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The nonsense-mediated mRNA decay pathway is an example of an evolutionarily conserved surveillance
pathway that rids the cell of transcripts that contain nonsense mutations. The product of the UPF1 gene is a
necessary component of the putative surveillance complex that recognizes and degrades aberrant mRNAs.
Recent results indicate that the Upf1p also enhances translation termination at a nonsense codon. The results
presented here demonstrate that the yeast and human forms of the Upf1p interact with both eukaryotic
translation termination factors eRF1 and eRF3. Consistent with Upf1p interacting with the eRFs, the Upf1p is
found in the prion-like aggregates that contain eRF1 and eRF3 observed in yeast [PSI+] strains. These results
suggest that interaction of the Upf1p with the peptidyl release factors may be a key event in the assembly of
the putative surveillance complex that enhances translation termination, monitors whether termination has
occurred prematurely, and promotes degradation of aberrant transcripts.
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Recent studies have demonstrated that cells have
evolved elaborate mechanisms to rid themselves of ab-
errant proteins and transcripts that can dominantly in-
terfere with their normal functioning (He et al. 1993;
Pulak and Anderson 1993; for review, see Maquat 1995;
Jacobson and Peltz 1996; Ruiz-Echevarria et al. 1996;
Gottesman et al. 1997; Suzuki et al. 1997; Weng et al.
1997). Such pathways can be viewed both as regulators of
gene expression and as sensors for inappropriate polypep-
tide synthesis. The nonsense-mediated mRNA decay
(NMD) pathway is an example of a translation termina-
tion surveillance pathway, because it eliminates aber-
rant mRNAs that contain nonsense mutations within
the protein coding region (He et al. 1993; Pulak and
Anderson 1993; Maquat 1995; Caponigro and Parker
1996; Jacobson and Peltz 1996; Ruiz-Echevarria et al.
1996; Gottesman et al. 1997; Suzuki et al. 1997; Weng et
al. 1997). The NMD pathway has been observed to func-
tion in all eukaryotic systems examined so far and ap-

pears to have evolved to ensure that termination of
translation occurs at the appropriate codon within the
transcript. Transcripts containing premature nonsense
codons are rapidly degraded, thus preventing synthesis of
incomplete and potentially deleterious proteins. There
are well over 200 genetic disorders that can result from
premature translation termination (McKusick 1994).
Conceivably, understanding how this process affects
translation termination and mRNA degradation can lead
to rational approaches for the treatment of a subset of
these disorders (Howard et al. 1996).

The proteins involved in promoting NMD have been
investigated in Caenorhabditis elegans, mammalian
cells, and in the yeast Saccharomyces cerevisiae. Three
factors involved in NMD have been identified in yeast.
Mutations in the UPF1, UPF2, and UPF3 genes were
shown to selectively stabilize mRNAs containing early
nonsense mutations without affecting the decay rate of
most wild-type mRNAs (Leeds et al. 1991, 1992; Cui et
al. 1995; He and Jacobson 1995; Lee and Culbertson
1995). Recent results indicate that the Upf1p, Upf2p, and
Upf3p interact and form a complex (He and Jacobson
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1995; Weng et al. 1996b; He et al. 1997). Therefore, we
define a putative surveillance complex consisting of at
least Upf1p, Upf2p, and Upf3p. In C. elegans, seven smg
alleles have been identified that result in an increased
abundance of nonsense-containing transcripts (Pulak
and Anderson 1993). A human homolog of the UPF1
gene, called RENT1 or HUPF1, has been identified, in-
dicating that NMD is an evolutionarily conserved path-
way (Perlick et al. 1996; Applequist et al. 1997).

Although the cellular compartment in which NMD
occurs in mammalian cells is controversial (Maquat
1995; Weng et al. 1997; Zhang and Maquat 1997), it ap-
pears that in yeast, however, NMD occurs in the cyto-
plasm when the transcript is associated with ribosomes.
The following results support this conclusion. (1) Non-
sense-containing and intron-containing RNAs that are
substrates of the NMD pathway in yeast become poly-
some associated and are stabilized in the presence of the
translation elongation inhibitor cycloheximide (Zhang
and Maquat 1997). The polysome-associated RNAs,
however, regain their normal rapid decay kinetics when
the drug is washed out of the growth medium and trans-
lation resumes (Zhang and Maquat 1997). (2) Upf1p,
Upf2p, and Upf3p have been shown to be associated with
polysomes (Peltz et al. 1993b, 1994; Atkin et al. 1995,
1997). (3) As revealed by fluorescent in situ hybridization
analysis, the cytoplasmic abundance of an intron-con-
taining lacZ reporter RNA containing mutations in the
58 splice site or branch point was dramatically reduced in
UPF1+ strain but increased in cytoplasmic abundance in
upf1D cells (Long et al. 1995). (4) NMD can be prevented
by nonsense-suppressing tRNAs (Losson and Lacroute
1979; Gozalbo and Hohmann 1990; Belgrader et al. 1993).
(5) The NMD pathway is functional only after at least
one translation initiation/termination cycle has been
completed (Ruiz-Echevarria and Peltz 1996; Zhang and
Maquat 1997; Ruiz-Echevarria et al. 1998). Furthermore,
a translation reinitiation event can prevent activation of
the NMD pathway (Ruiz-Echevarria and Peltz 1996;
Zhang and Maquat 1997; Ruiz-Echevarria et al. 1998).
Taken together, these results indicate that the NMD
pathway in yeast is a cytoplasmic and translation-depen-
dent event. The observation that the rent1/hupf1 protein
is predominantly cytoplasmic (Applequist et al. 1997)
also strongly indicates a cytoplasmic function for this
protein.

On the basis of studies from a number of laboratories
investigating the sequences and factors involved in
NMD, the following model for how NMD occurs has
been proposed (for review, see Jacobson and Peltz 1996;
Ruiz-Echevarria et al. 1996; Weng et al. 1997). Following
transport of the mRNA from the nucleus to the cyto-
plasm, ribosomes begin translating the mRNA. The ri-
bosome encounters a nonsense codon, which causes ter-
mination of translation. The decision whether transla-
tion termination has occurred prematurely is made by a
putative surveillance complex, which consists of, at a
minimum, the Upfps (Upf proteins). The surveillance
complex scans 38 of the termination codon and searches
for a sequence element called the downstream element

(DSE; Peltz et al. 1993a; Zhang et al. 1995; Ruiz-Echev-
arria and Peltz 1996; Ruiz-Echevarria et al. 1998). The
DSE is a degenerate sequence that is present multiple
times in virtually all mRNAs (Zhang et al. 1995). We
hypothesize that the surveillance complex interacts with
the DSE or associated factors and signals that premature
termination has occurred. This interaction leads to rapid
decapping and 58→38 decay of the aberrant mRNA.

The yeast UPF1 gene and its protein product have been
the most extensively investigated factor of the putative
surveillance complex (Altamura et al. 1992; Koonin
1992; Leeds et al. 1992; Atkin et al. 1995, 1997; Czaplin-
ski et al. 1995; Cui et al. 1996; Weng et al. 1996a,b; 1998).
The Upf1p contains a cysteine- and histidine-rich region
near its amino terminus and all the motifs required to be
a member of the superfamily group I helicases. The yeast
Upf1p has been purified and demonstrates RNA-binding
and RNA-dependent ATPase and RNA helicase activi-
ties (Czaplinski et al. 1995; Weng et al. 1996a,b). Disrup-
tion of the UPF1 gene results in stabilization of non-
sense-containing mRNAs and suppression of certain
nonsense alleles (Leeds et al. 1991; Cui et al. 1995; Czap-
linski et al. 1995; Weng et al. 1996a,b).

In addition to its role in accelerating the decay of non-
sense-containing transcripts, recent evidence suggests
that the Upf1p enhances translation termination at a
nonsense codon (Leeds et al. 1992; Weng et al. 1996a,b,
1998). Nonsense suppression results when a near cog-
nate tRNA successfully competes with the termination
factors at a nonsense mutation so that amino acid incor-
poration into the peptide chain occurs rather than pre-
maturely terminating translation. Sufficient levels of
nonsense suppression allow production of completed
polypeptide protein which can support growth. The ini-
tial result suggesting that the Upf1p is involved in trans-
lation termination was the finding that a upf1D strain
demonstrated a nonsense suppression phenotype (Leeds
et al. 1992; Cui et al. 1995; Weng et al. 1996a,b). More
significantly, a set of mutations in the UPF1 gene sepa-
rated its mRNA decay function from its activity in
modulating translation termination at a nonsense codon
(Weng et al. 1996a,b). A subset of mutations in the heli-
case region of the UPF1 gene inactivate the decay activ-
ity of the Upf1p while still retaining its ability to en-
hance translation termination at a nonsense codon and
prevent nonsense suppression (Weng et al. 1996a). Con-
versely, another subset of mutations in the cysteine- and
histidine-rich amino-terminal region reduce the ability
of the Upf1p to enhance translation termination at a
nonsense codon, allowing suppression of certain non-
sense alleles (Weng et al. 1996b). These alleles, however,
do not affect the activity of the Upf1p in promoting de-
cay of nonsense-containing mRNAs (Weng et al. 1996b).
On the basis of these results, we hypothesized that the
Upf1p is a factor that in addition to its role in promoting
NMD, modulates the efficiency of translation termina-
tion at a nonsense codon.

As a consequence of the results described above, we
hypothesize that the Upf1p enhances translation termi-
nation by interacting with the peptidyl release factors,
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eukaryotic release factor 1 (eRF1) and 3 (eRF3), to aug-
ment their activity. Both eRF1 and eRF3 are conserved
proteins that interact and promote peptidyl release in
eukaryotic cells (Frolova et al. 1994; Stansfield et al.
1995; Zhouravleva et al. 1995). In yeast, eRF1 and eRF3
are encoded by the SUP45 and SUP35 genes, respectively
(Frolova et al. 1994; Zhouravleva et al. 1995). Sup45p and
Sup35p have been shown to interact (Stansfield et al.
1995; Paushkin et al. 1997b). eRF1 contains intrinsic
peptide hydrolysis activity, whereas eRF3, which has ho-
mology to the translation elongation factor EF1a (Didi-
chenko et al. 1991), demonstrates GTPase activity (Fro-
lova et al. 1996), and enhances the termination activity
of eRF1 (Zhouravleva et al. 1995). The results presented
in this report demonstrate a biochemical interaction be-
tween the human and yeast Upf1p and the peptidyl re-
lease factors eRF1 and eRF3. On the basis of these re-
sults, a model will be presented describing how the
Upf1p, as part of a putative surveillance complex, as-
sembles at the termination event, enhances translation
termination, and degrades aberrant mRNAs.

Results

Upf1p interacts with the peptidyl release factors eRF1
and eRF3

As described above, previous genetic results indicate
that the Upf1p enhances translation termination at a
nonsense codon (Weng et al. 1996a,b). We hypothesized
that Upf1p modulates translation termination by inter-
acting with the peptidyl release factors eRF1 and eRF3.
To test this prediction, eRF1 and eRF3 were individually
expressed in Escherichia coli as GST fusion proteins and
purified by use of glutathione–Sepharose beads. The pu-
rified GST–RF (release factor) fusion proteins associated
with the glutathione–Sepharose beads were added to a
yeast cytoplasmic extract containing a Flag epitope-
tagged Upf1p (Czaplinski et al. 1995; Weng et al.
1996a,b). Following incubation, the GST–RFs and asso-
ciated proteins were purified by affinity chromatography
and subjected to SDS-PAGE. Immunoblotting was per-
formed and the presence of the Upf1p was assayed by use
of an antibody against the Flag epitope. The anti-Flag
antibody recognized only the 109-kD Upf1p in cytoplas-
mic extracts from cells transformed with plasmid ex-
pressing the Flag–Upf1p (Fig. 1A, cf. lanes 2 and 1). This
analysis also demonstrated that the Upf1p specifically
copurified with either eRF1 (Fig. 1A, lane 5) or eRF3 (Fig.
1A, lane 4). Upf1p did not copurify with GST protein
that was not fused to another protein (Fig. 1A, lane 3) or
a GST–JIP protein, in which a Jak2 interacting protein
fused to GST was used to monitor the specificity of the
reaction (data not shown).

The interaction of purified Upf1p with either eRF1 or
eRF3 was also monitored. The purification for epitope-
tagged Upf1p (Flag–Upf1p) has been described previously
(Czaplinski et al. 1995). Purified Flag–Upf1p was incu-
bated with the GST–RF fusion proteins in the presence
of increasing salt concentrations and the interactions of

these proteins were monitored as described above. The
results demonstrated that the purified Flag–Upf1p inter-
acted with either eRF1 or eRF3 [Fig. 1B, lanes 8–12 (eRF1)
and lanes 3–7 (eRF3)]. The Upf1p–eRF3 complex was less
sensitive to increasing salt concentrations than the
Upf1–eRF1 complex (Fig. 1B). The interactions were spe-
cific, because the purified Upf1p did not interact with
the GST protein (Fig. 1B, lane 2) or GST–JIP (data not
shown). Interaction of Upf1p with either eRF1 or eRF3
was shown to be dose dependent (data not shown).

The Upf1p is associated with the aggregates of eRF3 in
[PSI+] strains

The biochemical results described above suggest that the
Upf1p could enhance translation termination at a non-

Figure 1. The yeast Upf1 protein interacts specifically with the
peptidyl release factors. (A) GST–eRF1 or GST–eRF3 fusion pro-
teins bind specifically to Upf1p in a yeast extract. Cytoplasmic
extracts from a yeast strain BJ3505 transformed with either
pG-1 (vector) or pG-1FLAGUPF1 (Flag-Upf1p) were prepared in
IBTB and incubated with 30 µl of GST, GST–eRF1, or GST–
eRF3 Sepharose–protein complexes. The Sepharose–protein
complexes were washed twice in IBTB (see Materials and Meth-
ods), resuspended in SDS–polyacrylamide loading buffer, sepa-
rated on an 8% SDS-polyacrylamide gel, and immunoblotted by
use of anti-Flag antibody. (B) Upf1p interacts directly with both
eRF1 and eRF3. Upf1p was purified as described previously
(Czaplinski et al. 1995). Upf1p (200 ng) was added to 10 µl of
GST, GST–eRF1, or GST–eRF3 Sepharose–protein complexes in
a total reaction volume of 200 µl in IBTB supplemented with
KCl to the final concentration indicated above each lane. After
1 hr at 4°C, Sepharose–protein complexes were washed for 3
min with 1 ml of IBTB supplemented with KCl to the final
concentration indicated above each lane. The purified Sepha-
rose–protein complexes were resuspended in SDS-polyacryl-
amide loading buffer and separated on a 7.5% SDS-polyacryl-
amide gel and immunoblotted as in A.
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sense codon by interacting with the peptidyl release fac-
tors and enhancing their activity. We sought to confirm
and extend this observation by asking whether the inter-
action of the Upf1p with the release factors can be ob-
served in yeast cells. Recent results have shown that the
nonsense suppressor phenotype observed in strains car-
rying the cytoplasmically-inherited determinant [PSI+] is
a consequence of a specific alternative protein conforma-
tional state of the yeast eRF3 (Sup35p). In a [PSI+] state,
eRF3 forms high-molecular-weight aggregates, or an
amyloid-like fiber, which inhibit eRF3 activity, leading
to increased readthrough of translation termination
codons by ribosomes (Wickner 1994; Patino et al. 1996;
Paushkin et al. 1996; Glover et al. 1997). It was also
suggested that this specific alternative conformation of
eRF3 is capable of self-propagation by an autocatalytic
mechanism, analogous to that of mammalian prions
(Wickner 1994; Glover et al. 1997; Paushkin et al. 1997a).
Thus, the alternative protein conformational state of the
eRF3, and not a mutation in the SUP35 gene, allows
self-propagation of the [PSI+] phenotype. Yeast eRF1
(Sup45p) interacts with eRF3 and was also found in the
aggregates present in [PSI+] cells (Paushkin et al. 1997b).

Because of the interaction of Upf1p with eRF1 and
eRF3, we reasoned that Upf1p may be associated with
the eRF3 aggregates in [PSI+] cells. To test this possibil-
ity, the presence of the Upf1p in the eRF3 and eRF1
aggregates found in [PSI+] cells was monitored. Previous
results demonstrated that the eRF1/eRF3 aggregates
sedimented through a sucrose pad in extracts prepared
from [PSI+] cells. Cytoplasmic extracts from isogenic
[psi−] and [PSI+] cells were prepared and centrifuged
through a sucrose cushion and the presence of Upf1p,
eRF1, and eRF3 was monitored in different fractions by
Western blotting analysis. The results demonstrated that
Upf1p, eRF1, and eRF3 were present in the pellet fraction
in extracts from [PSI+] cells but were not found in the
pellet fraction in a [psi−] extract (Fig. 2, cf. lanes 3 and 6).
This result provides evidence that the Upf1p interacts
with the translation termination factors in yeast cells.

eRF3 and RNA compete for interaction with Upf1p

We also asked whether GTP, which binds to eRF3 (Fro-
lova et al. 1996), or RNA, which binds to Upf1p, could
affect the interaction between the release factors and the
Upf1p. Reaction mixtures were prepared containing pu-
rified Flag–Upf1p and either purified GST–eRF1 or GST–
eRF3 and containing either GTP or poly(U) RNA. Fol-
lowing incubation, the sepharose–GST–RF fusion com-
plexes were washed with the same buffer containing
either GTP or poly(U) RNA. The remaining bound pro-
teins were subjected to SDS-PAGE followed by immu-
noblotting by use of an antibody against the Flag epitope.
The results demonstrated that the interaction between
Upf1p and eRF3 was not affected by GTP (Fig. 3A, cf.
lanes 3 and 4; data not shown). A similar experiment
showed that ATP did not affect the interaction between
eRF3 and Upf1p (Fig. 3A, cf. lanes 3–5). Although poly(U)
RNA did not affect the Upf1p–eRF1 interaction (Fig. 3B),

the Upf1p–eRF3 interaction was dramatically reduced in
reactions containing poly(U) RNA (Fig. 3A, cf. lanes 3–6).

The results described above indicated that RNA and
eRF3 may be actually competing for binding to Upf1p.
To test this hypothesis further, the effect of eRF3 on the
ability of Upf1p to complex with RNA was monitored.
Reaction mixtures containing Upf1p and RNA, and ei-
ther lacking or containing increasing concentrations of
eRF3, were prepared and the formation of the
Upf1p:RNA complex was monitored by an RNA gel shift
assay (Czaplinski et al. 1995; Weng et al. 1996a,b, 1998).
Although Upf1p–RNA complexes formed in the absence
of eRF3 (Fig. 3C, lane 2), increasing concentrations of
eRF3 in the reaction mixtures reduced the amount of the
Upf1p–RNA complex that formed (Fig. 3C, lanes 4–8).
Inhibition was specific to eRF3, because the GST protein
had no effect on Upf1–RNA complex formation (Fig. 3C,
lane 9). eRF3–RNA complexes did not form (Fig. 3C, lane
3), indicating that the observed complexes were the re-
sult of binding to the Upf1p. Taken together, these re-
sults suggest that RNA and eRF3 bind competitively to
Upf1p.

Previous results have shown that ATP bound to the
Upf1p reduces its affinity for RNA (Weng et al. 1997a,
1998). This observation suggests that the ATP-bound
form of Upf1p would favor interacting with eRF3 under
conditions in which RNA and eRF3 are competing for
interaction with Upf1p. This hypothesis was tested by
incubating purified Flag–Upf1p with poly(U) RNA in the
presence or absence of ATP. Following incubation, GST–
eRF3 was added to the reaction mixtures and the Upf1–
eRF3 interaction was monitored by immunoblotting

Figure 2. The Upf1p is associated with eRF3 [PSI+] aggregates.
Cytoplasmic extracts from isogenic [PSI+] and [psi−] variants of
strain 7G-H66 upf1D and containing FLAG–UPF1 inserted into
a centromere plasmid were fractionated by centrifugation
through a sucrose cushion as described previously (Paushkin et
al. 1997b). Supernatant (cytosol), sucrose pad (sucrose), and pel-
let fractions were subjected to SDS–PAGE, and the distribution
of eRF1, eRF3, and Upf1p within these fractions was determined
by immunoblotting with polyclonal antibody against eRF1 and
eRF3 and a monoclonal antibody against the Flag epitope. A
95-kD protein cross-reacts with anti-flag antibody in strain 7G-
H66 and has the same distribution in [PSI+] and [psi−] cells. This
95-kD protein is not present in extracts prepared from strain
BJ3505 (see Fig. 1).
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analysis as before. The results demonstrated that when
poly(U) and ATP were both present in the reaction mix-
ture, the Upf1p interacted with eRF3 with the same af-
finity as in reactions lacking poly(U) RNA (Fig. 4A, lanes
6, 8, 10). Control experiments demonstrated that ATP
did not prevent association of Upf1p with eRF3 (Fig. 4A,
lane 4), and poly(U) RNA completely inhibited the inter-
action (Fig. 4A, lanes 5, 7, 9). These results are consistent
with the notion that ATP binding to Upf1p functionally
enhances interaction of Upf1 with eRF3, by preventing
binding of competing RNAs.

The K436A form of the Upf1p demonstrates altered
interactions with the translation termination release
factors

Next, we wanted to determine whether a mutation in

the UPF1 gene that inactivated its mRNA turnover and
translation termination activities affected the ability of
the Upf1p to interact with the translation termination
release factors. Previous results have shown that strains
harboring mutations in the conserved lysine residue in
position 436 of the Upf1p (K436) result in stabilization of
nonsense containing mRNAs and a nonsense suppres-
sion phenotype (Weng et al. 1996a). By use of a purified
K436A form of the Upf1p (Weng et al. 1996a, 1998), we
asked whether this mutation affected the ability of the
Upf1p to interact with the eRF1. Reaction mixtures con-
taining the K436A form of Upf1p, GST–eRF1, and vari-
ous KCl concentrations were prepared and their interac-
tion was monitored as described above. The results dem-
onstrated that the K436A mutation dramatically reduced
the interaction of Upf1pK436A with eRF1 at least four- to
sixfold relative to the interaction of wild-type Upf1 with

Figure 4. ATP prevents RNA from competing with eRF3 for
binding to Upf1p. (A) Reaction mixtures were prepared as de-
scribed in Fig. 3A, except that binding was performed in IBTB,
and reaction mixtures contained 1 mM ATP or poly(U) RNA at
the concentrations indicated above each lane. The reaction mix-
tures were mixed for 1 hr at 4°C. Following mixing, the com-
plexes were washed with IBTB containing 1 mM ATP or poly(U)
RNA at concentrations as indicated above each lane. (B)
Upf1pK436A interacts weakly with eRF1. Reaction mixtures
were prepared as in Fig. 1B, substituting Upf1pK436A for the
wild-type protein (lanes 5–8). (C) A mutant Upf1p is unable to
interact with eRF3 in the presence of RNA. Reaction mixtures
were prepared as in A, substituting purified Upf1pK436A for the
wild-type protein. Reactions contained 1 mM ATP or 40 µg/ml
poly(U) RNA as indicated above each lane.

Figure 3. eRF3 and RNA compete for binding to Upf1p. (A)
Poly(U) RNA prevents Upf1p from binding to eRF3. Reaction
mixtures were prepared as described in Fig. 1B, except that bind-
ing was performed in TBSTB (TBST with 100 µg/ml BSA) and
reaction mixtures contained 1 mM ATP, 1 mM GTP, or 100
µg/ml poly(U) RNA as indicated above each lane. The reaction
mixtures were mixed for 1 hr at 4°C. Following mixing, the
complexes were washed as in Fig. 1B with TBSTB containing 1
mM ATP, 1 mM GTP, or 100 µg/ml poly(U) RNA as indicated
above each lane. (B) Poly(U) RNA does not prevent Upf1 and
eRF1 interaction. Reaction mixtures were prepared as in Fig. 1B,
in the presence or absence of 100 µg/ml poly(U) RNA as indi-
cated above each lane. (C) eRF3 inhibits Upf1p RNA binding. A
uniformly labeled 32-nucleotide RNA was synthesized by SP6
transcription of SstI-digested pGEM5Zf(+). The indicated
amounts of GST–eRF3 were incubated with 200 ng of Upf1p for
15 min at 4°C. RNA substrate (50 fmoles) was added and incu-
bated for 5 min. Stop solution was added, and reactions electro-
phoresed in a 4.5% native polyacrylamide gel (0.5× TBE, 30:0.5
acrylamide/bisacrylamide, with 5% glycerol).
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eRF1 (Fig. 4B, cf. lanes 3 and 4 with lanes 7 and 8; data
not shown).

We also monitored the ability of the K436A Upf1p to
interact with eRF3. A reaction mixture containing the
K436A Upf1p and GST–eRF3 was prepared and the
Upf1p–eRF3 interaction was monitored as described
above. The result demonstrated that the mutant form of
Upf1p was capable of interacting with eRF3 with an
equivalent affinity as the wild-type Upf1p (Fig. 4C, lane
3; data not shown).

Next, we determined whether the K436A mutation
affected the ability of the Upf1p to preferentially interact
with eRF3 versus RNA when ATP is present in the re-
action mixture. The K436A mutation has been shown to
reduce the affinity of the Upf1p for ATP (Weng et al.
1996a, 1998). However, although the K436A form of the
Upf1p is still capable of binding RNA, unlike the wild-
type Upf1p, ATP is unable to dissociate the
RNA:Upf1pK436A complex (Weng et al. 1996a, 1998).
Therefore, we monitored the ability of the Upf1pK436A to
interact with eRF3 in the presence of ATP and RNA.
Reaction mixtures containing the mutant Upf1p and ei-
ther ATP, poly(U) RNA, or ATP and poly(U) RNA were
prepared and interaction of the Upf1p with eRF3 was
monitored as described above. The results demonstrated
that, analogous to the wild-type Upf1p, poly(U) RNA
prevented the interaction of Upf1pK436A with eRF3 (Fig.
4C, lane 4). However, unlike the wild-type Upf1p, ATP
was unable to restore interaction of Upf1pK436A with
eRF3 in the presence of poly(U) RNA (Fig. 4C, lane 5).
This result indicates that the Upf1pK436A will not favor
the Upf1p–eRF3 complex over the Upf1p-RNA complex
when ATP is present in the reaction. Taken together,
these results suggest that strains harboring the K436A
upf1 allele, which no longer degrades aberrant mRNAs
and displays a nonsense suppression phenotype, demon-
strate altered interactions with the translation termina-
tion release factors. The altered Upf1pK436A:eRF interac-
tions observed in the in vitro reactions correlate well
with the in vivo mRNA decay and nonsense suppression
phenotypes of this mutant upf1 allele.

eRF1 and eRF3 inhibit Upf1p ATPase activity

The genetic and biochemical data indicated that the
ATPase/helicase activities were not required for enhanc-
ing translation termination, but were necessary to de-
grade nonsense-containing transcripts (Weng et al.
1996a,b, 1997). On the basis of these results, we pre-
dicted that interaction of the Upf1p with the eRFs would
inhibit its ATPase/helicase activity, thus allowing the
Upf1p to enhance translation termination. Therefore, we
also examined whether the interaction of Upf1p with
either eRF1 or eRF3 would affect the RNA-dependent
ATPase activity of Upf1p. Reaction mixtures were pre-
pared containing radiolabeled [g32P]ATP and (1) Upf1p;
(2) Upf1p and RNA; (3) Upf1p, RNA, and GST; (4) Upf1p,
RNA, and GST–eRF1; or (5) Upf1p, RNA, and GST–
eRF3. The ATPase activity in these reactions was moni-
tored by use of a charcoal assay as described previously

(Czaplinski et al. 1995; Weng et al. 1996a,b). The results
demonstrated that reactions containing only Upf1p had
no detectable ATPase activity, whereas reactions con-
taining Upf1p and poly(U) RNA demonstrated maximal
ATPase activity (data not shown). Addition of either
eRF1 or eRF3 inhibited RNA-dependent ATPase activity
of the Upf1p in a dose-dependent manner (Fig. 5; GST–
eRF1 and GST-eRF3). Addition of the GST protein to the
reaction mixtures had no effect on the RNA-dependent
ATPase activity of the Upf1p (Fig. 5; GST). Neither eRF1
nor eRF3 demonstrated any intrinsic ATPase activity or
stimulated the Upf1p ATPase activity in reactions lack-
ing RNA (data not shown). The inhibition of the Upf1p
ATPase activity by eRF1 was not simply a consequence
of inhibiting its RNA-binding activity, because eRF1
does not inhibit this function of Upf1p (data not shown).
Taken together, these results demonstrate that the
ATPase activity of the Upf1p can be modulated by its
interaction with the translation termination factors.

The yeast/human UPF1 allele functions to modulate
translation termination

We wanted to determine whether the human homolog of
the yeast Upf1p, called rent1 or hupf1, also modulated
translation termination and mRNA turnover, suggesting
a conserved role for this protein throughout evolution.
We were unable to express the rent1/hupf1 in yeast cells
(Perlick et al. 1996; data not shown). Therefore, we asked
whether expression of a yeast/human UPF1 hybrid gene
would prevent nonsense suppression in a upf1D strain
and promote decay of aberrant transcripts. Although the
amino- and carboxy-terminal ends of the human and
yeast Upf1p are divergent, the rent1/hupf1 contains both
the cysteine/histidine-rich region and helicase motifs
found in the yeast UPF1 gene and displays 60% identity
and 90% similarity over this region (Perlick et al. 1996;
Applequist et al. 1997). The hybrid construct used in
these experiments consisted of the conserved domains

Figure 5. eRF1 and eRF3 inhibit Upf1p RNA-dependent
ATPase activity. Upf1p RNA-dependent ATPase activity was
determined in the presence of GST–RF fusions by a charcoal
assay with 1 µg/ml poly(U) RNA and 100 µg/ml BSA. The re-
sults are plotted as picomoles of 32P released vs. the amount of
the indicated protein. (s) GST; (h) GST–eRF3; (n) GST–eRF1.
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from the human protein sandwiched between the amino
and carboxyl termini from the yeast UPF1 gene (Perlick
et al. 1996). This hybrid gene was shown previously to
complement a upf1D strain in a frameshift allosuppres-
sion assay (Perlick et al. 1996). We initially asked
whether expression of the hybrid gene would function to
prevent nonsense suppression. To test this possibility, a
upf1D strain harboring leu2-2 and tyr7-1 nonsense alleles
was transformed with plasmids harboring (1) the vector
alone, (2) the wild-type yeast UPF1 gene, or (3) the yeast/
human hybrid gene expressed from a MET25 promoter
inserted into either a centromere (YCpRENT1CHI4-2) or
a high copy plasmid (YEpRENT1CHI4-2). Methionine
was omitted from the media to increase the expression of
the hybrid gene (Perlick et al. 1996). Suppression of the
leu2-2 and tyr7-1 nonsense alleles was monitored by
plating cells on −Trp −Met −Leu −Tyr medium. As a
control, these cells were plated on −Trp −Met medium.
The results demonstrated that the upf1D cells harboring
the vector grew on both types of medium (Fig. 6A), indi-
cating suppression of these nonsense alleles. Cells har-
boring the yeast UPF1 gene were unable to grow on −Trp
−Met −Leu −Tyr medium, demonstrating that the pres-
ence of the yeast UPF1 gene prevented suppression of
these nonsense alleles (Fig. 6A). Similarly, expression of
the hybrid yeast/human UPF1 gene prevented growth of

these cells on −Trp −Met −Leu −Tyr medium, demon-
strating the ability of this protein to substitute for the
yeast Upf1p in preventing suppression of the leu2-2 and
tyr7-1 alleles (Fig. 6A). The hybrid gene functioned better
when expressed from a multicopy plasmid (Fig. 6A). The
expression of the chimeric protein had no effect on nor-
mal cell growth, because cells harboring these plasmids
grew as well as wild-type on the −Trp −Met medium (Fig.
6A).

Next, we asked whether the yeast/human UPF1 gene
promotes decay of nonsense-containing transcripts in
yeast cells. To test this, the abundance of the tyr7-1 and
leu2-2 nonsense-containing transcripts was determined
in a upf1D strain harboring either the vector plasmid, the
yeast UPF1 gene, or the human/yeast hybrid UPF1 allele
in a high copy plasmid. Total RNAs from these cells
were isolated and the abundances of the tyr7 and leu2
transcripts were analyzed by RNA-blotting analysis,
probing the blots with radiolabeled DNA probes encod-
ing the TYR7 and LEU2 genes (Weng et al. 1996a,b). The
results demonstrated that the leu2-2 and tyr7-1 mRNAs
were low in abundance in a UPF1+ cell but were abun-
dant in both a upf1D strain and a upf1D containing the
yeast/human hybrid allele (Fig. 6B). Similarly, the CYH2
precursor, which is an endogenous substrate for NMD
(He et al. 1993), was abundant in cells expressing the
yeast/human hybrid allele, whereas the CYH2 mRNA
levels were similar in all three strains (Fig. 6B). Taken
together, these results indicated that the product of the
yeast/human UPF1 hybrid gene functions in translation
termination, but does not activate the NMD pathway in
yeast cells.

The human Upf1p interacts with the peptidyl release
factors eRF1 and eRF3

The results described above suggest that the human ho-
molog of the UPF1 gene may also function in modulat-
ing the translation termination activity of the peptidyl
release factors. Therefore, we asked whether the full-
length rent1/hupf1 would interact with eRF1 and eRF3.
To test this possibility, radiolabeled rent1/hupf1 protein
was synthesized in a coupled in vitro transcription/
translation system. In vitro synthesis of the rent1/hupf1
produced a band of ∼130 kD (Fig. 7, lane 1), consistent
with the reported size of rent1/hupf1 (Applequist et al.
1997). The luciferase protein was also synthesized as de-
scribed above and was used as a control protein for speci-
ficity of the interaction. Synthesis of the luciferase pro-
tein produced a 68-kD protein (Fig. 7, lane 5). The rent1/
hupf1 or the luciferase protein was incubated with either
GST, GST–eRF1, or GST–eRF3 as described above and
the interactions of rent1/hupf1 or luciferase with these
proteins were monitored by SDS-PAGE followed by au-
toradiography. The results demonstrated that the rent1/
hupf1 interacted with both the GST–eRF1 or GST–eRF3
(Fig. 7, lanes 3 and 4). The interaction was specific, be-
cause rent1/hupf1 did not form a complex with GST
protein (Fig. 7, lane 2). Further, the in vitro synthesized
luciferase protein did not interact with GST, GST–eRF1,

Figure 6. A RENT1/HUPF1 chimeric allele functions in trans-
lation termination. (A) A RENT1/HUPF1 chimeric allele pre-
vents nonsense suppression in a upf1D strain. Strain PLY146
(MATa ura3-52 trp1D upf1::URA3 leu2-2 tyr7-1) was trans-
formed with YCplac22 (vector), YCpUPF1 (UPF1),
YCpRent1CHI4-2, or YEpRent1CHI4-2, and cells were grown to
OD600 = 0.5 in -Trp -Met medium. Dilutions of 1/10, 1/100, and
1/1000 were prepared in -Trp -Met medium and 5 µl of these
dilutions was plated simultaneously on -Trp -Met (top plate) or
-Trp -Met -Leu -Tyr (bottom plate) media. Cells were monitored
for growth at 30°C. (B) A RENT1/HUPF1 chimeric allele does
not promote decay of nonsense containing mRNAs. Total RNA
was isolated from cells at OD600 = 0.8 from the strains described
in A. RNA (40 µg) from strains PLY146 transformed with YC-
plac22 (vector), YCpUPF1 (UPF1), or YEpRent1CHI4-2
(YEpRENT1CHI4-2)(10) was subjected to Northern blotting
analysis and probed with either the LEU2, TYR7, or CYH2
probes.
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or GST–eRF3 (Fig. 7, lanes 6–8). Furthermore, poly(U)
RNA prevented the interaction of hupf1/rent1 with
eRF3 (data not shown). Taken together, these results in-
dicate that the rent1/hupf1 also interacts with the pep-
tidyl release factors eRF1 and eRF3, suggesting that the
role of the Upf1p in the surveillance complex in modu-
lating translation termination is conserved throughout
evolution.

Discussion

Previous results indicated that the Upf1p is a multifunc-
tional protein involved in enhancing translation termi-
nation at nonsense codons and in promoting decay of
nonsense-containing transcripts (Weng et al. 1996a,b,
1998). The results presented here begin to elucidate how
the Upf1p functions in enhancing translation termina-
tion. We demonstrated that both the yeast and human
forms of the Upf1p probably affect translation termina-
tion by interacting with the peptidyl release factors eRF1
and eRF3 and modulating their activity (Fig. 1). These
results were substantiated by demonstrating that the
Upf1p was also observed as part of the peptidyl release
factor aggregates, or fibers, observed in [PSI+] yeast cells,
and a mutant form of Upf1 has altered interactions with
the release factors. These observations will be discussed
below and, on the basis of these observations, a model for

how the surveillance complex assembles at a termina-
tion codon to enhance translation termination and pro-
mote NMD will be described.

The interaction of the Upf1p with the peptidyl release
factors suggests that the Upf1p enhances the activity
of these factors

Previous genetic data suggested that the Upf1p modu-
lates the translation termination activity in a cell (Weng
et al. 1996a,b, 1998). Consistent with this notion, we
have demonstrated that the Upf1p interacted with eRF1
and eRF3, the two major components known to be in-
volved in translation termination (Stansfield et al. 1995;
Zhouravleva et al. 1995). Furthermore, the finding that
the Upf1p is also associated with the eRF3 aggregates
found in [PSI+] cells is consistent with this protein in-
teracting with the translation termination release factors
in vivo (Fig. 2). This result suggests that a portion of the
Upf1p that is normally utilized by the cell to enhance
translation termination is depleted from the cellular
pool in yeast [PSI+] cells. At present, the effect of remov-
ing this portion of the Upf1p on NMD is not known. It
will be interesting to determine whether under- or over-
expression of the Upf1p, or any of the other Upfps, af-
fects the efficiency of the formation of the [PSI+] pheno-
type. In any event, the results presented here identify
Upf1p as a component of the [PSI+] complexes, suggest-
ing that it may play a role in aggregate formation or
maintenance.

The precise mechanism of how eRF1 and eRF3 pro-
mote termination when the A site of the ribosome is
occupied by a termination codon has not been fully elu-
cidated (for review, see Buckingham et al. 1997). One
suggestion is that eRF1 may structurally mimic a stem
of a tRNA, whereas eRF3 may mimic the function of
EF-1a (Didichenko et al. 1991). The interaction of these
two proteins at the ribosomal A site promotes cleavage
of the peptide associated with the tRNA in the P site
(Zhouravleva et al. 1995). There are several steps in the
termination process in which interaction of the release
factors with Upf1p could be envisioned to enhance its
translation termination efficiency. These include (1) in-
creasing the efficiency in which the eRFs compete with
near cognate tRNAs and productively interact with the
ribosome to promote termination, (2) the efficiency of
the eRFs to promote peptidyl hydrolysis, or (3) increasing
the recycling of the eRFs so that there is a larger free pool
of these factors that can promote termination. Future
experiments will be required and assays need to be de-
veloped to determine how the Upf1p functions to en-
hance translation.

The role of the Upf1p in enhancing translation
termination may be conserved throughout evolution

The human homolog of the yeast UPF1 gene has been
recently isolated (Perlick et al. 1996; Applequist et al.
1997). Although the human gene contained amino- and
carboxy-terminal domains that were not present in the

Figure 7. Rent1/hupf1 interacts with eRF1 and eRF3. NotI lin-
earized pT7RENT1 (lanes 1–4) or luciferase template (lanes 5–8)
was used in the TNT-coupled reticulocyte in vitro transcription
translation as per manufacturer’s directions (Promega). Com-
pleted translation reactions (2 µl) were electrophoresed in lanes
1 and 5. Completed reactions (5 µl) were incubated in 200 µl of
IBTB with 10 µl of GST, GST–eRF1, or GST–eRF3 Sepharose–
protein complexes as indicated above each lane. Following mix-
ing for 1 hr at 4°C, the Sepharose–protein complexes were
washed as in Fig. 1A, and the bound proteins were subjected to
SDS-PAGE in an 8% gel. Following electrophoresis, gels were
fixed for 30 min in 50% methanol, 10% acetic acid, and then
treated with 1 M salicylic acid for 1 hr. Gels were dried and
subjected to autoradiography.
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yeast UPF1 gene, the human gene contained the cyste-
ine/histidine-rich region and the helicase motifs found
in the yeast homolog (Perlick et al. 1996; Applequist et
al. 1997). Further, expression of a yeast/human hybrid of
the UPF1 genes functioned in a frameshift suppression
assay when expressed in a upf1D strain (Perlick et al.
1996). The results presented here demonstrate that,
analogous to the Upf1p, expression of the yeast/human
UPF1 allele prevented the nonsense suppression pheno-
type observed in a upf1D strain harboring the nonsense-
containing leu2-2 and tyr7-1 alleles (Fig. 6). Although the
yeast/human hybrid was able to complement the trans-
lation termination phenotype of the yeast Upf1p, it did
not promote rapid decay of nonsense-containing mRNAs
(Fig. 6). Furthermore, consistent with a role in transla-
tion termination, the human rent1/hupf1 protein also
interacted with the translation termination factors eRF1
and eRF3 (Fig. 6). These results, as well as the predomi-
nantly cytoplasmic localization of both the yeast Upf1p
and rent1/hupf1 (for review, see Jacobson and Peltz 1996;
Applequist et al. 1997), are consistent with a role of this
protein in modulating translation termination. Taken
together, these results suggest that the role of the Upf1p
in translation termination is likely to be conserved
throughout evolution.

Interaction with the release factors modulates
the biochemical activities of the Upf1p

Our results demonstrate that interaction of Upf1p with
the release factors inhibited its ATPase activity and pre-
vented Upf1p from binding to RNA (Figs. 3 and 5). These
results are consistent with our previous biochemical and
genetic results demonstrating that the Upf1p ATPase/
helicase and RNA-binding activities were required to
promote NMD, but were dispensable for its translation
termination activity (Weng et al. 1996a,b, 1998). We
have also shown that RNA and eRF3 compete for bind-
ing to Upf1p (Fig. 3). This result suggests that factors that
reduce the Upf1p affinity for RNA would consequently
favor binding to the release factors. We have demon-
strated previously that binding of ATP to Upf1p reduces
its affinity for RNA (Weng et al. 1996a, 1998). The re-
sults shown here demonstrated that ATP causes Upf1 to
favor interaction with eRF3 over RNA (Figs. 4C and 8A).
On the basis of these results, we hypothesize that ATP is
a cofactor of the Upf1p that allows it to switch between
its translation termination and NMD activities. The re-
sults from our genetic and biochemical analysis of the
Upf1p are consistent with this hypothesis (Weng et al.
1996a,b, 1998). For example, a mutant form of the Upf1p
that lacked ATPase activity, but still bound ATP, was
still functional in preventing translation termination
(Weng et al. 1996a, 1998). Significantly, the binding of
ATP to this mutant form of the Upf1p still modulated its
RNA-binding affinity (Weng et al. 1998). Furthermore, a
mutant Upf1pK436A, whose RNA-binding activity could
not be modulated by ATP, did not function in enhancing
translation termination at a nonsense codon (Weng et al.
1996a, 1998). This Upf1pK436A also demonstrated a dra-

matically reduced interaction with eRF1 (Fig. 4B), and
did not interact with eRF3 in the presence of RNA and
ATP (Fig. 4C).

A model for how the complex that promotes NMD
assembles and determines whether aberrant
termination has occurred

On the basis of the results described here, we suggest the
following model for how the NMD pathway functions to
enhance translation termination and subsequently rec-
ognize and degrade a nonsense-containing transcript (Fig.
8B). A termination codon in the A site of a translating
ribosome causes the ribosome to pause (step 1). The
translation termination factors eRF1 and eRF3 interact
at the A site and promote assembly of the surveillance

Figure 8. Model for Upf1 function in mRNA surveillance. (A)
Modulation of RNA binding enhances interaction of Upf1 with
peptidyl release factors. ATP binding to Upf1p decreases the
affinity of Upf1 for RNA. Because RNA and eRF3 compete for
binding to Upf1, interaction with eRF3 is favored. (B) A model
for mRNA surveillance. Interaction of Upf1p with peptidyl re-
lease factors assembles an mRNA surveillance complex at a
termination event. This interaction prevents Upf1 from binding
RNA and hydrolyzing ATP, and enhances translation termina-
tion. Following peptide hydrolysis, the release factors dissociate
from the ribosome, activating the Upf1p helicase activity. The
surveillance complex then scans 38 of the termination codon for
a DSE. Interaction of the surveillance complex with the DSE
signals that premature translation termination has occurred and
the mRNA is then decapped and degraded by the Dcp1p and
Xrn1p exoribonuclease, respectively.
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complex by interacting with Upf1p, which is most likely
complexed with other factors (step 2). The interaction of
Upf1p with the release factors inhibits its ATPase and
RNA-binding activities. This inhibition may be neces-
sary for the Upf1p to enhance the activity of the termi-
nation factors and ensure that the Upfp complex does
not prematurely disassociate from release factors and
search for a DSE. Peptide hydrolysis occurs while the
release factors are associated with the surveillance com-
plex. Following GTP hydrolysis by eRF3 and completion
of termination, the eRFs disassociate from the ribosome
(step 3). We hypothesize that disassociation of the re-
lease factors activates the RNA-binding and ATPase ac-
tivities of the Upf1p and triggers the Upfp complex to
scan 38 of the termination codon in search of a DSE (step
4). If the complex becomes associated with the DSE or
DSE-associated factors, an RNP complex forms such that
the RNA is a substrate for rapid decapping by Dcp1p
(step 5; Muhlrad and Parker 1994). We hypothesize that
the RNP complex that forms as a consequence of the
surveillance complex interacting with the DSE prevents
the normal interaction between the 38 poly(A)–PABP
complex and the 58 cap structure (Jacobson 1996; Tarun
et al. 1997). The uncapped mRNA is subsequently de-
graded by the Xrn1p exoribonuclease (step 6; Muhlrad
and Parker 1994; Hagan et al. 1995).

An important point that this model suggests is that
the interaction of the peptidyl release factors with a ri-
bosome paused at a termination codon is a key event in
the assembly of the complex that monitors translation
termination. Because the concentration of either release
factors or Upfps in cells is less than the concentration of
ribosomes (Didichenko et al. 1991; Stansfield et al. 1992;
Atkin et al. 1997), not every ribosome will be associated
with a surveillance complex. Thus, it is conceivable that
a paused ribosome signals assembly of this complex. In-
teraction of the release factors with the Upf1p enhances
translation termination and also ensures that the RNA-
dependent ATPase and/or helicase activities of Upf1p
function at the appropriate time in this process. The goal
of future experiments will be to determine how the
Upf1p enhances translation termination and to identify
other factors that are part of this surveillance complex
and determine how they function to modulate transla-
tion termination and degrade aberrant mRNAs.

On the basis of the model described above, we specu-
late that the termination event is a key point in the
assembly of the surveillance complex and leads to en-
hanced translation termination and degradation of non-
sense-containing transcripts. Further, we hypothesize
that translation termination may also be an important
event in regulating the stability or translation efficiency
of wild-type transcripts. The 38-untranslated regions of
many transcripts encode regulatory elements that modu-
late the translation efficiency and/or stability of their
respective mRNAs (for review, see Beelman and Parker
1995; Ross 1995; Jacobson 1996; Jacobson and Peltz
1996; Wickens et al. 1997). It is conceivable that the
termination event is also the cue for the assembly of
complexes that subsequently interact with the elements

in the 38 UTR that modulate their stability and/or trans-
lation efficiency. Interestingly, one subunit of the pro-
tein phosphatase 2A (PP2A) is the translation termina-
tion factor eRF1 (Andjelkovic et al. 1996). It is possible
that one role of eRF1 is to bring the PP2A phosphatase
into the ribosome at the termination event. The PP2A
may be then positioned in the appropriate location to
modulate the activity of factors that regulate the trans-
lation efficiency or stability of the given transcripts. In-
terestingly, this scenario is very similar to how we per-
ceive the NMD pathway function. The basic premise for
both wild type and NMD is that termination is a rate-
limiting event that pauses the ribosome and signals the
assembly of complexes that regulate subsequent events
in the life span of a given transcript. Interestingly, al-
though the role of PP2A in translation has not been in-
vestigated, mutations in the SAL6 gene that encodes a
phosphatase have been shown to promote suppression of
nonsense mutations (Vincent et al. 1994). Clearly, fur-
ther experimentation is required to test this hypothesis.

Materials and methods

General yeast methods

Yeast media was prepared as described (Rose et al. 1990). Yeast
transformations were performed by the lithium acetate method
(Scheistl and Geitz 1989). RNA isolation, blotting, and hybrid-
ization was as described (Hagan et al. 1995; Weng et al. 1996a).

Plasmids

Plasmid YCp and YEp RENTCHI4-2 were created by ligating a
4.5-kb SstI–Asp718 fragment from pMET25CHIMERA (Perlick
et al. 1996) harboring the chimeric gene under the MET25 pro-
moter into YCplac22 and YEplac112 (Ferguson et al. 1981), re-
spectively. YCpFLAGUPF1 and YEpFLAGUPF1 were described
previously (Weng et al. 1996a). GST–RF fusion plasmids,
pGEX2T, pGEX2T–SUP35, and pGEX2T–SUP45 were described
previously (Paushkin et al. 1997b).

Preparation of glutathione Sepharose–RF fusion complexes

Strain BL21(DE3) pLysS transformed with pGEX2T, pGEX2T–
SUP35, or pGEX2T–SUP45 (Paushkin et al. 1997b) were grown
at 24°C in LB with 50 µg/ml ampicillin and 30 µg/ml chloram-
phenicol to OD600 = 0.6. IPTG (0.3 mM) was added and cells
grown overnight. Cells were collected and washed once with
cold TBST (50 mM Tris at pH 7.4, 150 mM NaCl, 0.1% Triton
X-100) with 0.5 mM PMSF. Cells were resuspended in 50 µl of
TBST with 0.5 mM PMSF per milliliter of culture and lysed by
sonication. Triton X-100 was added to a final concentration of
1% and lysates mixed for 20 min at 4°C. Cell debris was re-
moved by centrifugation at 30,000g for 30 min. Eighty microli-
ters of a 50% slurry of glutathione–Sepharose (Pharmacia)
equilibrated in TBST was added per milliter of extract and in-
cubated at 4°C with mixing for 30 min. Sepharose beads were
collected at 500g for 3 min, washed for 3 min with TBST supple-
mented with NaCl to 500 mM, and collected as before for a total
of two times. The Sepharose–protein complexes were then
washed and collected as before with IBTB (25 mM Tris-HCl at
pH 7.5, 50 mM KCl, 10 mM MgCl2, 2% glycerol, 0.1% Triton
X-100, 100 µg/ml BSA) for a total of two times, and resuspended
in IBTB to yield a 2:1 ratio of buffer to packed bead volume. One
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microliter of GST–RF complexes typically contained 0.9 µg of
GST–eRF1 or 1.5 µg of GST–eRF3, whereas GST complexes
typically contained 4.5 µg of GST per microliter of resin.

Preparation of cytoplasmic extracts

BJ3505 (MATa pep4::HIS3 prb- D1.6R HIS3 lys2-208 trp1- D10
ura3-52 gal2 can1) cells were grown to an OD600 = 1.0 and
washed in 5 ml of cold buffer IB (IBTB lacking BSA) with 0.5 mM

PMSF. Cells were repelleted and suspended in 1.3 ml of cold IB
with 0.5 mM PMSF and protease inhibitors (PI, 1 µg/ml each
leupeptin, aprotinin, and pepstatin A) per gram of cell weight.
An approximately equal volume of glass beads was added and
lysis was achieved by vortexing six times for 20 sec, with 1 min
cooling on ice in between vortexing. The lysate was removed,
and the beads washed two times with an equal volume of IB
with 0.5 mM PMSF and 1 µg/ml each leupeptin, aprotinin, and
pepstatin A. The washes were combined with the lysate and the
cell debris was removed by centrifugation at 30,000g for 20 min.

Preparation of [PSI+] upf1D strains

UPF1 was deleted from [PSI+] strain 7G-H66 (MATa ade2-1
SUQ5 trp1-289 leu2-3,112 ura3-52 [PSI+]) as described (Cui et al.
1995). The deletion was confirmed by Southern blot analysis
(data not shown). To cure the [PSI+] determinant, 7G-H66 upf1D

was grown in medium containing 3 mM GuHCl (Ter-Avanesyan
et al. 1994). Disruption of UPF1 resulted in suppression of ade2-
1, which is used to monitor the suppressor phenotype of [PSI+],
therefore the [psi−] status of clones obtained after growth on
GuHCl medium was identified in crosses with the 1A-H19
[psi−] tester strain (MATa ade2-1 lys2-1 his3-11,15 leu2-3,112
SUQ5 [psi−]) (Ter-Avanesyan et al. 1994). The suppressor phe-
notype of the upf1D allele is a recessive trait, whereas the [PSI+]
determinant is dominant. Therefore, the nonsuppressor pheno-
type of the diploids indicated [psi−] state of the clones. The [PSI+]
and [psi−] isolates of strain 7G-H66 upf1D were then trans-
formed with the centromeric-based plasmid YCplac22FLAGUPF1
(Weng et al. 1996a,b).

Preparation of lysates for [PSI+] aggregate cocentrifugation

7G-H66 upf1D cells transformed with YCplac22 or YCp-
FLAGUPF1 were grown in medium lacking tryptophan to
OD600 = 1.5, washed in water, and lysed by mixing with glass
beads in buffer A (25 mM Tris-HCl at pH 7.5, 50 mM KCl, 10 mM

MgCl2, 1 mM EDTA, 2% glycerol) containing 1 mM PMSF and PI
(2 µg/ml aprotinin, 1 µg/ml pepstatin A, 0.5 µg/ml leupeptin,
2.5 µg/ml anti-pain, 0.5 µg/ml TLCK, 0.5 µg/ml TPCK, 0.1 mM

benzamidine, 0.1 mM sodium metabisulfite). Lysates were cen-
trifuged at 15,000g for 20 min, then treated with RNase A (400
µg/ml) to disrupt polyribosomes. Extracts were then subjected
to centrifugation through a sucrose cushion as described previ-
ously (Paushkin et al. 1997b). Ribosomes migrate primarily to
the sucrose fraction and because eRF1, eRF3, and Upf1p are all
ribosome associated, they are present in this fraction in [psi−]
extracts.

Preparation of purified GST–RF fusion proteins

Extracts from 400-ml cultures of strain BL21(DE3) pLysS trans-
formed with pGEX2T, pGEX2T–SUP35, or pGEX2T–SUP45
were prepared as described above for preparation of GST–RF
fusion complexes. Eight hundred microliters of a 50% slurry of
glutathione–Sepharose was added and incubated with mixing
for 30 min. Sepharose beads were collected and washed twice for

3 min with TBST supplemented with NaCl to 500 mM, and
collected by centrifugation at 500g for 3 min. The Sepharose
beads were then washed in TBST and collected for a total of two
times. GST fusion proteins were eluted by resuspending the
washed Sepharose beads in 400 µl glutathione elution buffer (50
mM Tris-HCl at pH 8.0, 10 mM glutathione) and incubating at
room temperature for 10 min with mixing. Sepharose beads
were collected and the supernatant removed. Elution was re-
peated as before for a total of three times, and the elution frac-
tions combined. Concentration of proteins was determined by
the Bradford assay.

Immunodetection of Upf1, eRF1, and eRF3

Upf1 was detected by use of the M2 mouse monoclonal anti-
body against the Flag epitope as described previously (Czaplin-
ski et al. 1995; Weng et al. 1996a,b). eRF3 was detected as de-
scribed in Didichenko et al. (1991). eRF1 was detected as de-
scribed in Stansfield et al. (1992).

ATPase assays

Upf1p RNA-dependent ATPase activity was determined by use
of 20 ng Upf1p in the presence of GST–RF fusion proteins by a
charcoal assay as described previously (Czaplinski et al. 1995)
with 1 µg/ml poly(U) RNA and 100 µg/ml BSA. The results are
plotted as picomoles of 32P released versus the concentration of
the indicated protein.

RNA-binding assay

A uniformly labeled 32-nucleotide RNA was synthesized by SP6
transcription of SstI digested pGEM5Zf(+) as described previ-
ously (Czaplinski et al. 1995). RNA-binding buffer was as de-
scribed previously (Czaplinski et al. 1995), with the exception
that 100 µg/ml BSA was included in all reactions. The indicated
amounts of GST–eRF3 (28) were incubated with 200 ng of Upf1p
for 15 min at 4°C. Fifty femtomoles of the RNA substrate was
added and incubated for 5 min. Stop solution was added, and
reactions electrophoresed in a 4.5% native polyacrylamide gel
(0.5× TBE, 30:0.5 acrylamide/bisacrylamide, with 5% glycerol).
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