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Introduction

Programmed ribosomal frameshift (PRF) signals are cis-acting 
elements located inside of open reading frames in mRNAs 
that are able to stochastically redirect translating ribosomes to 
shift into alternative reading frames. In the typical viral con-
text, these elements allow the translational apparatus to bypass 
a 0-frame encoded in-frame stop codon and continue synthe-
sis of a C-terminally extended fusion protein. The use of pro-
grammed -1 ribosomal frameshifting (-1 PRF) by a wide variety 
of RNA viruses has enabled definition of some broad rules for 
at least one class of these elements.1 A typical -1 PRF promoting 
mRNA sequence motif contains three elements: a heptameric 
“slippery site” where the translational shift in reading frame 
actually takes place; a short spacer sequence of usually less than 
12 nucleotides; and a downstream stimulatory structure (usu-
ally an mRNA pseudoknot). In eukaryotic RNA viruses, the 
slippery site has the heptameric motif N NNW WWH, where 
the incoming reading frame is indicated.2 Current models posit 
that aminoacyl- and peptidyl-tRNAs are positioned on this 
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sequence while the ribosome pauses at the downstream second-
ary structure, which is thought to provide an energetic barrier 
to elongating ribosomes, positioning them at the slippery site.3-7 
The nature of the slippery sequence enables re-pairing of the 
non-wobble bases of both the aa- and peptidyl-tRNAs with the 
-1 frame codons. mRNA pseudoknots are the most common 
stimulatory structures but stem-loops and other structures are 
also capable of stimulating -1 PRF.8,9

There are a growing number of examples of functional PRF 
signals in expressed eukaryotic genes.10-16 The existence of these 
PRF signals in a wide variety of viral and prokaryotic genomes 
suggests an ancient and possibly universal mechanism for con-
trolling the expression of actively translated mRNAs. The past 
few years have seen the publication of several reports describing 
in silico identification of “recoding signals” using a wide variety 
of computational approaches.16-22 While many different bioin-
formatics methodologies have been used, these tend to fall into 
two general and complementary strategies. The first, based on 
the observation that viral frameshifting events direct ribosomes 
into new ORFs, is to first find out-of-frame ORFs followed 
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these cases, ablation of NMD resulted in partial increased accu-
mulation of a reporter mRNA. Importantly, altering rates of 
EST2 mRNA -1 PRF, either by ablation of EST2 slippery sites, 
through the activity of extragenic mutants, or by the use of -1 
PRF altering drugs mimicked the effects on NMD ablation of 
yeast telomere length. These findings suggest that -1 PRF is 
utilized to control the abundance of telomerase components, 
and thus telomere length in yeast cells.

Results

The mRNAs encoding at least 4 proteins involved in yeast 
telomere maintenance contain operational -1 PRF signals. A 
search for -1 PRF signals in the yeast EST2 mRNA revealed 
10 slippery sites in the correct reading frames, and further 
examination of the computationally predicted structures and 
statistical analyses suggested that 5 of these had the potential to 
encode operational -1 PRF signals (Table 1 and Fig. S1). Note 
that, while the signal beginning at position 72 appeared to lack 
significant mRNA structure, the presence of a “double slippery-
site” A AAU UUA AAA made it an attractive candidate none-
theless. Similarly, searches for -1 PRF signals in the mRNAs 
encoding other proteins involved in telomere maintenance 
revealed three candidates in EST1, two in STN1 and one in 
CDC13. Synthetic oligonucleotides containing these sequences 
were used to clone the predicted -1 PRF signals into standard 
yeast high copy dual-luciferase reporter plasmids.26 Note that 
in order for frameshifted ribosomes to bypass -1 frame termi-
nation codons present in the native sequences, either 1 base 
was deleted from, or 2 bases were added to the spacer regions 
immediately 3' of the slippery sites, thus directing shifted ribo-
somes back into the original reading frame and enabling syn-
thesis of the downstream firefly luciferase reporter. While these 
modifications may change actual rates of -1 PRF, the resulting 
plasmids nonetheless remain useful for determining whether or 
not the sequences in question are fundamentally capable of pro-
moting efficient rates of -1 PRF. Employing a cutoff of 1% i.e., 
approximately 20-fold above non-programmed frameshifting,26 
the EST2 mRNA was found to harbor three functional -1 PRF 
signals, EST1 contains two, and STN1 and CDC13 each have 
one (Table 1). To ascertain whether -1 PRF promoted by these 
sequences adhered to canonical simultaneous slippage mecha-
nism,27 the slippery sites were silently mutagenized so that 
they would disrupt the slippery sequences while still encoding 
the same peptide sequences. While none of these slippery site 
mutations completely abrogated -1 PRF, they all reduced rates 
of frameshifting 3- to 6-fold. The residual -1 PRF promoting 
activities can be accounted for by the fact that the constraints 
imposed by silent mutagenesis retained considerable potentials 
for non-wobble base-pairing between shifted tRNAs and the -1 
frame codons.

The -1 PRF signals in the EST1, EST2, STN1 and CDC13 
mRNAs respond to cellular mutations and drugs that globally 
affect -1 PRF. We have previously characterized a large number 
of yeast mutants that globally alter rates of -1 PRF.28 To inde-
pendently test whether these sequences promote -1 PRF by the 

by the identification of sequences that may function as PRF 
signals. The strength of this approach is that it can identify 
new classes of cis-acting signals capable of directing efficient 
PRF; its weakness is that it cannot identify new functional out-
comes of frameshifting. The second strategy involves search-
ing for mRNA motifs known to promote efficient PRF. While 
this approach cannot identify new classes of frameshift signals, 
it can enable an expansion of our understanding of functional 
uses for PRF. Using this strategy and a package of bioinfor-
matics and statistical tools, we previously demonstrated that 
approximately 10% of genes in all eukaryotic genome contain 
high confidence -1 PRF signals.16,17,23 Interestingly, like many 
cis-acting elements, -1 PRF signals appear to rapidly evolve, and 
wet lab studies demonstrated that 9 (out of 9 selected) high 
confidence putative -1 PRF signals from a variety of S. cerevisiae 
genes promoted efficient recoding in vivo.24 A searchable data-
base of predicted -1 PRF signals in these genomes is available 
in the Predicted Ribosomal Frameshift Database (PRFdB) at 
http://prfdb.umd.edu/.

One key finding of our research is that the outcome and 
function of -1 PRF differs significantly between viruses and 
eukaryotic genomic frameshifting. While viral -1 PRF events 
direct ribosomes into new ORFs, resulting in synthesis of 
C-terminally extended proteins, the vast majority of -1 PRF 
events on eukaryotic cellular mRNAs are predicted to direct 
elongating ribosomes to premature termination signals, sug-
gesting that -1 PRF is used to control mRNA abundance and 
stability through the nonsense-mediated mRNA decay (NMD) 
pathway. This hypothesis was supported by the demonstration 
that a well characterized viral -1 PRF signal can act as a cis-act-
ing, NMD-dependent mRNA destabilizing element.25 A more 
recent study revealed that functional -1 PRF signals derived 
from naturally occurring yeast mRNAs can promote rapid deg-
radation of a reporter mRNA by -1 PRF through NMD and, to 
a lesser extent, the no-go decay (NGD) pathway.24 That work 
began to explore the biological significance of -1 PRF by using 
the yeast EST2 mRNA, which encodes the catalytic subunit of 
telomerase. There, we showed that the EST2 mRNA is desta-
bilized by -1 PRF, that ablation of all of its predicted -1 PRF 
signals resulted in its stabilization, and that global increases or 
decreases in -1 PRF resulted in decreased or increased steady-
state abundance EST2 mRNA respectively.24

During the course of that study, additional putative -1 PRF 
signals were computationally identified in the EST2 mRNA 
and in the mRNAs encoding other components and regula-
tors of telomerase: Est1p, Stn1p, and Cdc13p. Here, we have 
empirically characterized the computationally predicted -1 PRF 
signals in these mRNAs, demonstrating that each contains 
at least one -1 PRF signal that is operational. That the same 
underlying molecular mechanism is operational is suggested by 
experiments showing that mutated slippery sites ablate -1 PRF, 
and by the demonstration that all are responsive to mutants 
and drugs that were previously shown to alter rates of -1 PRF 
as directed by a virus derived signal. In general, the ability to 
function as mRNA destabilizing elements correlated with the 
extent to which any particular element promoted -1 PRF, and in 
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an ~20% reduction in PGK1 reporter mRNA abundance (0.81 
± 0.13-fold readthrough), while deletion of UPF1 resulted in a 
1.19 ± 0.02-fold increase in the accumulation of this mRNA. 
Finally, as -1 PRF rates approached 1% EST1_1920, the reduc-
tions in PGK1 reporter mRNA abundance were in the range of 
only 10% (0.91 ± 0.02-fold readthrough), and NMD did not 
appear to be a significant factor (0.94 ± 0.11). Graphic analyses 

canonical mechanism, rates of -1 PRF were assayed in isogenic 
cells expressing alleles of RPL3 or CBF5 that had previously 
been shown to stimulate or inhibit -1 PRF as directed by the 
L-A virus derived sequence.29-31 As shown in Figure 1A, rates of 
-1 PRF directed by all of the sequences were stimulated in cells 
expressing the rpl3-mak8 allele while it was uniformly inhibited 
in cells expressing the rpl3-R247A allele of RPL3. Similarly, the 
cbf5-D95A allele of CBF5 enhanced rates of -1 PRF directed by 
all of the sequences in question (Fig. 1A). Previous studies have 
demonstrated that rates of -1 PRF can also be affected by the 
peptidyltransferase inhibitor anisomycin.32 Consistent with the 
hypothesis that these are canonical -1 PRF signals, anisomycin 
uniformly inhibited -1 PRF directed by all of the sequences, and 
the extent of -1 PRF inhibition was dose-dependent (Fig. 1B). 
In sum, these data support the hypothesis that these sequences 
all promote -1 PRF through the canonical mechanism.

mRNA accumulation is inversely correlated with the 
strength of individual -1 PRF signals. Analysis of the pre-
dicted outcomes of -1 PRF events suggests that > 95% of the 
genomic -1 PRF signals should direct translating ribosomes to 
premature termination codons suggesting that -1 PRF could be 
used to post-transcriptionally regulate gene expression through 
the nonsense-mediated mRNA decay (NMD) pathway.16,23 In a 
series of proof-of-principle experiments using the well-defined 
-1 PRF signal from the yeast dsRNA L-A virus we demon-
strated that: 1) this signal can function as an mRNA destabiliz-
ing element; 2) mRNA destabilization requires the presence of 
a functional -1 PRF signal; 3) mRNA destabilization requires 
an intact NMD pathway, and; 4) mRNA half-life is inversely 
proportional to the frequency of -1 PRF (i.e., the greater the 
rate of -1 PRF, the greater the frequency of ribosomes being 
directed to a nonsense codon and vice versa).25 These principles 
were subsequently shown to apply to -1 PRF signals identi-
fied in 4 endogenous yeast mRNAs.24 To test whether the -1 
PRF signals examined in the current study were also capable of 
functioning as NMD-dependent mRNA degradation signals, 
they were cloned into a yeast PGK1-reporter and their effects 
on PGK1 mRNA steady abundances were assayed in isogenic 
UPF1 and upf1Δ cells as previously described.24 The presence 
of an in-frame PTC reduced PGK1 reporter mRNA abundance 
to 6.0% ± 0.3% of the readthrough control levels, and this was 
14.8 ± 0.6-fold more abundant in an isogenic upf1Δ strain. The 
strong EST2_1653 -1 PRF signal also significantly decreased 
the PGK1 reporter mRNA steady-state abundance (0.04 ± 0.1-
fold of readthrough levels), and was increased 21.8 ± 2.8-fold in 
the upf1Δ strain background. As rates of -1 PRF decreased, the 
effects of these elements on mRNA abundance also decreased. 
The STN1_1203 and EST2_1215 -1 PRF signals (~24% and 
~11% -1 PRF efficiency respectively) resulted in ~60% and 
~40% reductions of PGK1 mRNA reporter abundance in 
wild-type cells (0.32 ± 0.01 and 0.49 ± 0.03-fold readthrough), 
and were increased 3.22 ± 0.01 and 2.44 ± 0.03 ~fold in upf1Δ 
cells. The EST1_1272 element (~6% -1 PRF) promoted an 
~40% decrease in reporter mRNA abundance (0.61 ± 0.02-fold 
readthrough), which was increased 1.42 ± 0.06-fold in upf1Δ 
cells, and the CDC13 -1 PRF signal (~4% -1 PRF) promoted 

Table 1. Most predicted -1 pRF signals in ORFs involved in yeast telo-
mere maintenance promote efficient -1 pRF in yeast cells

aORF bPosition

cSlippery site

Silent slip site 
Mut (ssM)

d% -1 PRF efficiency

% -1 PRF ssM

L-A virus gag/pol 1969
G GGU UUA

ND
6.5% ± 0.62

esT1

1203
U UUU UUU

ND
0.10 ± 0.08

1272
A AAA AAc

G AAG AAc

6.33 ± 0.71

1.29 ± 0.18

1920
A AAA AAA

G AAG AAc

1.73 ± 0.03

0.83 ± 0.15

esT2

72/75
A AAU UUA AAA

ND
0.58 ± 0.04

1215
c ccU UUU

U ccA UUc

10.65 ± 0.1.0

1.44 ± 0.14

1326
A AAA AAA

G AAG AAc

1.40 ± 0.04

0.66 ± 0.03

1653
A AAA AAU

G AAG AAc

67.15 ± 2.86

13.12 ± 1.79

1995
U UUA AAA

ND
0.54 ± 0.04

sTN1

885
U UUU UUU

ND
0.04 ± 0.07

1203
A AAA AAU

G AAG AAc

24.36 ± 1.19

3.23 ± 0.16

cDc13 1272
U UUU UUc

c UcU UUc

4.20 ± 0.04

2.94 ± 0.03

a Yeast gene. bposition in the ORF of the first nucleotide of the predicted 
-1 pRF signal. Note that 72/75 represents a tandem slippery site begin-
ning at nt 72 of the esT2 ORF. cslippery site sequence of the predicted 
-1 pRF signal. Below these are shown silent protein coding slippery site 
mutants (ssM). ND indicates slippery site mutants that were not assayed 
because the wild-type sequence was determined to not promote effi-
cient -1 pRF. dpredicted frameshift signals were cloned in dual luciferase 
reporters, and -1 pRF efficiencies were monitored in yeast cells. Upper 
lines show mean and standard deviations of % -1 pRF promoted by wild-
type sequences. Lower lines show this data for the ssM constructs. 
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we tested the hypothesis that global changes in -1 PRF rates 
would similarly affect the steady-state abundance of the endo-
genus mRNAs. qRT-PCR analysis of total RNAs isolated from 
isogenic cells expressing rpl3-mak8, rpl3-R247A, or cbf5-D95A 
mutants revealed an inverse correlation between changes in 
-1 PRF and the steady-state abundances of the EST1, EST2, 
STN1 and CDC13 mRNAs (Fig. 3B). Specifically, the steady-
state abundances of these mRNAs were decreased when -1 
PRF was globally increased (rpl3-mak8 and cbf5-D95A), and 
increased in rpl3-R247A, where -1 PRF is globally inhibited. 
The steady-state abundances of these mRNAs were also assayed 
in the presence of increasing concentrations of anisomycin. 
Similarly, their steady-state abundances were increased in a dose 
dependent manner, i.e., as -1 PRF rates decreased, the mRNA 
abundances increased (Fig. 3C).

Alteration of -1 PRF in the EST2 mRNA results in telo-
meres of intermediate length and accumulation of large, 
multiply budded cells. One would expect that overexpression 
of telomerase would lead to longer telomeres. However, pre-
vious studies made the intriguing finding that telomeres are 
very short in NMD-deficient cells, and that overexpression of 
EST2, STN1 or CDC13 resulted in telomeres of intermediate 
length.33,35-37 To test if this is linked to -1 PRF and mRNA 
abundance, isogenic est2Δ, upf2Δ and est2Δ/upf2Δ cells were 
transformed with low copy (CEN6 ) vectors expressing full-
length EST2 (pEST2), or one containing silent protein cod-
ing slippery site mutants (ssM). The mRNA produced from 
this mutant was previously shown to be ~8.5-fold more abun-
dant than that transcribed from pEST2.24 Genomic DNAs 
were harvested, digested with PstI, and a Southern blot was 
probed for yeast telomeric sequences as previously described.33 
Consistent with previous reports, complementation with the 
wild-type EST2 clone restored long telomeres (L) in est2Δ cells, 
and ablation of NMD uniformly resulted in short telomeres 
(S) (Fig. 4A). Importantly, expression of pEST2ssM as the 
sole source of Est2p promoted intermediate length telomeres 
(indicated by “I”), recapitulating the EST2, STN1 and CDC13 
overexpression observations. These findings establish a link-
age between -1 PRF and telomere length homeostasis through 
NMD in yeast.

Short telomeres create a “crisis” for dividing cells, triggering 
a series of signals that result in a delay in mitosis, specifically 
arrest at the G2/M boundary, as cells attempt to restore their 
telomeres before committing to division.38 Cells arrested at this 
“checkpoint” can continue to grow, increasing in volume, and 
eventually they can bypass mitosis, producing multiply bud-
ded yeast cells. In unpublished observations, we had noted that 
NMD-deficient cells tend to be unusually large and accumulate 
with large daughter buds suggestive of a G2/M mitotic delay. 
In combination with the results presented above, this led to the 
hypothesis that NMD-dependent defects in telomerase expres-
sion might affect the cell cycle. If true, then overexpression of 
Est2p by the pEST2ssM construct should confer a similar phe-
notype. This is indeed what we observed: est2Δ cells expressing 
pEST2ssM tended to be somewhat larger than isogenic cells 
expressing pEST2 and also displayed the large daughter bud 

of these data reveal exponential relationships between -1 PRF 
efficiency and mRNA abundance (Fig. 2A) which is mirrored 
by increased abundance of the reporter upon ablation of NMD 
(Fig. 2B).

Steady-state abundance of the cellular EST1, EST2, STN1 
and CDC13 mRNAs is inversely affected by changes global 
in -1 PRF. Consistent with the hypothesis that the presence 
of operational -1 PRF signals renders these mRNAs substrates 
for NMD, the EST1, EST2 and STN1 mRNAs have been 
previously shown to be stabilized upon ablation of NMD.33,34 
Here, these findings were recapitulated by applying qRT PCR 
methods to total mRNAs isolated from isogenic wild-type and 
upf1Δ upf2Δ upf3Δ cells (Fig. 3A). Given the ability of -1 PRF 
signals to affect the abundance of the PGK1 reporter mRNA, 

Figure 1. -1 pRF signals in the yeast esT1, esT2, sTN1 and cDc13 mRNAs 
respond to cellular mutants (panel A) and a drug (panel B) that were 
previously found to promote changes in -1 pRF promoted by viral -1 
pRF signals. -1 pRF was monitored using dual luciferase reporters26 in 
isogenic cells expressing RPL3, rpl3-mak8 or rpl3-R247A as the sole forms 
of ribosomal protein L3,50,51 or the CBF5 or cbf5-D95A allele of the yeast 
homolog of Dyskerin.31 All assays were performed enough times to 
generate meaningful statistical data.52 error bars represent standard er-
ror. Note that the following the gene name denotes the specific mRNA 
and first nucleotide of the -1 pRF signal. This nomenclature is used 
throughout.
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low levels of -1 PRF activity promoted by the sole element in 
the CDC13 mRNA. We suggest that these changes were too 
small to detect using microarrays, although the insensitivity of 
the CDC13 mRNA to NMD was also confirmed by northern 
blot.33 Problematically, the STN1 mRNA has been reported to 
be an indirect substrate for NMD.39 The data presented here 
however showing that this sequence promotes high levels of -1 
PRF, that introduction of this -1 PRF signal into the PGK1 
reporter results in a very strong decrease in the steady-state 
abundance of the reporter mRNA (Fig. 2A), that the abundance 

phenotype. This phenotype was exaggerated in est2Δ upf1Δ 
cells expressing either pEST2 or pEST2ssM (Fig. 4B). These 
findings suggest that -1 PRF may play an important role in con-
trolling the cell cycle through telomerase expression.

-1 PRF signals as classic, rapidly evolving cis-acting ele-
ments. A prior analysis of -1 PRF signals from BUB3, EST2, 
SPR6 and TBF1 orthologs from the closely related yeast species 
S. paradoxus, S. mikatae, S. bayanus, S. castellii, S. kudriavzevii 
and S. kluyveri suggested that while no specific -1 PRF signals 
appeared to be conserved among these orthologs, the presence 
of high probability predicted -1 PRF signals in the orthologs 
of all of these genes (although not in every species) suggested 
that the mechanism itself may be conserved in these families 
of mRNAs, an observation that was supported by the finding 
that no -1 PRF signals were found in any of the orthologs of 
six genes that were found to lack predicted -1 PRF signals in S. 
cerevisiae (PGK1, HHT1, TEF2, MIC14, CMD1 and GRX1).24 
To address whether -1 PRF may be a conserved mechanism in 
yeast telomere maintenance, the orthologous genes for EST1, 
STN1, and CDC13 were queried. These data are presented in 
Table S6.

One potential -1 PRF signal was found in the EST1 ortho-
logs from S. paradoxus, S. bayanus, and S. mikatae, but the 
EST1 mRNAs from S. castelli, S. kluyveri and S. kudriavzevii 
lacked predicted -1 PRF signals. Potential -1 PRF signals were 
found in the STN1 orthologs from S. paradoxus, S. bayanus, S. 
castelli and S. kluyveri but not in S. mikatae or S. kudriavzevii. 
Similarly, orthologous Cdc13 mRNAs from S. paradoxus, S. 
castelli, S. kluyveri and S. mikatae were found to harbor poten-
tial -1 PRF signals, but those from S. bayanus and S. kudria-
vzevii did not. The potential evolutionary significance these 
observations are discussed below.

Discussion

It is now clear that the canonical -1 PRF signals consisting of 
a heptameric slippery site closely followed by an mRNA pseu-
doknot that were first characterized in RNA viruses are also 
widely utilized in eukaryotic cellular mRNAs. Furthermore, 
it is also well established that, by shifting translating ribo-
somes to premature termination codons, these elements have 
mRNA destabilizing activities through the NMD pathway. 
Here, we have investigated the potential biological relevance of 
such frameshifting by identifying and characterizing -1 PRF 
signals in mRNAs encoding yeast proteins involved in telo-
mere maintenance. The active -1 PRF signals in the mRNAs 
encoding Est1p, Est2p, Stn1p and Cdc13p function to decrease 
mRNA abundance through NMD. We note that while the 
EST1, EST2 and STN1 mRNAs were previously found to 
accumulate in NMD deficient cells, the CDC13 mRNA did 
not.33,34,39 Those reports employed microarray technology, while 
this study used qRT-PCR. As microarrays have substantially 
lower dynamic range than qRT-PCR, one possibility is that 
the qRT-PCR method was better able to detect small changes 
in CDC13 mRNA abundances due to ablation of NMD or 
changes in frameshifting rates changes that reflect the relatively 

Figure 2. Delineation mathematical relationships between -1 pRF 
and mRNA abundance in wild-type (panel A), and NMD-deficient cells 
(panel B). The -1 pRF signals from the yeast esT1, esT2, sTN1 and cDc13 
mRNAs were cloned into yeast pGK1 reporters in their native orienta-
tions so that frameshift events would direct elongating ribosomes to 
premature termination codons (pTc). A pGK1 vector without inserted 
sequences was used as a control. These reporters were transformed 
and expressed in isogenic wild-type (A), or upf1Δ cells (B), and mRNA 
steady-state abundances were determined by qRT-pcR using the 
endogenous yeast G3pD mRNA as an internal standard. (A) steady-
state abundances of -1 pRF signal containing pGK1 reporter mRNAs/
pGK1 control mRNA (i.e., no -1 pRF) in wild-type cells, fit to a logarithmic 
function. (B) steady-state abundances of -1 pRF signal containing pGK1 
reporter mRNAs in isogenic upf1Δ vs. UPF1 cells fit to a logarithmic func-
tion. error bars denote standard deviation.
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hypothesis that this is indeed an mRNA instability element 
that functions directly through NMD. More in depth studies 
of this element may resolve this apparent inconsistency.

Interestingly, the wide range of -1 PRF efficiencies pro-
moted by the seven different -1 PRF signals enabled a math-
ematical analysis of the relationship between -1 PRF and 
mRNA steady-state abundances (Fig. 2). The inverse-expo-
nential correlation between -1 PRF and mRNA abundance 
suggests that there are limits to changes in -1 PRF above or 
below which biological effects may be seen. In addition, a phy-
logenetic analysis revealed that -1 PRF signals in general, but 
not any specific -1 PRF signals, appear to be utilized in these 
telomere-associated mRNAs in the yeasts. This is consistent 
with our previous analyses of -1 PRF signals in other yeast 
genes, further supporting the hypothesis that rapid rates of 
mutation in cis-acting regulatory elements drives speciation.24

How chromosome ends are stably maintained is one of 
the central questions of modern biology.40 Telomeres are 
thought exist in a range of states, from fully capped full-
length, to uncapped and short (see model, Figure 5, adapted 
from models proposed in38,41). As telomeres age, they pro-
gressively shorten, and at some point reach an intermedi-
ate, uncapped status. In yeast, telomere shorting promotes 
recruitment of the MRX+Tel1p and CST complexes (where C 
= Cdc13p, S = Stn1p, T = Ten1p), inducing checkpoint arrest 
at the G2/M boundary. Phosphorylation of Cdc13p by Tel1p 
enables recruitment of telomerase through Est1p, stimulating 
telomere repair, and releasing cells from checkpoint arrest. 
Failure to recruit telomerase leads to further telomere short-
ening, where they eventually resemble double-stranded breaks 
(DSB). These short telomeres recruit the DSB repair machin-
ery, resulting in strong checkpoint arrest. Eventually, these 
short telomeres are maintained by this machinery, resulting 
in telomere end joining, and bypass of checkpoint arrest. The 
net effect is to “immortalize” telomeres, resulting in longer 
lifespans, but at the cost of genome integrity.

Previous studies have shown that telomerase is limited 
in yeast, presumably as a means to ensure its recruitment to 
uncapped telomeres.42,43 Importantly, defective expression 
of individual components of yeast telomerase or telomerase 
recruiting proteins affects telomere length. For example, over-
expression of TLC1 resulted in very short telomeres,44 while 
overexpression of STN1, CDC13,35 or EST244 all promoted 
the intermediate telomere length phenotype. Furthermore, 
ablation of NMD resulted in short telomeres,33,35,36 suggesting 
that the NMD pathway is epistatic to the activities of indi-
vidual protein components of the telomere repair machinery. 
Here, we have demonstrated the presence of operational -1 
PRF signals in the EST1, EST2, STN1 and CDC13 mRNAs. 
One result of -1 PRF events on these mRNAs is to direct elon-
gating ribosomes to premature termination codons, consis-
tent with the fact that they are substrates for NMD (Fig. 3A). 

We have shown that these -1 PRF signals function as mRNA 
destabilizing elements in an NMD-dependent manner, and 
that this follows an inverse logarithmic relationship (Fig. 2A). 
Consistent with these observations, the steady-state abundances 

of this reporter increases ~4-fold when NMD is inactivated 
(Fig. 2B) and that ablation of NMD and inhibition of -1 PRF 
by anisomycin resulted in increased steady-state abundance of 
the endogenous mRNA (Fig. 3) are more consistent with the 

Figure 3. steady-state abundances of native esT1, esT2, sTN1 and cDc13 
mRNAs in mutant and drug treated cells. qRT pcR was used to determine 
steady-state abundances of the native mRNAs using the G3pD mRNA as 
an internal standard. (A) mRNA abundances were monitored in isogenic 
UPF1 and upf1Δ upf2Δ upf3Δ cells. (B) mRNA abundances in isogenic 
wild-type and rpl3-mak8-1, rpl3-R247A (compared with wild-type RPL3), 
and cbf5-D95A (compared with CBF5) cells. (C) mRNA abundances were 
monitored in wild-type cells treated with the indicated concentrations of 
anisomycin. error bars denote standard error.
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site at the 5' and BamHI at the 3'. The zero-frame dual-luciferase 
reporter plasmid (pJD375) along with the -1 PRF signal con-
taining dsDNA fragments were digested using these restriction 
enzymes and ligated together to generate endogenous -1 PRF sig-
nal containing dual-luciferase vectors. The wobble bases of slip-
pery heptamers were mutagenized to synonymous codons in dual 
luciferase reporters by oligonucleotide site-directed mutagenesis 
using the QuickChange® Lightning Site-Directed Mutagenesis 
Kit (Agilent). PGK1 reporter constructs for individual -1 PRFs 
were made as previously described.24 Read through PGK1 plas-
mid pJD753 and premature termination codon vector (pJD828) 
were used as controls for PGK1 reporter steady-state assays. 
Oligonucleotide primers were chosen to terminate in KpnI restric-
tion sites and amplify 41 and 30 bases of Renilla and firefly lucif-
erase derived sequences respectively. The resulting amplicons were 
cloned into the KpnI site 492 bases into the PGK1 open reading 
frame of the unmodified PGK1 containing vector (pJD741). A 
premature termination codon vector (pJD828) was generated by 
cutting the readthrough (pJD753) with BamHI and backfilling 
with Klenow fragment. Plasmids expressing full length EST 2 and 
the EST2ssM mutant were previously described.24 Assays to deter-
mine rates of -1 PRF and mRNA steady-state abundances were 
performed as previously described.24 Plasmids used in this study 
are listed in Table S2.

Southern Blot analyses of est2 mutants. Full length EST2 
expression vectors (pJD641), EST2 mutant vectors (pJD796), and 
null plasmids (pJD315) were transformed into WT(JD1281), EST2 
deletion(JD1287), UPF2(JD1288) and EST2/UPF2(JD1276) 
deletion strains. Southern analyses were performed as described 
previously.36,48 Genomic DNA was extracted from mid-logarith-
mic cell cultures and digested with PstI in 10 μg aliquots. The 

of the native EST1, EST2, STN1 and CDC13 
mRNAs are inversely correlated with changes 
in -1 PRF (Figs. 3B and C). Intriguingly, the 
mRNA encoding the third protein component 
of yeast telomerase, Est3p, harbors a +1 PRF 
signal11 and is stabilized in NMD-deficient 
cells.33-35 We propose that -1 PRF plays a role in 
maintaining the correct stoichiometric ratios 
of telomerase components critical for telomer-
ase recruitment. Overexpression of any one of 
these components, e.g., by ablation of -1 PRF 
in the EST2 mRNA, has dominant-negative 
effects on telomerase recruitment, resulting in 
accumulation of intermediate length telomeres 
(see pEST2ssM expressed in est2Δ cells, Figure 
4A). Furthermore, we suggest that global over-
expression of all of these components by inac-
tivation of NMD further increases the rate of 
telomere shortening, hastening the formation 
of DSB-like, i.e., short telomeres. This model 
also accounts for the observation that that 
ablation of -1 PRF in the EST2 mRNA, or 
ablation of NMD resulted in accumulation of 
large budded cells, a hallmark of checkpoint 
arrest at the G2/M boundary (Fig. 4B).

We are aware that these studies pose more questions than 
they answer. In particular, we hope that this report inspires 
deeper research into the impact of -1 PRF in yeast telomere 
maintenance by laboratories better equipped for such inquiry. 
More broadly, our studies suggest that -1 PRF is a fundamental 
molecular mechanism that is used to fine tune a myriad of phys-
iological processes. The big questions in the field that need to be 
addressed in the future include: 1) which mRNAs are actively 
engaged in -1 PRF in which cell types? 2) Where along these 
mRNAs are ribosomes actively shifting? 3) Are there thresholds 
above or below which changes in -1 PRF have meaningful bio-
logical effects? And 4) how and in response to what stimuli can 
-1 PRF be regulated? The answers to these questions will have 
broad impact over the next decade.

Materials and Methods

Strains, genetic manipulations, and media. Escherichia coli 
DH5α was used to amplify plasmid DNA. Transformations of 
E. coli were performed as described previously using the calcium 
chloride method.45 Yeast cells were transformed using the alkali 
cation method.46 Yeast strains used in this study are shown in 
Table S1. Yeast were grown on YPAD and synthetic complete 
media (H-).47

Plasmids and assays of -1 PRF and mRNA steady-state 
abundance. URA3-based high copy dal luciferase and mRNA 
stability plasmids were previously described.16 Oligonucleotide 
primers were purchased from IDT (Coralville, IA) (Tables S3–
S5). Computationally identified putative -1 PRF signals shown in 
Fig. S1 were amplified from yeast genomic DNA by PCR using 
oligonucleotide primers which terminated in a SalI restriction 

Figure 4. Ablation of -1 pRF in esT2, or of NMD affects telomere length and promotes G2/M 
cell cycle arrest. (A) southern blot of pstI digested DNAs isolated from isogenic wild-type, 
upf1Δ, est2Δ, or upf1Δ est2Δ cells were transformed with either an empty CEN6 low copy 
vector (vector), the same vector expressing the wild-type EST2 gene (pEST2), or one in 
which the slippery sites of all 5 tested -1 pRF signals had been silently mutated (see Table 
1 and 24). The blot was probed using DNA oligonucleotedes complementary to telomeric 
repeat sequences as described.33 Letters along the right hand side indicate (L)ong, (I)nter-
mediate, and (s)hort telomeres respectively. (B) phase contrast microscopy (100x) of cells 
used in panel A harvested from logarithmically growing cultures.
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were analyzed for the presence of potential -1 PRF signals as previ-
ously described.16,23 Results are compiled in Table S6.
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resulting fragments were separated on a 1% agarose gel and 
transferred to a Hybond-N-membranes (Amersham) and hybrid-
ized to a probe derived from yeast telomeric DNA. This probe 
was prepared from pBC6 (a gift from the Berman lab) by PCR 
amplifying the telomeric region using M13 oligos. The resulting 
linear amplicon was used as template to create α[32P] internally 
labeled telomeric TG repeat sequence using the “Decalabel ran-
dom priming kit” from Stratagene. Signals were detected using 
a GeneStorm phosphoimager (Bio-Rad) and quantified using 
QuantifyOne (Bio-Rad).

Microscopic methods. Yeast cells were visualized using a Zeiss 
Aziphot microscope at 100x magnification.

Phylogenetic analyses. The EST1, STN1 and CDC13 ortho-
logs from the genomes of S. paradoxus, S. mikatae, S. bayanus, 
S. castellii, S. kudriavzevii and S. kluyveri were extracted from 
the Yeast Gene Order Browser (http://wolfe.gen.tcd.ie/ygob/).49 
Orthologs were identified for all genes and nucleotide sequences 

Figure 5. Model: telomerase recruitment to uncapped telomeres is controlled by the relative stoichiometries of telomerase components. Yeast 
telomeres exist in a range of states, from fully capped and full length to uncapped and short. As telomeres age, they progressively shorten, and 
at some point reach an intermediate, uncapped status, recruiting the MRX+Tel1p complex. Tel1p phosphorylates cdc13p (part of the cdc13, stn1, 
Ten1 comples shown as Tsc), promoting telomerase recruitment through est1p, and inducing checkpoint arrest at the G2/M boundary. Telom-
erase recruitment stimulates telomere repair (up arrow on left), and releases cells from checkpoint arrest. Failure to recruit telomerase leads to 
further telomere shortening (down arrow on right), where they eventually resemble double-stranded breaks (DsB-like). These short telomeres 
also promote checkpoint arrest, but since they cannot recruit telomerase they enter crisis. Recruitment of the DsB repair machinery promotes 
chromosome end joining in some cells, where homologous recombination is used to amplify telomere sequences enabling checkpoint bypass. We 
propose that maintaining the correct stoichiometric ratios of telomerase components is critical for telomerase recruitment and telomere length 
homeostasis. Alteration in the expression of one of these factors, e.g., overexpression of est2p by ablation of -1 pRF, weakly inhibits telomerase 
recruitment resulting in accumulation of shorter, intermediate length telomeres and accumulation of cells arrested at G2/M. Overexpression of all 
of these factors by inactivation of NMD has strong dominant-negative effects on telomerase recruitment, increasing the proportion of cells with 
short telomeres with similarly strong cell cycle effects.
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