
mRNA biogenesis is a multistep process with a 
certain frequency of errors, either due to inher- 
ent inaccuracies in transcription and processing 
or due to mutations in the DNA template. The 
cell has evolved mechanisms to rapidly degrade 
aberrant mRNAs, such as unspliced pre- 
mRNAs, mRNAs with aberrantly long 3' un- 
translated regions (3'UTRs), and mRNAs with 
premature translation termination codons (1). 
Recently, it has been found that eukaryotic 
mRNAs that do not contain a termination codon 
are rapidly degraded (2). The rapid decay of 
these transcripts is referred to as nonstop mRNA 
decay and requires translation of the mRNA (2). 
However, degradation of a PGKI mRNA, from 
which all in-frame termination codons have 
been removed (nonstop-PGKI), requires none 
of the enzymes involved in the major pathway 
for mRNA degradation, which occurs by dead- 
enylation, decapping, and 5'-to-3' digestion (2- 
5). This suggests that nonstop mRNAs might be 
degraded by the exosome complex of 3'-to-5' 
exoribonucleases, the functions of which in- 
clude 3'-to-5' degradation of mRNA in the cy- 
toplasm, nuclear processing of ribosomal RNA 
and small nucleolar RNAs, and degradation of 
processing intermediates and stalled mRNAs in 
the nucleus (6-8). 

To test whether the exosome functions 
in nonstop decay, we first examined non- 
stop decay in a ski4-l strain of yeast. The 
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wild-type PGK1 mRNA was synthesized with a 
poly(A) tail of approximately 7( residues and 
was subsequently deadenylated slowly (Fig. 2A) 
(12). In contrast, nonstop-PGK I transcripts dis- 
appeared rapidly without any detectable dead- 
enylation intermediates (Fig. 2B). In addition, in 
a ski7A strain, the nonstop mRNA persisted as a 
fully polyadenylated species for 8 to 10 min 
betfre disappearing (Fig. 2C). These data indi- 
cate that exosome function is required for rapid 
degradation of both the poly(A) tail and the 
body of the mRNA. Based on these observa- 
tions, we suggest that nonstop mRNAs are rap- 
idly degraded in a 3'-to-5' direction by the 
exosome, beginning at the 3' end of the poly(A) 
tail (13). 

Two observations suggest a mechanism by 
which nonstop mRNAs are specifically recog- 
nized and targeted for destruction by the exo- 
some. First, nonstop mRNA degradation re- 
quires that a translating ribosome reach at least 
the poly( A ) tail, and most likely the 3' end of the 
mRNA (2, 14). The simplest interpretation of 
these data is that nonstop mRNAs are recog- 
nized when a ribosome reaches the 3' end of the 
mRNA. Such a recognition would be analogous 
to the recognition of ribosomes with an empty A 
site by a tRNA-mRNA hybrid (tmRNA) in pro- 
karyotes (15, 16). Second, the COOH-terminal 
region of the Ski7 protein is closely related to 
the guanosine triphosphatases (CiTPases) EFIA 
and eRF3, including similarity in the GTPase 
domain (17-19). EF IA and eRF3 are translation 
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Fig. 1. Nonstop mRNA degradation requires 
exosome and cytoplasmic exosome cofactors. 
Nonstop-PGK1 mRNA stability was measured 
in wild-type (A), ski4-1 (B), ski2A (C), ski3A 
(D), ski8A (E), ski7A (F), ski7-AC (G), and ski7- 
AN (H) strains. Each strain contained a URA3 
plasmid encoding the reporter gene and was 
grown to early- to mid-log phase at 30?C in 
media containing 2% galactose and lacking 
uracil. Transcription of the reporter gene was 
inhibited by replacing the media with media 
containing glucose (T = 0 min) and aliquots 
were taken thereafter. RNA was analyzed as 
described (9). The indicated half-lives are aver- 
ages of at least two experiments and were 
calculated after correction for loading (9). 

ski4-1 allele encodes a point mutation in 
one of the core exosome subunits that spe- 
cifically disrupts cytoplasmic 3'-to-5' deg- 
radation of mRNA without affecting any of 
the other known functions of the exosoime 
(9). The ski4-1 mutation stabilizes the non- 
stop-PGKI mRNA at least sixfold (Fig. 1, 
A and B). Exosome-mediated degradation 
of normal cellular mRNAs requires the 
exosome and two other factors (6, 9). One 
factor is a heterotrimeric helicase complex 
of Ski2p, Ski3p, and SkiSp (6, 10). As 
shown in Fig. 1, C through E, Ski2, -3, and 
-8 are all required for nonstop mRNA deg- 
radation. The second factor required for 
exosome-mediated m RNA decay is Ski7p, 
and deletion of SK17 also caused stabiliza- 
tion of nonstop mRNAs (Fig. IF). Because 
Ski2p and Ski7p localize to the cytoplasm 
(1), 11), we interpret these observations to 
indicate that nonstop mRNAs are degraded 
3' to 5' by the cytoplasmic exosome. 

Given that the major deadenylase (Ccr4p) is 
not required for nonstop decay (2) and that 
degradation occurs by the exosome, it is possi- 
ble that the exosome both deadenylates and 
degrades nonstop mRNAs. This would be sur- 
prising because normal mRNAs cannot be 
deadenylated by the exosome (5). Alternatively, 
an unidentified nuclease may remove the poly- 
adenylate [poly(A)] tail from nonstop mRNAs, 
followed by exosomle-nediated decay. 

To investigate whether the exosome de- 
grades the poly(A) tail of nonstop transcripts, 
we performed transcriptional pulse-chase exper- 
iments. In these experiments, transcription of 
the reporter mRNA was induced briefly and was 
followed by transcriptional repression, which 
yielded a synchronous population of mRNA 
whose fate could be monitored. For comparison, 
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factors that interact with the A site of the ribo- 
some when it contains a sense or nonsense 
codon, respectively. The interaction of Ski7p 
homologs with the ribosomal A site suggests 
that the homologous domain of Ski7p may func- 
tion to distinguish nonstop from normal mRNAs 
by binding to the empty A site of ribosomes that 
have reached the 3' end of the mRNA. This 
hypothesis predicts that the COOH-terminal do- 
main of Ski7p is specifically required for non- 
stop decay but may not be required for exo- 
some-mediated degradation of normal mRNAs. 

To determine the function of the Ski7p do- 
mains in exosome-mediated decay of nonstop 
and normal mRNAs, we generated yeast strains 
that express different deletion mutants of Ski7p 
(20). Two lines of evidence indicate that the' 
NH2-terminal nonconserved domain of Ski7p is 
necessary and sufficient for exosome-mediated 
degradation of normal mRNAs and that the 
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Fig. 2. Inactivation of the cytoplasmic exosome 
stabilizes polyadenylated nonstop mRNA. Nor- 
mal (A) and nonstop (B and C) PGK1 mRNAs 
were analyzed by a transcriptional pulse-chase 
experiment in wild-type strains [(A) and (B)] 
and a ski7 deletion strain (C). Ao, mRNAs car- 
rying a very short or no poly(A) tail. A70, 
mRNAs carrying a poly(A) tail of approximately 
70 residues. The strains in (B) and (C) had the 
nonstop PGK1 gene on a plasmid and were 
grown to early- to mid-log phase at 24?C in 
media containing 2% sucrose and lacking uracil. 
The strain shown in (A) was grown in 1% yeast, 
2% peptone 2% sucrose media and carried the 
reporter integrated into the genome. However, 
similar results were obtained with a strain car- 
rying PGK1 on a plasmid and grown in -URA 
media. We turned on transcription for 8 min by 
replacing the media with media containing 2% 
galactose. We then terminated transcription by 
adding 4% glucose (T = 0 min), and time points 
were taken. Forty micrograms of RNA isolated 
from each aliquot was cleaved with ribonucle- 
ase H (Promega) using oRP70 (CGGATAA- 
GAAAGCAACACCTGG) and analyzed by North- 
ern blotting with a 6% polyacrylamide gel. 

COOH-terminal GTPase domain does not play 
a role in exosome-mediated degradation of nor- 
mal mRNAs. First, the NH2-terminal domain, 
but not the COOH-terminal domain, is required 
for viability under conditions in which exo- 
some-mediated decay is essential for viability 
(19). Second, the deletion of the NH2-terminal 
part, but not the COOH-terminal part, of Ski7p 
causes a dramatic decrease in the rate of exo- 
some-mediated decay of normal mRNAs (19). 

Both ski7 alleles stabilized the nonstop 
reporter transcript (Fig. 1, G and H), indicat- 
ing that the COOH-terminal part of Ski7p 
functions in the nonstop mRNA degradation 
pathway. However, the COOH-terminal trun- 
cation of Ski7p has a smaller effect than 
either the NH2-terminal deletion or complete 
deletion of SKI7. This suggests that other 
factors may to some extent be able to substi- 
tute for the COOH-terminal domain. Taken 
together, these results indicate that the NH2- 
terminal part of Ski7p plays a central role in 
exosome-mediated mRNA decay and that the 
COOH-terminal domain plays a specific role 
in the degradation of nonstop mRNAs. 

These results are consistent with the hypoth- 
esis that an interaction between the GTPase 
domain of Ski7p and the ribosome triggers 
exosome-mediated decay. One simple possibil- 
ity is that Ski7p recruits the exosome to nonstop 
mRNAs. Consistent with this possibility, we 
observed that a large proportion of Ski7p copu- 
rifled with two different subunits of the exo- 
some (Ski4p or Rrp4p) (Fig. 3A) (21, 22). 
Ski7p remained in the unbound fraction in con- 
trol purifications from strains with an untagged 
exosome (Fig. 3B). These results indicate that 
Ski7p physically associates with the exosome. 
This association is specific because neither 
Ski3p nor Lsmlp copurified with the exosome 
(22). In addition, the copurification of Ski7p 
with both Ski4p and Rrp4p is resistant to wash- 
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Fig. 3. Ski7p tightly binds the exosome. (A) 
Ski7p copurifies with protein A-tagged Ski4p. 
(B) Mock purification from a strain lacking the 
protein A tag. (C) Ski7p does not copurify with 
protein A-tagged ski4-1 mutant protein. Equal 
aliquots of each fraction of exosome purifica- 
tions were analyzed by Western blotting using 
antibodies to protein A (Sigma) or to HA 
(Roche). 

ing with 1 M NaCl (Fig. 3A) (22), suggesting a 
strong interaction between Ski7p and the exo- 
some. The nuclear form of the exosome con- 
tains one additional subunit, Rrp6p (23, 24). 
Purification of protein A-tagged Rrp6 did not 
result in copurification of Ski7p (22), which is 
consistent with Ski7p being specific to the cy- 
toplasmic exosome. Recently, Araki et al. (11) 
independently found that, when overexpressed, 
the NH2-terminal part of Ski7p can coimmuno- 
precipitate with the exosome. The finding that 
Ski7p stably associates with the exosome 
through its NH2-terminal suggests a mechanism 
to recruit the exosome to nonstop mRNAs rec- 
ognized by the COOH-terminal of Ski7p. 

To determine whether the interaction of 
Ski7p with the exosome is biologically rel- 
evant, we examined whether mutations in 
the exosome that disrupt all Ski7p-depen- 
dent functions of the exosome also disrupt 
Ski7-exosome interaction. Figure 3C shows 
that the ski4-1 mutation severely reduces 
the copurification of Ski7p with the exo- 
some. One possibility is that the amino acid 
change in ski4-1 changes the binding site for 
Ski7p. This same ski4-1 mutation blocks exo- 
some-mediated decay of both nonstop and 
normal mRNAs (Fig. 1B) (9). The observa- 
tion that a mutation that prevents Ski7p from 
interacting with the exosome inhibits exo- 
some-mediated mRNA decay indicates that 
the association of Ski7p with the exosome is 
important for the degradation of both normal 
and nonstop mRNAs. 

One class of endogenous mRNAs subject 
to nonstop decay results from premature 
polyadenylation within the coding region (2). 
Another potential role for nonstop decay is to 
ensure the completeness of degradation for 
mRNAs that initiate 3'-to-5' decay while still 
being translated. In this case, as the exosome 
enters the coding region from the 3' end, it 
would encounter ribosomes coming from the 
5' end. In both cases, the reason for the rapid 
degradation of nonstop mRNAs would be to 
prevent the production of truncated proteins. 
Similarly, translation of aberrant mRNAs 
containing premature termination codons has 
previously been shown to be deleterious to 
Caenorhabditis elegans (25). To test whether 
nonstop mRNAs can be translated into pro- 
tein, we generated a nonstop allele of the 
HIS3 gene. Figure 4 shows that the nonstop 
his3 allele failed to complement a his3 dele- 
tion in a SKI+ strain. However, the nonstop 
his3 allele allowed rapid growth in the ab- 
sence of added histidine when the strain was 
deleted for SKI2, SKI7, or SKI8. Even the 
COOH-terminal truncation of Ski7p, which 
specifically inhibits nonstop mRNA decay, 
allows for some growth in the absence of 
added histidine. These data suggest that the 
degradation of nonstop (his3) mRNA is ef- 
fective in limiting the production of aberrant 
(His3p) protein, and in the absence of this 
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Fig. 4. Nonstop mRNA degradation is effective in 
limiting the translation of aberrant mRNAs. The 
HIS3 gene was amplified by polymerase chain 
reaction using oRP1075 (CGAGAGCTCAACA- 
CAGTCCTTTCCCGCAA) and oRP1077 (CGAG- 
GATCCACTTGCCACCTATCACC) and was cloned 
as a Sac I-Bam HI fragment into the CEN URA3 
plasmid pRS416 (30). The nonstop his3 allele was 
created by deleting the first nucleotide of the 
termination codon (Quick-change kit, Strat- 
agene). This creates an open reading frame that 
extends past the previously mapped polyadenyl- 
ation sites (31). The nonstop his3 plasmid was 
transformed into strains that were ura3A and 
his3A and were either SKI+, ski2A, ski7A. ski8A, 
or ski7-AC. URA+ transformants were selected 
and streaked onto a plate lacking histidine. This 
plate is shown after a 2-day incubation at 30?C. 
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Ski3p, which is known not to copurify with the exo- 
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(22). Ski3p, Ski4p, Ski7p, and Rrp6 are also expressed 
from their own promoters, whereas Rrp4p is ex- 
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tracts were prepared by vortexing in the presence of 
glass beads and 50 mM Tris-HCl (pH 7.5), 50 mM 
NaCl, 2 mM MgCz2, 1 mM p-mercaptoethanol, 0.1% 
NP40, and complete protease inhibitors EDTA free 
(Roche) and were incubated at 4?C for 1 hour with 
immunoglobulin G (IgG)-Sepharose beads. The beads 
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bound to the IgG-Sepharose were recovered by boil- 
ing in sample buffer. 

22. A. van Hoof, P. A. Frischmeyer, H. C. Dietz, R. Parker, 
data not shown. 

23. C. Allmang et al., Genes Dev. 13, 2148 (1999). 
24. K. T. Burkard, J. S. Butler, Mol. Cell. Biol. 20, 604 

(2000). 
25. R. Pulak, P. Anderson, Genes Dev. 7, 1885 (1993). 
26. C.-Y. Chen et al., Cell 107, 455 (2001). 
27. D. Muhlrad, C. J. Decker, R. Parker, Mol. Cell. Biol. 15, 

2145 (1995). 
28. M. S. Longtine et al., Yeast 14, 953 (1998). 
29. P. Mitchell, E. Petfalski, D. Tollervey, Genes Dev. 10, 

502 (1996). 
30. R. S. Sikorski, P. Hieter, Genetics 122, 19 (1989). 
31. S. Mahadevan, T. R. Raghunand, S. Panicker, K. Struhl, 

Gene 190, 69 (1997). 
32. We thank the members of the Parker laboratory for 

insightful comments and A. Sachs for antibodies to 
Lsmlp. Funded by the Howard Hughes Medical 
Institute. 

19 October 2001; accepted 31 January 2002 

described (28) and introduced into strains that car- 
ried a protein A-tagged version of Rrp4p (29), Ski4p, 
or Rrp6p, which are subunits of the exosome. As a 
control, we used a similarly HA-tagged version of 
Ski3p, which is known not to copurify with the exo- 
some (10). All five tagged proteins are expressed 
from their normal genomic locus and are functional 
(22). Ski3p, Ski4p, Ski7p, and Rrp6 are also expressed 
from their own promoters, whereas Rrp4p is ex- 
pressed from the GAL10 promoter (29). Protein ex- 
tracts were prepared by vortexing in the presence of 
glass beads and 50 mM Tris-HCl (pH 7.5), 50 mM 
NaCl, 2 mM MgCz2, 1 mM p-mercaptoethanol, 0.1% 
NP40, and complete protease inhibitors EDTA free 
(Roche) and were incubated at 4?C for 1 hour with 
immunoglobulin G (IgG)-Sepharose beads. The beads 
were then washed twice with 40 volumes of the 
extraction buffer and twice with 40 volumes of the 
extraction buffer containing 1 M NaCL The proteins 
bound to the IgG-Sepharose were recovered by boil- 
ing in sample buffer. 

22. A. van Hoof, P. A. Frischmeyer, H. C. Dietz, R. Parker, 
data not shown. 

23. C. Allmang et al., Genes Dev. 13, 2148 (1999). 
24. K. T. Burkard, J. S. Butler, Mol. Cell. Biol. 20, 604 

(2000). 
25. R. Pulak, P. Anderson, Genes Dev. 7, 1885 (1993). 
26. C.-Y. Chen et al., Cell 107, 455 (2001). 
27. D. Muhlrad, C. J. Decker, R. Parker, Mol. Cell. Biol. 15, 

2145 (1995). 
28. M. S. Longtine et al., Yeast 14, 953 (1998). 
29. P. Mitchell, E. Petfalski, D. Tollervey, Genes Dev. 10, 

502 (1996). 
30. R. S. Sikorski, P. Hieter, Genetics 122, 19 (1989). 
31. S. Mahadevan, T. R. Raghunand, S. Panicker, K. Struhl, 

Gene 190, 69 (1997). 
32. We thank the members of the Parker laboratory for 

insightful comments and A. Sachs for antibodies to 
Lsmlp. Funded by the Howard Hughes Medical 
Institute. 

19 October 2001; accepted 31 January 2002 

mRNA degradation pathway, protein prod- 
ucts of nonstop mRNAs accumulate to func- 
tional levels. 

In combination, these results define a 
mechanism of mRNA quality control that 

recognizes and degrades yeast mRNAs 

lacking translation codons, thereby pre- 
venting the production of truncated pro- 
teins. Because Ski protein homologs are 

present in the human genome (19, 26), we 

expect that the mechanism of nonstop de- 

cay is conserved. Transcripts that lack a 
termination codon are also recognized in 

prokaryotes (15, 16). It will be interesting 
to determine to what extent the prokaryotic 
and eukaryotic systems are similar and 
whether they are evolutionarily related. 
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venting the production of truncated pro- 
teins. Because Ski protein homologs are 

present in the human genome (19, 26), we 

expect that the mechanism of nonstop de- 

cay is conserved. Transcripts that lack a 
termination codon are also recognized in 

prokaryotes (15, 16). It will be interesting 
to determine to what extent the prokaryotic 
and eukaryotic systems are similar and 
whether they are evolutionarily related. 
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Amyloid Burden in a Mouse 

Model of Alzheimer's Disease 
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The deposition of amyloid-P (Ap) peptides into amyloid plaques precedes the 
cognitive dysfunction of Alzheimer's disease (AD) by years. Biomarkers indic- 
ative of brain amyloid burden could be useful for identifying individuals at high 
risk for developing AD. As in AD in humans, baseline plasma Ap levels in a 

transgenic mouse model of AD did not correlate with brain amyloid burden. 
However, after peripheral administration of a monoclonal antibody to Ap 
(m266), we observed a rapid increase in plasma Ap and the magnitude of this 
increase was highly correlated with amyloid burden in the hippocampus and 
cortex. This method may be useful for quantifying brain amyloid burden in 

patients at risk for or those who have been diagnosed with AD. 
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Abundant evidence suggests that a key event 
in the pathogenesis of AD is the conversion 
of AP peptides from soluble to insoluble 
forms in the brain (1). This process is among 
the earliest pathological changes that charac- 
terizes AD, and is estimated to occur --10 to 
20 years before the appearance of the earliest 
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cognitive changes of the disease (2, 3). 
Whereas individuals with pre-clinical AD 
(i.e., cognitively normal individuals with 
plaque and tangle densities similar to those 
with AD) have no measurable neuronal loss 
in affected brain regions, individuals with 
even very mild cognitive impairment indica- 
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