2 frameshift site,49 though this dif
ference could have resulted from their plac
ing the IRE 6 nt downstream of the HIV-1 
site and 8 nt downstream of the HTLV-2 
site; changes of as little as 2 nt are known 
to reduce frameshift stimulation.7 Never
theless, the ability of IRF binding to 
stimulate frameshifting resembles the pro
posed effect of a pseudoknot-binding fac
tor. But is it a good model for such an 
interaction? In fact, IRF's ability to stimu
late frameshifting rather seems to argue 
against a specific ribosome-bound stimu
latory factor and argue for the idea that 
stimulatory ability is related to stability of 
the strucrure to unwinding by the ribo
some (which may be quite distinct from 
its thermal stability). Functional replace
ment of the HIV -1 stimulator by the IRE 
is consistent with the re-pairing model, 
since the IRF binding to the IRE has been 
shown to stabilize the structure, especially 
near the base of the stem;32 a more highly 
stabilized strucrure would be more prone to 
reforming base pairs as the model suggests. 

Various laboratories have attempted to 
test if pseudoknot-binding factors are re
quired for frameshift stimulation. Edwin 
ten Dam and his colleagues indirectly 
tested if such a factor exists.84 They rea
soned that if frameshifting in an in vitro 
system depended on a pseudoknot-binding 
factor then an excess of the pseudoknot 
should titrate the factor out of the extract, 
thus reducing frameshifting . Using the 
Simian retrovirus 1 (SRV-l) site, which 
promotes frameshifting in an in vitro sys
tem, they found that addition of an excess 
of the SR V -1 pseudoknot in trans did not 
inhibit frameshifting. Even a 2000-fold 
molar excess of competitor pseudoknot 
caused no decrease in frameshifting from 
the reporter RNA. This result is consis
tent with the hypothesis that there is no 
pseudoknot-binding factor, though it is 
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also possible that the factor is tightly as
sociated with the ribosome. In that case, 
the factor might not be extracted from 
translating ribosomes, and the pseudoknot 
competitor would be unable to interfere 
with frameshift induction. Tinoco's labo
ratory reports having done a similar experi
ment with the same result (unpublished 
results referred to in Chen et aI IO). 

Two other groups have taken a genetic 
approach to identify factors which stimu
lates -1 simultaneous-slippage frameshift
ing, which might include pseudoknot
binding factors. Dinman and Wickner22 
used a genetic screen to identify mutations 
which significantly reduced -1 frameshift
ing. Mutations were identified in eight 
complementation groups-termed mo/1 
through mo/8 (maintenance Qf frame). They 
identified mutations which increased frame
shift-dependent expression of a lacZ re
porter gene from 2.7- to 8.9-fold. These 
were not bypass suppressors, increasing lacZ 
expression by a mechanism unrelated to the 
normal -1 frameshift mechanism, since 
their ability to stimulate lacZ expression 
depended on the presence of a functional 
frameshift site. In addition to this direct 
phenotype, the mol mutations had other 
relevant phenotypes. Previously Dinman 
and Wickner21 had demonstrated that the 
efficiency of -1 frameshifting critically 
regulates virus propagation, as measured by 
the ability of a cDNA clone of the yeast 
virus-like dsRNA to support propagation 
of the MI satellite dsRNA. Increasing or 
decreasing efficiency by as little as 2-fold 
interfered with propagation. Accordingly, 
five of the mol mutations confer the same 
phenotype. It is not clear why only some 
of the mutations affect MI propagation. 
Those which fail to affect propagation are 
among those with the lowest effect on 
frameshifting, but among these mutants 
those with indistinguishable effects on 
frameshifting can differ in their ability to 
support MI' In addition, mutations in three 

of these five genes, MOF2, MOF5 and 
MOF6, cause temperature-sensitive growth 
each with a unique cell-cycle arrest at the 
restrictive temperature, and MOF2 and 
MOF5 are essential for growth on nonfer
mentable carbon sources. These pleiotropic 
phenotypes suggest that these MOF genes 
perhaps targeting elements of the 
translational apparatus. 22 

None of the MOF genes is a clear can
didate for a pseudoknot binding factor. 
Mutants in four of six tested genes signifi
cantly increase + 1 frameshifting on the Tyl 
frameshift site. Since the pseudoknot is not 
expected to stimulate + 1 frameshifting, 
these genes are unlikely to encode pseudo
knot binding factors. In fact, the MOF 
products could affect frameshift-dependent 
expression of the L-A pol gene indirectly. 
Mutations in the UP F 1 gene provide a 
precedent for an indirect effect. The up/1 
mutants were selected as increasing expres
sion of a frameshift mutant form of the 
HIS4 gene, ostensibly by increasing the 
efficiency of decoding by a frameshift sup
pressor tRNA. However, the mutation ac
tually increases the stability of the HIS4 
mRNA, made unstable by the lack of 
translation distal to the frameshift muta
tion. Though the mol effect may not be 
related to mRNA stability (the amount of 
L-A mRNA is unchanged in the mutant22), 

the mutants could affect a step other than 
frameshifting itself and still have the ob
served effect on expression. Determining 
the mechanism of action of these mutations 
will of course require further analysis. 

Surprisingly, one mol mutation, mo/9, 
has an unexpected target, the gene encod
ing the 5S rRNA.23 A multi copy plasmid 
which suppresses the phenotype of this 
mutation carries a segment of the rDNA 
including the 5S rRNA gene. Subcloning 
demonstrated that the 5S rRNA gene it
self suppressed the phenotype, and classi
cal genetic analysis showed that the mo/9 
mutation is linked genetically to the rDNA 
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array. In fact, Dinman and Wickner23 
found that an rDNA cistron which had 
been marked by integration of a URA3+ 
gene fortuitously conferred a Mof- pheno
type. Presumably this genetic background 
carries a mutant form of the 5S rRNA 
gene, though this has not been directly 
shown. Moreover, two characterized 5S 
rRNA gene mutations93 confer the Mof
phenotype when overexpressed in a wild 
type genetic background. This is somewhat 
surprising, since the mutations were con
structed only to test the ability to detect 
mutant forms of 5S rRNA in vivo and were 
not know to confer any phenotype. It is 
odd that the Mof- phenotype occurs in 
three unselected allelic forms of 5S rRNA; 
this suggests that it may be relatively easy 
to generate such a phenotype. Also, the 
mo/9 mutations increase frameshifting at 
both -1 and + 1 frameshift sites, suggest
ing that the 5S rRNA gene may have a 
role in insuring maintenance of transla
tional frame. The mutants may be some
what defective in that function, allowing 
increased programmed frameshifting. Alter
natively, mo/9 could be a gain of function 
mutation, altering 5S rRNA to interfere with 
the frame maintenance function of another 
ribosomal component, though 5S rRNA 
normally may have no role in fidelity. 

A second screen for suppressors that 
increase efficiency of -1 frameshifting has 
been performed in yeast using the mouse 
mammary tumor virus gag-pro frameshift 
site. 53 Using a combination of a selection 
for increased copper-resistance provided by 
a gene fusion to CUP 1, the yeast copper 
metallothionein, and a screen for increased 
expression of p-galactosidase from a lacZ 
fusion, Lee, Umen and Varmus 53 identified 
mutations in two genes, IFS 1 and IFS2, 
which increase frameshifting up to three
fold at -1 frameshift sites. The mutations 
also show increased suppression of nonsense 
mutations in the presence of paromomycin, 
a drug which causes decreased fidelity of 
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translation. 65 ,79 The wild type IFS 1 gene 
has been cloned and shown to be identical 
to the previously characterized gene UPF21 
NMD2ISUAl,15,34,69 a gene involved in 

degradation of mRNAs containing prema
ture termination codons. The IFS2 gene is 
allelic to another gene that is also involved 
in nonsense-mediated mRNA degradation, 
UPFI a. Dinman, personal communica
tion). Although Lee et aP3 state that the 
ifs mutants do not alter the stability of 
mRNAs including programmed frameshift 
sites, the fact that the genes also affect sta
bility of mRNAs which do not include 
frame shift sites suggests that the effect of 
increased expression from programmed 
frameshift sites may be caused by increased 
availability of mRNAs. Alternatively, the 
proteins encoded by these genes may have 
a dual function in modulating translational 
frameshifting and in signaling the lack of 
translation of nonsense-mutant containing 
mRNAs. It is not clear how the protein 
would accomplish the two tasks since the 
first would seem to be a ribosomally asso
ciated function, and the second might 
not be. 

SOME SIMULTANEOUS
SLIPPAGE SITES DO NOT 
INCLUDE A STIMULATORY 
PSEUDOKNOT 

The requirement for a pseudoknot to 

stimulate -1 frameshifting is nearly uni
versal. However, there are genes which ei
ther have no apparent structure or which 
utilize a stem-loop structure instead of a 
pseudoknot. For example, no structure was 
found distal to -1 frameshift sites from 
either the retrotransposon 17.6 of Droso
phila or an isolate of Simian immunodefi
ciency virus isolated from African green 
monkeys (SIV AGM).85 In addition, hairpins 
rather than pseudoknots were predicted 
distal to the gag-pro frameshift sites of 
human T-cell leukemia virus 1 and 2 
(HTLV-I and HTLV-II), and simian T-cell 



92 Programmed Alternative Reading of the Genetic Code 

leukemia VIruS (STl V -I), the pro-pol sites 
of Simian retrovirus 1 and 2 (SR V -1 and 
SRV-2), and Mason-Pfizer monkey virus 
(MPMV), and the gag-pol sites of retro
transposon gypsy of Drosophila and human 
immunodeficiency virus 1 and 2 (HIV-1 
and HIV -2). 85 Most of these structures are 
merely predicted by computer analysis, and 
no data exists to prove that the RNA 
adopts the predicted conformation. The fact 
that, as we have seen, frameshift stimulating 
pseudoknots can not be replaced by similarly 
or more stable hairpin structures8 suggests 
that we should be very careful to conclude 
that these sites are truly independent of a 
pseudoknot. 

However, if some sites do not in fact 
need a pseudoknot, then they are clearly 
different from canonical eukaryotic sites, 
raising the question of how they manage 
to stimulate frameshifting efficiently. One 
explanation could be that the heptanucle
otide at these sites is unusually slippery, 
obviating the need for stimulation by the 
secondary structure. This may often be the 
case, as exemplified by the case of the 
HIV-1 frameshift site. Wilson et apoo ana
lyzed the signals which specify -1 frame
shifting in HIV -1 and found that only the 
six uracils of the homopolymeric sequence 
U -uuu -UU A appeared to be necessary for 
efficient frameshifting and that this signal 
was sufficient both in vitro in a rabbit 
reticulocyte extract translation system and 
in vivo in a heterologous yeast system. 
Later, in a careful quantitative analysis, 
Parkin et al68 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 pro
moter, Parkin et al showed that mutations 
which destabilized or eliminated the stem
loop reduced frameshifting 4- to 7 -fold in 
vivo and 2- to 3-fold in vitro. Reil et aF4 
confirmed this result, showing that the 
heptanucleotide repeat was sufficient to al-

low frameshifting and that the stem-loop 
merely modulates its efficiency. 

Clearly the HIV -1 gag-pol stem-loop 
stimulates frameshifting at the slippery 
heptamer, though in other contexts stem
loops do not. It is not yet clear if the rea
son the stem-loop functions is because of 
an especially slippery heptamer or because 
of other features of the sequence surround
ing the shift site. An experiment swapping 
downstream structures showed that the 
HIV-1 gag-pol stem-loop does stimulate 
much less efficiently than the pseudoknot 
derived from the mouse mammary tumor 
virus (MMTV) gag-pro shift site.9 However, 
the converse experiment, introducing other 
slippery heptamers into the HIV-1 context, 
has not been done. It is possi ble that 
stimulation by the HIV -1 heptamer re
quires other sequences either upstream or 
downstream of the shift site. Wilson et 
apoo 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,55 that the region encompassing the 
stem-loop plays a role in stimulating 
frameshifting. The possibility of a long-range 
interaction, in the form of a pseudoknot, can 
not be rigorously excluded. 

FRAMESHIFTING REGULATES 
A MORPHOGENETIC PROCESS 

Programmed -1 frameshifting in eu
karyotes is essentially a unitary phenom
enon in the sense that a common set of 
rules seem to govern all of the sites. Those 
include the idea that frameshifting occurs 
on a heptameric sequence by slippage of 
two mRNA-bound tRNAs simultaneously. 
The efficiency of frameshifting depends on 
the ability of those tRNAs to be able to 
base pair in the shifted frame, making at 
least two base pairs after doing so. This 
slippery heptamer is the only essential ele
ment of the frameshift site since the only 
mutations which actually eliminate frame
shift-dependent expression occur in that 
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sequence. A second element located down
stream of the slippery heptamer is not es
sential, but only stimulates the efficiency 
of frameshifting at the heptamer. In the 
great majority of cases this downstream 
element is a RNA pseudoknot, though 
other structures can in some cases substi
tute' mainly, RNA hairpins. The spacing 
between these two elements is critical, and 
must be around 6 nt. This very simple 
structute occurs in a variety of genes, from 
yeast to mammalian viruses. This ubiquity 
suggests, but can not prove, that the sites 
have evolved multiple times. The simplic
ity of the solution is such that it is not 
difficult to imagine simultaneous slippage 
sites evolving independently. In particular, 
the fact that a simple heptameric sequence 
can provide low-level frameshifting even in 
the absence of the more elaborate down
stream pseudoknot suggests that the sites 
might have evolved from perhaps fortuitous 
heptamers and that the downstream ele
ment evolved only afterwards to increase 
the efficiency of frameshifting. 

What limits might evolution have 
placed on these sites? This question is in 
effect another way of asking what the role 
of frameshifting is in the life cycle of the 
viruses and transposable elements whose 
expression it regulates. The fact that these 
sites have been found so far exclusively in 
moveable genetic elements is perhaps the 
most striking aspect of their evolution. A 
simple explanation for this distribution is 
that frameshifting provides for a particu
larly compact gene structure; in small 
prokaryotic viruses such as <l>X174 there 
appears to have been a very strong selec
tion for limiting the size of the genome 
since entire genes exist in overlapping read
ing frames. 1,2 It is difficult to argue, 
though, that the limited overlap which 
occurs at programmed frameshifting sites 
could affect the efficiency of propagation 
of the elements in which they are found 
in this way. 
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The role of the frameshift in the case 
of the retroviruses and retrotransposons 
appears to be morphogenetic. The protein 
expressed by frameshifting is a fusion of 
the gag product to the protein which pro
vides the enzymatic activities necessary for 
reverse transcription of the retroviral 
mRNA; in most cases this is the pol gene 
product, though in some viruses these ac
tivities are encoded by two genes, pro and 
pol (reviewed by Hatfield et aP3 and 
Jacks39). The Gag protein has a structural 
role, forming the viral core particles within 
which reverse transcription takes place. By 
fusing the enzymatic activities to this 
structural protein they are targeted to as
semble along with Gag into the develop
ing core particles (reviewed by Dickson et 
aI 19). The geometry of the fusion protein 
causes the Pol protein to be deposited in 
the interior of that core. Thus, fusing the 
proteins together into a single polypeptide 
solves the morphogenetic problem of tar
geting them to the interior of the struc
ture. Of course, there are simpler ways in 
which this could be accomplished. The Pol 
polypeptide need only interact with the 
Gag polypeptide by a protein.protein con
tact for Pol to assemble into the particle. 
This occurs very commonly in the forma
tion of complex multi subunit structures. 
What additional purpose is then served by 
the formation of this fusion protein? One 
purpose of this mechanism is that it al
lows for regulation of the stoichiometry of 
the structural (i.e., Gag) and enzymatic 
(Pol) products which appears crucial for 
efficient reverse transcription. 21 

Alternative splicing is a mechanism 
commonly used to express alternative forms 
of a protein product. One could imagine a 
situation in which expression of the Gag
Pol fusion protein would occur by an al
ternative splicing event that creates an 
mRNA in which the two genes are fused. 
This mRNA could be translated to pro
duce the fusion while a second mRNA 
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species, lacking the splice, would express 
the Gag product. The stoichiometry of the 
two protein products would then be de
fined by the stoichiometry of the mRNAs. 
In retroviruses this solution would create 
a problem. Since the same RNA serves as 
messenger and genome (template for re
verse transcription), any mRNA spliced in 
this way could be packaged into the viral 
core, reverse transcribed and reintegrated 
after the next infection. This provirus 
would be defective since it would be inca
pable of expressing the Gag product with
out fusing it to the Pol product. A virus 
in which the gag and pol genes are fused 
in this way is incapable of further replica
tion since it can not form the necessary 
core particles. 29,48,67,104 Of course, retro

viruses do use alternative splicing in ex
pressing other products, e.g., the product 
of the env gene. However, these sub
genomic mRNAs can not be incorporated 
into the viral core because they lack a pack
aging signal, termed \jf, which directs in
sertion of the RNA. The \jf signal is within 
the gag gene, which is removed from these 
subgenomic mRNAs. The putative spliced 
mRNA expressing the Gag-Pol fusion 
would retain all of gag and, therefore, also 
retain \jf. For this reason it would not be 
possible to exclude the packaging of the 
Gag-Pol fusion protein mRNA.98 Thus 
frameshifting provides a morphogenetic 
tool while avoiding a potential genetic 
problem. 

Retroviruses have evolved to express 
Gag and Gag-Pol within a very narrow 
range of stoichiometries, with ratios of 
from 20:1 to 50:l. 66 ,83 Dinman and 
Wickner21 found that virus-like particles 
of the yeast dsRNA element L-A have two 
molecules of the Gag-Pol fusion protein 
each. They also knew that the protein 
dimerizes and that it had RNA binding 
activity. They proposed a model for par
ticle formation in which the dimerization 
of Gag-Pol played two crucial roles in 

morphogenesis. First, by binding the L-A 
mRNA, the protein targeted its packag
ing into the particle. Second, they proposed 
that the Gag-Pol dimer might nucleate 
formation of the virus-like particle, with 
Gag monomers adding on to the Gag-Pol 
dimer to form the mature core. This hy
pothesis is very attractive since it explains 
several aspects of the life-cycle of the vi
rus and the relevance of the frameshift 
product to it. It also explains why chang
ing the stoichiometry would adversely af
fect propagation. In their model decreas
ing the concentration of Gag-Pol relative 
to Gag would tend to limit dimerization, 
which should be second-order with respect 
to the fusion protein. Increasing the sto
ichiometry would cause too many particles 
to initiate formation, so that with a limit
ing supply of Gag monomers too few 
would complete assembly. However, the 
model can not be applied to all retroviruses 
because the viral capsids generally include 
many more copies of the Gag-Pol fusion; 
for example, the avian myleloblastosis vi
rus (AMV) capsid contains 70 monomers 
of reverse transcriptase,66 corresponding to 
70 Gag-Pol fusion proteins. With this sto
ichiometry it seems unlikely that small 
changes in Gag-Pol concentration would 
interfere with nucleation of capsid assem
bly. The most telling objection to the 
model, however, is that changes in stoichi
ometry affect proteolytic processing of the 
Gag monomer and Gag-Pol fusion protein 
rather than assembly per se (reviewed by 
Farabaugh28). 

The effect of modifying the stoichiom
etry of Gag to Gag-Pol on the transposi
tion of Ty retrotransposons in Saccharomyces 
cerevisiae demonstrates the connection be
tween translational frameshifting and pro
teolytic processing.46 Changing the stoichi
ometry of the Ty1 Gag to Gag-Pol proteins 
(which are called TYA and TYA-TYB) 
from its normal 33: 1 to 1: 1 near! y com
pletely blocks processing. In this case only 
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one processed protein is apparent, with 
about half of the Gag-Pol protein being 
processed to release a fragment encompass
ing only the Pol portion. Two subsequent 
cleavage events needed to release the three 
mature proteins, protease, integrase and 
reverse transcriptase/RNase H, are com
pletely blocked. This phenotype is differ
ent from that caused by expression of 
Gag-Pol in the absence of Gag. In that case 
no processing occurs whatever. This is con
sistent with the hypothesis that activation 
of the Ty1-encoded protease, which performs 
the proteolytic processing, requires an inter
action between the Gag and Gag-Pol pri
mary translation products. These pheno
types are intriguing, yet are difficult to 
explain. It is not clear how changing the 
stoichiometry would lead to this kind of 
blockage. Perhaps the processing must oc
cur in the context of a more complex struc
ture. In that case a near normal capsid 
must be formed before the protease be
comes activated. Formation of a capsid 
which includes too large a proportion of 
Gag-Pol might lead to a overall structure 
which was defective in protease activation. 
It may be that the inefficient cleavage, 
which continues when the ratio of Gag-Pol 
is increased, is at a site which is either 
particularly sensitive to degradation or is 
autocatalytically cleaved before complete 
processing occurs. Alternatively, the inabil
ity to complete processing may be caused 
directly by the inability to form a proper 
protein .protein complex. For example, an 
excess Gag-Pol may self-assemble, excluding 
interaction with the Gag monomer. Since the 
Gag·Gag-Pol interaction appears essential to 

activate the protease, aggregation would tend 
to interfere with processing. Furthermore, 
complete processing of the Pol polyprotein 
may require that it be present in the form 
of a dimer (or perhaps monomer) rather than 
a multimer in order to either activate 
its cryptic protease activity or make it 
susceptible to cleavage by the protease. 
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Regardless of whether it is the overall 
structure of the viral core or the ability to 
make appropriate protein ·protein contacts 
which modulates proteolytic processing, it 
is clear that stoichiometry sensitively regu
lates the formation of mature viral cores. 
The response to variation in stoichiometry 
is very sensitive since changes of less than 
2-fold had measurable effects on propaga
tion. 21 ,104 It may be that translational 
frameshifting is particularly effective as an 
expression strategy because it is possible to 
create a site which consistently expresses 
proteins at a particular stoichiometry. De
spi te the microscopically stochastic nature 
of the event, e.g., the fact that it is the 
probability of either of two alternative 
events occurring which defines frameshift 
efficiency, the overall outcome is very pre
dictable and stable. Surprisingly few physi
ological changes have been found which 
alter frameshift efficiencies, and none have 
been identified which modulate the -1 si
multaneous slippage frameshifting. It may 
be, therefore, that the frameshift systems 
have evolved to allow expression of alter
native products in a predictable stoichiom
etry which is stable to the many physi
ological insults the cell must endure. This, 
in addition to the morphogenetic features 
of the protein product, may explain why 
so many viruses have evolved frameshifting 
systems to express alternative products. 
Whether this explanation can be extended 
to the many nonretroviruses which also 
employ this mechanism remains to be seen. 
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