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Premature termination (nonsense) codons trigger rapid mRNA decay by the nonsense-mediated mRNA
decay (NMD) pathway. Two conserved proteins essential for NMD, UPF1 and UPF2, are phosphorylated in
higher eukaryotes. The phosphorylation and dephosphorylation of UPF1 appear to be crucial for NMD, as
blockade of either event in Caenorhabditis elegans and mammals largely prevents NMD. The universality of this
phosphorylation/dephosphorylation cycle pathway has been questioned, however, because the well-studied
Saccharomyces cerevisiae NMD pathway has not been shown to be regulated by phosphorylation. Here, we used
in vitro and in vivo biochemical techniques to show that both S. cerevisiae Upf1p and Upf2p are phosphopro-
teins. We provide evidence that the phosphorylation of the N-terminal region of Upf2p is crucial for its
interaction with Hrp1p, an RNA-binding protein that we previously showed is essential for NMD. We identify
specific amino acids in Upf2p’s N-terminal domain, including phosphorylated serines, which dictate both its
interaction with Hrp1p and its ability to elicit NMD. Our results indicate that phosphorylation of UPF1 and
UPF2 is a conserved event in eukaryotes and for the first time provide evidence that Upf2p phosphorylation is
crucial for NMD.

Cells have evolved many quality control mechanisms to elim-
inate aberrant proteins and mRNAs that interfere with normal
cellular functions. One such mechanism is the nonsense-medi-
ated mRNA decay (NMD) pathway, which eliminates mRNAs
that contain premature termination (nonsense) codons within
the protein coding region, thereby preventing the synthesis of
truncated proteins with dominant-negative and deleterious gain-
of-function activities (3, 7, 14, 16, 24, 42, 47). The importance of
this surveillance mechanism is underscored by its conservation in
a wide variety of organisms, including Saccharomyces cerevi-
siae, Caenorhabditis elegans, Drosophila melanogaster, plants,
and mammals (12, 13, 16, 25, 27, 34, 38).

Several genes essential for NMD have been identified in
yeast, most notably UPF1, UPF2, and UPF3, all of which de-
stabilize nonsense codon-containing mRNAs without affecting
the decay rate of most wild-type mRNAs (16, 25). The yeast
UPF1 gene encodes the protein Upf1p, which has RNA-bind-
ing and RNA-dependent ATPase/helicase activities (8, 9, 45).
Yeast UPF3 encodes the basic protein Upf3p, which harbors
several nuclear localization and nuclear export signals that
allow the protein to shuttle between the nucleus and the cyto-
plasm (39, 40). Yeast UPF2 encodes the adaptor protein
Upf2p, which forms a complex with both Upf1p and Upf3p (6,
19). Single or multiple deletions of each of these three UPF
genes produce similar effects on mRNA decay, consistent with
the notion that the Upf proteins function as a molecular com-
plex in a single pathway (19).

The NMD pathway is elicited by recognition of a nonsense
codon, but the precise features distinguishing a premature
termination codon from a bona fide stop codon remain un-
known. In S. cerevisiae, one model for NMD suggests that the
degradation machinery discriminates between a premature and
a normal termination codon through a loosely conserved
downstream sequence element (DSE) located 3� of the pre-
mature termination codon (36, 50). In this model, transcripts
that contain a premature termination codon but lack a DSE
are not degraded by the NMD pathway (36). We previously
identified the RNA-binding protein Hrp1p as a factor that
specifically binds to the DSE in the PGK1 transcript in yeast
(15). We found that Hrp1p also interacts with Upf1p and that
mutant forms of Hrp1p that are unable to specifically bind the
downstream sequence element or Upf1p are unable to pro-
mote rapid degradation of nonsense codon-containing PGK1
mRNAs (15). Hrp1p also appears to have a general role in
NMD, as it was recently shown to also direct the decay of
premature termination codon-bearing PPR1 transcripts (22).

In higher eukaryotes, phosphorylation of UPF1 is crucial for
NMD. This was initially revealed by genetic and biochemical
studies in C. elegans suggesting that its UPF1 orthologue,
SMG-2, must undergo cycles of phosphorylation and dephos-
phorylation to function in NMD (32). These cycles are main-
tained by proteins that promote either its phosphorylation
(SMG-1, SMG-3, and SMG-4) or its dephosphorylation (SMG-5,
SMG-6, and SMG-7) (2, 32). A recent study showed that
SMG-1 is a phosphatidylinositol-related kinase that directly
phosphorylates SMG-2 in vitro and is essential for NMD in
vivo (17). Biochemical and in vivo RNA interference depletion
studies suggest that mammalian NMD also depends on a cycle
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of UPF1 phosphorylation and dephosphorylation regulated by
other NMD proteins (10, 31, 33, 41, 46, 49).

While phosphorylation has been shown to be crucial for
NMD in worms and mammalian cells, nothing is known about
the role of phosphorylation in NMD in S. cerevisiae, a widely
used model organism to study this surveillance pathway. No
study has definitively identified yeast Upf1p as a phosphopro-
tein, and there have been no reports identifying S. cerevisiae
SMG-1, SMG-5, SMG-6, or SMG-7 orthologues that could
phosphorylate or dephosphorylate yeast Upf1p. This has led to
the hypothesis that, unlike higher organisms, S. cerevisiae does
not require a cycle of UPF1 phosphorylation and dephosphor-
ylation to elicit NMD (12). Another unaddressed question is
whether phosphorylation of NMD proteins other than UPF1 is
essential to elicit NMD. Human UPF2 was recently shown to
be a phosphoprotein (5), but the functional relevance of its
phosphorylation has not yet been determined.

In this study, we addressed both of these issues. Using in
vitro and in vivo biochemical experiments, we found that yeast
Upf1p and Upf2p are both phosphoproteins. We provide sev-
eral lines of evidence that Upf2p’s phosphorylation status reg-
ulates both its function and its ability to interact with Hrp1p, an
RNA-binding protein essential for S. cerevisiae NMD. Our
study supports the notion that NMD is a conserved, phosphor-
ylation-regulated response, and it provides evidence for a spe-
cific role of UPF2 phosphorylation in NMD.

MATERIALS AND METHODS

Strains, growth conditions, and plasmids. S. cerevisiae strain KC2 (MAT�
ura3-52 trp1 leu2-2 tyr7-1 his4-38 met14) was used as the wild-type strain. This
strain and the KC2 strains harboring a deletion of the chromosomal copy of
either UPF1 or UPF2 have been described previously (44).

The yeast 2�m plasmid pG-1 was used as the vector (44). Yeast transforma-
tions were performed by the lithium acetate method (37). The FLAG-UPF2
allele has been described previously (44). The upf2 alleles used in this study were
constructed by site-directed mutagenesis (15) using the FLAG-UPF2 allele as the
template. All constructs were confirmed by DNA sequencing.

Immunoprecipitation experiments. Cells were grown in 15-ml cultures to an
optical density (600 nm) of 0.7 to 0.8 and lysed with glass beads in lysis buffer (20
mM HEPES, pH 7.5, 100 mM KOAc, 5 mM EDTA, and 20% glycerol) contain-
ing 1 mM phenylmethylsulfonyl fluoride and 2 �g/ml protease inhibitors. The
extract (100 �g) was mixed with 10 �l anti-FLAG M2 monoclonal antibody
(Sigma, St. Louis, Mo.) immobilized on protein A-Sepharose beads (Sigma, St.
Louis, Mo.) and incubated at 4°C for 3 h with constant rocking. The beads were
then washed five times with cold lysis buffer, and the associated proteins were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and detected by Western blotting. To assess the role of RNA in the
protein-protein interactions, lysates were treated with various concentrations of
RNase A for 20 minutes at room temperature prior to the immunoprecipitations.
Where indicated, the same blot was probed first with an anti-Hrp1p polyclonal
antibody (kindly provided by Michael F. Henry), followed by anti-FLAG M2
monoclonal (Sigma), anti-Upf1p (kindly provided by Allan Jacobson), and anti-
Upf2p (from the NHLBI Program for Genomic Applications-Antibody Produc-
tion Facility, The University of Texas Southwestern Medical Center at Dallas)
antibodies. The percentage of Hrp1p binding of each mutant Upf2 protein was
calculated by comparing the amount of Hrp1p being precipitated to that ob-
tained with vector (0%) and wild-type Upf2p (100%). The amount of precipi-
tated Hrp1p was standardized to the amount of FLAG-Upf2p. The values shown
represent averages from five independent experiments. Phosphatase treatments
were performed by incubating immunopurified FLAG-Upf2p (40 ng) with 10 U
of calf intestinal phosphatase for 30 min at 30°C. Reactions were electrophoresed
in an 8% SDS-polyacrylamide gel and analyzed by Western blot hybridization
using an anti-Upf2p polyclonal antibody.

RNA isolation and Northern blot analysis. Total RNA was isolated, and
mRNA abundance was determined by Northern blotting (15). Random-primed
DNA probes were prepared from a 0.6-kb EcoRI-HindIII fragment spanning a

region of the CYH2 mRNA. The values shown represent averages from three
independent experiments. The activity of each mutant Upf2p protein in NMD
was calculated by comparing the ratio of pre-CYH2 to CYH2 in upf2� strains
transformed with the mutant allele to those for strains transformed with either
vector only (0%) or wild-type Upf2p (100%).

GST pull-down experiments. Upf1p and Upf2p were purified as FLAG fusion
proteins from yeast using anti-FLAG M2 beads (Sigma) as described previously
(9, 44). Glutathione S-transferase (GST)–Hrp1p was purified from Escherichia
coli as described previously (15). All purified proteins were dialyzed in storage
buffer (25 mM Tris, pH 7.5, 50 mM KCl, 1 mM dithiothreitol, and 20% glycerol),
aliquoted, and frozen at �70°C.

Purified GST-Hrp1p (1 �g) was immobilized on 10 �l glutathione-Sepharose
4B beads and combined with the indicated amount of purified FLAG-tagged
proteins in 0.5 ml of Ipp150 buffer (10 mM Tris, pH 8.0, 150 mM NaCl, and 0.1%
Nonidet P-40). The mixtures were incubated at 4°C for 1.5 h with constant
rocking. For some experiments, 5 �g of RNase A was included in the incubation
mixture. In other experiments, 15 �g of RNase A was added to the mixture after
the 1.5-h incubation at 4°C, and then the mixture was incubated for another 30
min. The beads were then washed three times with 1 ml of cold Ipp150 buffer. The
FLAG-tagged proteins that remained associated with the beads were released by
boiling in the loading buffer, resolved by 12% SDS-PAGE, and transferred to a
polyvinylidene fluoride membrane for Western blotting. FLAG-tagged proteins
were visualized with anti-FLAG antibody.

In vivo labeling experiments. Cultures were grown in low-phosphate medium
(35) at 30°C to an optical density (600 nm) of 0.6, after which 1 mCi of
[32P]orthophosphate was added to the medium for 90 min. Cells were lysed with
glass beads in lysis buffer containing 1 mM phenylmethylsulfonyl fluoride, 2
�g/ml protease inhibitors, and 100 nM okadaic acid (Calbiochem, San Diego,
Calif.). The extract (400 �g) was mixed with 30 �l of either anti-Upf2p or
anti-FLAG antibodies immobilized on protein A-Sepharose beads. Protein A-
agarose beads alone were used as control for nonspecific binding. The mixtures
were incubated at 4°C for 3 h with constant rocking. The beads were then
washed, and the associated proteins were resolved by SDS-PAGE and subjected
to Western blotting. Increasing concentrations of FLAG peptide (0 to 0.5 �g/�l)
were added to the immunoprecipitations to test the specificity of the affinity
matrix against FLAG-Upf1p. The immunoprecipitated proteins were transferred
to a polyvinylidene difluoride membrane, and a Western blot assay was per-
formed using the anti-FLAG monoclonal antibody. The amount of labeling was
standardized with the amount of protein being precipitated. The values shown
represent averages from two independent experiments. For the Upf2 experi-
ments, the percent phosphorylation of each upf2 mutant was calculated by
comparing the adjusted labeling efficiency with that obtained with vector only
(0%) and wild-type Upf2p (100%). The results of these experiments were quan-
titated using a Bio-Rad Molecular Imager FX (Bio-Rad, Hercules, Calif.).

RESULTS

Hrp1p interacts with Upf2p, an essential component of
NMD. Our previous studies showed that Hrp1p is essential for
NMD and that it interacts with both the NMD factor Upf1p
and the DSE required for NMD (15). To better understand
how Hrp1p functions in NMD, we assessed whether Hrp1p
also interacts with the NMD factor Upf2p. We isolated cyto-
plasmic extracts from a yeast strain expressing FLAG-Upf2p in
place of endogenous Upf2p. The extracts were immunopre-
cipitated with an anti-FLAG monoclonal antibody followed by
Western blot analysis with an anti-Hrp1p antibody. This anal-
ysis revealed that Upf2p efficiently coimmunoprecipitated with
Hrp1p (Fig. 1A, lane 4). The interactions were specific, as no
Hrp1p was immunoprecipitated when a vector containing only
FLAG was expressed (lane 3). For positive and negative con-
trols, we probed the same Western blot with anti-Upf1p and
anti-Pgk1p antibodies, respectively. These experiments showed
that Upf2p specifically interacts with Upf1p but fails to coim-
munoprecipitate with Pgk1p (lane 4, anti-Upf1p and anti-
Pgk1p).

To address whether the interaction between Upf2p and
Hrp1p is only because they both bind RNA, cytoplasmic ex-
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FIG. 1. Hrp1p and Upf2p interact. (A) Coimmunoprecipitation of Hrp1p and Upf2p. Cytoplasmic extracts from strains transformed with FLAG-
UPF2 or vector only were immunoprecipitated (IP) with anti-FLAG monoclonal antibody and immunoblotted with anti-Hrp1p, anti-Upf1p (positive
control), or anti-Pgk1p (negative control) antibodies. The anti-Upf2p antibody was used to demonstrate the amount of Upf2p immunoprecipitated in the
assay. Lanes 1 and 2 contain 10% and 5% of the total extract used for immunoprecipitation, respectively. (B) The assay was performed as described for
panel A except that cytoplasmic extracts were treated with RNase A (�g/�l concentration indicated) for 20 minutes at room temperature prior to
immunoprecipitation with anti-FLAG antibody. High concentrations of RNase A were used to ensure that the RNA present in the cytoplasmic extracts
was completely degraded. (C) Schematic diagram of Upf2p, showing the NT, Ac, and CT domains. The positions of the mutations in the m1 to m4
mutants are indicated. (D) Western blot analysis performed as described for panel A, demonstrating that the mutant Upf2p proteins shown are expressed
at a level similar to that of wild-type Upf2p (WT). (E) Coimmunoprecipitation of mutant Upf2p proteins and Hrp1p. Cytoplasmic extracts from yeast
upf2� strains expressing the indicated FLAG-UPF2 constructs were immunoprecipitated as described for panel A. The anti-Upf2p antibody used in these
experiments recognizes a specific peptide located in the C-terminal domain of Upf2p. These amino acids are not present in the �CT mutant protein used
in these coimmunoprecipitation studies (see lane 7, anti-Upf2p). (F) NMD activity of Upf2p mutants determined using Northern blot analysis of total
cellular RNA from the upf2� strains in panel E. The migration of the nonsense codon-containing CYH2 pre-mRNA (pre-CYH2) and CYH2 mature
mRNA (CYH2) bands is indicated. The ratio of pre-CYH2 to CYH2 mRNA gives the magnitude of NMD (quantified by phosphorimaging).
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tracts were treated with RNase A prior to immunoprecipita-
tion. For these experiments, we used various concentrations of
RNase A (0.1 �g/ml to 0.5 �g/ml) to ensure that the RNA
present in the cytoplasmic extract was degraded to the fullest
extent possible (Fig. 1B and data not shown). The interaction
between Upf2p and Hrp1p was only modestly reduced by
RNase treatment (compare lane 3 with lanes 5 and 6), indi-
cating that a significant proportion of Upf2p and Hrp1p inter-
act in vivo independently of RNA.

We also assessed the interaction between Hrp1p and Upf2p
using yeast two-hybrid analysis. Full-length HRP1 and UPF2
were fused in frame to the Gal4p DNA-binding domain and
activation domain, respectively. Both plasmids were trans-
formed into a yeast strain that contained an integrated GAL1-
lacZ reporter plasmid. This assay revealed a reproducible in-
teraction between Hrp1p and Upf2p (data not shown).

The NT domain of Upf2p interacts with Hrp1p. We next
sought to identify the portion of Upf2p responsible for its
interaction with Hrp1p. Upf2p contains a highly conserved
N-terminal domain (NT domain; amino acids [aa] 30 to 50), an
acidic domain that interacts with the release factor eRF3 (Ac
domain; aa 833 to 936), and a C-terminal domain that interacts
with Upf1p (CT domain; aa 937 to 1089) (Fig. 1C) (19). To
determine whether any of these domains are essential for

Upf2p to interact with Hrp1p, wild-type and mutant upf2 al-
leles lacking these domains were expressed as FLAG fusion
proteins in a upf2� strain. These mutant proteins were ex-
pressed at levels comparable to that of wild-type Upf2p (Fig.
1D and data not shown). Cytoplasmic extracts were immuno-
precipitated with an anti-FLAG antibody, and the immuno-
precipitated proteins were analyzed by Western blotting with
anti-Hrp1p, anti-Upf1p (positive control), anti-Pgk1p (nega-
tive control), and anti-Upf2p antibodies (Fig. 1E). We found
that deletion of the NT domain significantly reduced the ability
of Upf2p to interact with Hrp1p (Fig. 1E, lane 5), while dele-
tion of the Ac or CT domain had no effect (lanes 6 and 7).
Deletion of the NT domain had no effect on the ability of
Upf2p to interact with Upf1p, Upf3p, or eRF3 (lane 5, anti-
Upf1p, and data not shown), further demonstrating specificity.

The NT domain of Upf2p is essential for NMD. We next
assessed whether the Hrp1p interaction domain of Upf2p is
essential for NMD. Northern blot analysis was conducted on
total cellular RNA isolated from a upf2� strain transformed
with wild-type or various mutant upf2 alleles. NMD was as-
sessed by measuring the ratio of CYH2 pre-mRNA to mature
mRNA, as previous studies have shown that inefficiently
spliced CYH2 pre-mRNA is a natural target of the NMD
pathway and that its ratio with mature CYH2 mRNA is a

FIG. 2. Upf2p-Hrp1p interactions promoted by Upf1p and RNA. (A) GST pull-down experiment in which immobilized GST-Hrp1p is
incubated with FLAG-Upf1p and/or FLAG-Upf2p and/or poly(U) RNA. Bound proteins were detected with anti-FLAG antibody. The weak band
with a size similar to that of FLAG-Upf1p in lanes 3 and 4 is GST-Hrp1p, which is weakly recognized by the anti-FLAG antibody. (B) Experiment
performed as described for panel A except that RNase A (0.25 �g/�l) was added either during or after (post) complex formation (see Materials
and Methods). The amount of poly(U) RNA added was 2, 20, or 200 ng. (C) Immobilized GST-Hrp1p was incubated with wild-type UPF1 or an
RNA-binding-deficient UPF1 mutant (RR793 or TR800), and their interactions were examined as described for panel A.
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reliable indicator of NMD activity (19, 22). The wild-type
UPF2 gene fully complemented the NMD defect in a upf2�
strain (Fig. 1F, compare lanes 1 and 2). In contrast, the mutant
lacking the NT domain was virtually inactive in complementing
the defect (lane 3). This complete lack of NMD was notable
because Upf2p mutants lacking the eRF3-interacting (lane 4)
or Upf1p-interacting (lane 5) domains still had some NMD-
promoting activity, albeit less than normal.

Upf2p-Hrp1p interactions are promoted by Upf1p and RNA.
To determine whether the interaction between Upf2p and Hrp1p
is direct or instead requires other NMD components, we per-
formed in vitro GST pull-down experiments using purified GST-
Hrp1p immobilized on glutathione-Sepharose beads. Consistent
with our previous findings (15), we observed binding of puri-
fied FLAG-Upf1p to immobilized GST-Hrp1p (Fig. 2A, lane
1). In contrast, FLAG-Upf2p was unable to detectably bind to
GST-Hrp1p (Fig. 2A, lane 3). Thus, the interaction between
Upf2p and Hrp1p is indirect, suggesting that it requires addi-
tional factors present in the cytoplasmic extracts (Fig. 1B and
E). In agreement with this, we found that the addition of
Upf1p allowed Upf2p to interact with Hrp1p (lane 5). This
interaction was enhanced by the addition of poly(U) RNA
(lane 6) but not poly(A) or poly(C) (data not shown).

To investigate how poly(U) RNA enhances the interaction
between Upf2p and Hrp1p, we performed RNase experiments.
We found that RNase A treatment had little or no effect on
complex formation when GST-Hrp1p, Upf1p, Upf2p, and/or

RNA was preincubated before RNase was added (Fig. 2B,
compare lanes 1 to 3 with 4 to 6). In contrast, RNase A
treatment during the incubation strongly inhibited complex
formation (lanes 7 to 9). This indicates that the RNA is not
merely serving as a substrate that physically links these NMD
proteins together. Instead, our results were consistent with
poly(U) RNA serving to bind and influencing the behavior of
Upf1p, as poly(U) was previously shown to be the preferred
RNA substrate for Upf1p (45). To directly test this, we per-
formed GST pull-down experiments with two upf1 mutants
that are unable to bind RNA (RR793 and TR800) (45). We
found that both mutants lost their ability to bind to Hrp1p in
vitro (Fig. 2C) and in vivo (coimmunoprecipitation experi-
ments; data not shown). Taken together, our results in Fig. 1
and 2 support a simple model positing that, upon RNA bind-
ing, Upf1p acquires the ability to form a stable complex with
Hrp1p and Upf2p by a mechanism requiring the N-terminal
region of Upf2p.

Specific N-terminal amino acids of Upf2p crucial for NMD
and its interaction with Hrp1p. Our next goal was to identify
the amino acids in the N-terminal region of Upf2p required for
NMD and the formation of a Upf2p/Hrp1p/Upf1p/RNA qua-
ternary complex. Towards this end, we first replaced the three
residues in the Asp-Ser-Ser (DSS) motif, which is conserved in
both S. cerevisiae Upf2p and human UPF2 (Fig. 3A; aa 31 to 33
in yeast), with Ala residues to determine whether this motif
dictates Upf2p’s interaction with Hrp1p. This substitution (mu-

FIG. 3. Specific N-terminal amino acids of Upf2p crucial for NMD and its interaction with Hrp1p. (A) Alignment of the N-terminal region of
UPF2 homologues from S. cerevisiae, Schizosaccharomyces pombe, C. elegans, D. melanogaster, and Homo sapiens. Black boxes represent the
positions of amino acid substitutions in the m1 and m2 mutants (Fig. 6A and the text indicate the substitutions made). (B) Coimmunoprecipitation
of mutant Upf2p proteins and Hrp1p, performed as described for Fig. 1A. The Western blot was first probed with an anti-Hrp1p antibody, followed
by anti-Upf1p (positive control) and anti-Pgk1p (negative control) antibodies. The mutant proteins were expressed at levels virtually identical to
those of wild-type Upf2p, as determined by Western blot analysis (Fig. 1D and data not shown). In addition, Western blot analysis showed that
the expression of Hrp1p does not vary in these different strains (data not shown). (C) NMD activity of the Upf2p mutants shown, determined using
Northern blot analysis of total cellular RNA (performed as for Fig. 1F) from the upf2� strains used in panel B.
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tant m1) dramatically reduced the ability of Upf2p to interact
with Hrp1p (Fig. 3B, compare lanes 4 and 5), while having no
effect on the interaction between Upf2p and Upf1p (lanes 4
and 5, anti-Upf1p).

We next examined the role of the two conserved, positively
charged Lys and Arg residues immediately downstream of the
DSS motif (Fig. 3A). The m2 mutant lacking these two amino
acids (KR3AA) also interacted poorly with Hrp1p (lane 4),
although better than did the m1 mutant (lane 3). For compar-
ison, we tested the effect of point mutations disrupting con-
served residues in the middle region of Upf2p (mutants m3 [aa
348 and 349; FY3AA] and m4 [aa 479 and 480; KF3AA];
Fig. 1B). Neither mutation had a substantial effect on the
ability of Upf2p to interact with Hrp1p or Upf1p (Fig. 3B,
lanes 7 and 8, anti-Hrp1p and anti-Upf1p).

We next assessed whether the amino acid substitutions in the
m1 and m2 mutants disrupted NMD. We found that neither
mutant was able to restore NMD to a Upf2p-deficient strain
(Fig. 3C, lanes 4 and 5). The m3 and m4 mutants were also
incapable of restoring NMD (lanes 6 and 7), but since they
could interact with Hrp1p (Fig. 3B), this suggests that the
amino acids disrupted in the m3 and m4 mutants are respon-
sible for interacting with an NMD protein other than Hrp1p.
Taken together, our data pinpoint conserved Upf2p residues
essential for NMD, including those in the N-terminal domain
that mediate the interaction of Upf2p with Hrp1p.

Upf1p and Upf2p are phosphorylated in vivo. The observa-
tion that a motif containing two Ser residues is crucial for
Upf2p to support NMD and interact with Hrp1p (Fig. 3) sug-
gested the possibility that Upf2p is a phosphoprotein. We
investigated this in wild-type S. cerevisiae grown in low-phos-
phate medium and labeled with [32P]orthophosphate for 90
min (35). Cytoplasmic extracts were prepared in the presence
of the phosphatase inhibitor okadaic acid and immunoprecipi-
tated with an anti-Upf2p antibody. The immunoprecipitated
proteins were separated by SDS-PAGE and detected by phos-
phorimaging. Two labeled proteins were detected; the major
band migrated at the size predicted for Upf2p (Fig. 4A, lane 1).
To assess whether one or both of these bands were Upf2p, the
same experiment was performed with either a upf2� strain or
a upf2� strain transformed with a FLAG-UPF2 allele. The
upf2� strain yielded no bands (lane 2), whereas the strain
rescued with the FLAG-UPF2 allele had the same two bands as
did wild-type cells (lane 3). Incubation of purified Upf2p with
calf intestine phosphatase caused a marked shift in the migra-
tion of the upper band (Fig. 4B), providing more evidence that
Upf2p is a phosphoprotein. The identity of the minor band is
uncertain, but it is likely to be a C-terminally truncated product
of Upf2p, as a upf2� strain transformed with a FLAG-UPF2
gene missing the N-terminal domain lacked this band and
instead expressed a smaller band (Fig. 4C, lane 3).

We next determined which regions of Upf2p are phosphor-

FIG. 4. Upf2p is phosphorylated in vivo. (A) A wild-type strain (lane 1), a upf2� strain (lane 2), and a upf2� strain expressing FLAG-Upf2p
(lane 3) were labeled with [32P]orthophosphate and immunoprecipitated with anti-Upf2p polyclonal antibody. Labeled proteins were detected by
phosphorimaging. (B) Immunopurified FLAG-Upf2p was incubated with or without calf intestinal phosphatase (CIP) and analyzed by Western
blotting with anti-Upf2p polyclonal antibody. (C) In vivo labeling experiment, performed as described for panel A, with yeast upf2� strains
expressing the indicated upf2 constructs. The assay was performed as described for panel A, except that the cytoplasmic extracts were immuno-
precipitated with anti-FLAG antibody and detected by autoradiography (upper panel) or by Western blotting with anti-FLAG antibody (lower
panel). The asterisk indicates an N-terminally truncated Upf2p product.
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ylated. We found that the aforementioned N-terminal-deleted
mutant had a �30% reduction in phosphate labeling compared
to wild-type Upf2p (Fig. 4C, compare lanes 3 and 2). Strikingly,
the m1 mutant also had a �30% reduction in phosphorylation
(lane 4), strongly suggesting that one or both of the Ser resi-
dues lost in this mutant are the site of N-terminal phosphory-
lation (Fig. 3A). However, because deletion of the N-terminal
domain did not entirely abolish Upf2p phosphorylation, we
predicted that the acidic domain of Upf2p is also phosphory-
lated, as it has three Ser residues in a context appropriate for
phosphorylation by casein kinase II (18). In agreement with
this, we found that deletion of the acidic domain caused a
�65% reduction in Upf2p phosphorylation (Fig. 4C, lane 5). A
double truncation of both the N-terminal and acidic domains
almost completely abolished Upf2p phosphorylation (lane 6),
indicating that these two regions harbor most of the phosphor-
ylation sites in Upf2p.

The discovery that yeast Upf2p is a phosphoprotein prompted
us to assess whether the same is also true of yeast Upf1p. We
found that a upf1� strain overexpressing FLAG-Upf1p ex-
pressed several phosphate-labeled proteins, including one that
migrated at a size similar to that of Upf1p (110 kDa; Fig. 5A,
lane 1). No labeled protein was immunoprecipitated with anti-
FLAG antibody from the upf1� strain transformed with the
vector alone (lane 2), nor was any protein brought down with
the protein A-agarose matrix alone (lanes 3 and 4). The addi-
tional proteins immunoprecipitated with Upf1p by the anti-
FLAG antibody (lane 1) are probably proteins that copurify
with Upf1p. The identity of these proteins is currently under
investigation.

To further assess specificity, we incubated the immunopre-
cipitated fractions with increasing concentrations of FLAG
peptide. We found that this peptide specifically competed with
FLAG-Upf1p for binding to the anti-FLAG antibody (Fig. 5B,
upper panel). As an additional test of specificity, we trans-
ferred the immunoprecipitated proteins to a polyvinylidene
fluoride membrane and performed Western blot analysis using

the anti-FLAG antibody. These results confirmed that the im-
munoprecipitated protein band competed by the FLAG pep-
tide was indeed Upf1p (Fig. 5B, bottom panel).

Functional role of the N-terminal Ser residues in Upf2p.
The discovery that the Upf2p m1 mutant was deficient in
phosphorylation (Fig. 4C), was unable to interact with Hrp1p
(Fig. 3B), and was unable to elicit NMD (Fig. 3C) suggested
that one or more of the three amino acids disrupted in this
mutant mediate phosphorylation-dependent interactions with
Hrp1p that are essential for NMD. It seemed likely that one or
both Ser residues in this motif are sites of phosphorylation, as
they are in a context that highly resembles a key phosphory-
lated region in the Xenopus laevis cytoplasmic polyadenylation
element binding (CPEB) protein (Fig. 6A) (28). To examine
the role of these Ser residues, we subjected them to various
mutations. Mutation of both Ser32 and Ser33 (LDSS3LDAA;
mutant m8) reduced the ability of Upf2p to interact with
Hrp1p by fourfold (Fig. 6B, lane 8) while having no effect on
the interaction of Upf2p with Upf1p (lane 8, anti-Upf1p). In
contrast, mutation of only Ser32 (LDSS3LDAS or LDTS;
mutant m6 and m7, respectively) had no detectable effect
(lanes 6 and 7), implying that Ser32 and Ser33 have redundant
roles or that Ser33 has a secondary role. Support for the notion
that Ser32 is crucial was the finding that mutation of Ser32 to
Asp (LDSS3LDDS; mutant m5), which mimics a constitu-
tively phosphorylated form of Ser, reduced the ability of Upf2p
to interact with Hrp1p (lane 5). In contrast, this amino acid
substitution did not impair the ability of Upf2p to interact with
Upf1p (lane 5, anti-Upf1p). We also mutated the residue up-
stream of the two Ser residues, Asp31, as an Asp at this posi-
tion was previously shown to regulate serine phosphorylation
in CPEB (28). This substitution (LDSS3LASS; mutant m9)
also reduced the interaction of Upf2p with Hrp1p, while hav-
ing no effect on the interaction of Upf2p withUpf1p (Fig. 6B,
lane 9). Collectively, these data suggest the importance of
Asp31, Ser32, and Ser33 for the interaction of Upf2p with
Hrp1p. However, none of the mutations affecting only one or

FIG. 5. Yeast Upf1p is phosphorylated in vivo. (A) In vivo labeling experiment performed as described for Fig. 4A using a yeast upf1� strain
that expresses FLAG-Upf1p and a negative control that does not. (B) Increasing concentrations of FLAG peptide (0 to 400 ng/�l) were added
to immunoprecipitations performed as described for panel A to test the specificity of the affinity matrix against FLAG-Upf1p (upper panel). The
immunoprecipitated proteins were transferred to a polyvinylidene fluoride membrane and probed with anti-FLAG monoclonal antibody (lower
panel).
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two of these amino acids completely abolished this interaction
(Fig. 6B), whereas mutation of all three amino acids did (Fig.
3B, lane 5), suggesting that the Ser and Asp residues in the
Upf2p N-terminal domain can partially compensate for each
other’s loss.

We next analyzed the ability of these various Upf2p mutants
to elicit NMD. We found that only the mutants deficient in
Hrp1p binding (m5, m8, and m9) had impaired ability to com-
plement a chromosomal UPF2 deletion mutant (Fig. 6C, lanes

3, 6, and 7). In contrast, the mutants that were competent to
interact with Hrp1p (m6 and m7) fully rescued NMD (Fig. 6C,
lanes 4 and 5). Interestingly, the mutant that was the most
deficient in NMD (m5; Fig. 6C, lane 3) displayed only a modest
impairment in its interaction with Hrp1p (Fig. 6B). Because
this mutant had an amino acid substitution that mimics a con-
stitutively phosphorylated residue, this is consistent with the
possibility that Upf2p must complete a cycle of phosphoryla-
tion and dephosphorylation to elicit NMD. We conclude that
the DSS region in the NT domain of Upf2p is phosphorylated
in vivo, is essential for Upf2p to interact with Hrp1p, and is
required for NMD.

DISCUSSION

The Upf2p NT domain interacts with Hrp1p and is essential
for NMD. In this study, we demonstrated that the NMD factor
Upf2p interacts with the RNA-binding protein Hrp1p (Fig. 1).
We went on to show that the NT domain in Upf2p that medi-
ates this interaction is essential for NMD (Fig. 1). Despite its
high degree of conservation, the NT domain of Upf2p had not
previously been assigned a function. This region harbors a
nuclear localization signal consensus sequence (18), but Upf2p
does not accumulate in yeast nuclei at steady state (24, 39, 40).
In contrast, mammalian UPF2 has been reported to be present
in the nuclear fraction of mammalian cells, but whether it is
actually present in nuclei or whether it merely cofractionates
with nuclei is unclear; at steady state UPF2 accumulates pri-
marily in the region of the cytoplasm directly adjacent to nuclei
(24, 26, 31).

Our site-specific mutation analysis identified highly con-
served amino acids within the NT region of Upf2p (aa 30 to 33
and 35 and 36) that are crucial for both NMD and the inter-
action of Upf2p with Hrp1p (Fig. 3). This suggests that the
ability of Upf2p and Hrp1p to interact is a functionally impor-
tant step in eliciting NMD. Our in vitro studies revealed that
this interaction also requires the NMD protein Upf1p and
poly(U) RNA. The function of poly(U) RNA may be to acti-
vate Upf1p, as two UPF1 mutants incapable of binding RNA
also lacked the ability to interact with Hrp1p in vitro and in
vivo (Fig. 2). It is possible that RNA also binds and alters the
properties of Upf2p, as one of the two Upf2p regions that we
identified as essential for NMD is a basic patch (Lys35 and
Arg36) (21).

Upf1p and Upf2p are phosphoproteins. In this report, we
demonstrated that yeast Upf2p is phosphorylated in the NT
domain that mediates interactions with Hrp1p (Fig. 4). The
ability of Upf2p to be phosphorylated appears to be conserved,
as it was recently demonstrated that human UPF2 is also a
phosphoprotein (5). Mutation of the highly conserved Ser32
and Ser33 residues in the NT domain reduced the incorpora-
tion of labeled orthophosphate into yeast Upf2p (Fig. 4C),
indicating that one or both of these Ser residues are targets of
phosphorylation. This phosphorylation event appears to be
functionally relevant, as mutation of these Ser residues inhib-
ited both Upf2p’s interaction with Hrp1p and its ability to
trigger NMD (Fig. 6). Further investigation into the phosphor-
ylation of each of these serine residues, their effects on the
interaction with Hrp1p, and their ability to elicit NMD will be
required to understand their precise functional role.

FIG. 6. The N-terminal domain of Upf2p harbors a phosphoryla-
tion site. (A) Sequence alignment of the phosphorylation site of Xe-
nopus CPEB protein and the N-terminal region phosphorylated in S.
cerevisiae Upf2p. (B) Coimmunoprecipitation of mutant Upf2p pro-
teins with Hrp1p, Upf1p, and Pgk1p, performed as described for Fig.
1A. The percentage of Hrp1p interacting with the FLAG-tagged
Upf2p mutants (relative to wild-type [WT]) was calculated as de-
scribed in Materials and Methods. (C) NMD activity of the Upf2p
mutants shown, determined using Northern blot analysis of total cel-
lular RNA (performed as described for Fig. 1D) from the upf2� strains
used in panel B.
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The phosphorylated region of the Upf2p N-terminal domain
resembles the previously characterized phosphorylated region
of the Xenopus CPEB protein (35), an RNA-binding protein
that stimulates the polyadenylation and translational activation
of c-mos mRNA during oocyte maturation (29). The polyaden-
ylation-inducing activity of CPEB requires that it be phosphor-
ylated on Ser174 by the Eg2 kinase (28). This Ser residue is in
a context very similar to that of the Ser32 and Ser33 residues
in Upf2p (Fig. 6A).

Replacement of Ser32 in Upf2p with an amino acid that
mimics a constitutively phosphorylated form of Upf2p was
virtually inactive in NMD (mutant m5, Fig. 6C). This suggests
the possibility that Upf2p must undergo a phosphorylation/
dephosphorylation cycle to function in NMD, just as several
lines of evidence suggest is the case for UPF1 (31, 46, 49). Such
a phosphorylation cycle may be required for Upf2p to associate
and dissociate from Hrp1p. This possibility is consistent with
our finding that the DSS region that undergoes phosphoryla-
tion is absolutely required for Upf2p to interact with Hrp1p
(Fig. 3B). However, we cannot rule out that the Ser-to-Asp
alteration in the m5 mutant prevents NMD by a mechanism
that is independent of phosphorylation. Additional studies,
including an analysis of the three-dimensional structure of
Upf2p in the phosphorylated and nonphosphorylated states,
will be required to address this issue. In addition to the NT
domain, the Ac domain of Upf2p appears to be phosphory-
lated, as deletion of the acidic domain reduced Upf2p phos-
phorylation by �65% (Fig. 4). We identified three Ser residues
in the Ac domain that matched the criteria for a casein kinase
II substrate site. Phosphorylation of these residues may regu-
late interactions of Upf2p with other components of the NMD
pathway.

In addition to Upf2p, we found that Upf1p is a substrate for
phosphorylation (Fig. 5), as was reported by another group
while the manuscript was in preparation (11). This finding is
significant, as the lack of previous evidence for yeast Upf1p
phosphorylation had prompted some investigators to suggest
that the NMD pathway in S. cerevisiae is controlled by a mech-
anism independent of Upf1p phosphorylation (12). Together
with our Upf2p phosphorylation data, our results challenge
this view and establish phosphorylation as a conserved feature
of the NMD pathway in eukaryotes.

Phosphorylation of UPF1 was first demonstrated in C. el-
egans (32). The phosphorylation status of its UPF1 ortholog
SMG-2 is altered by mutation of the essential nematode NMD
genes smg-1, smg-5, smg-6, and smg-7 (2, 32). smg-1 encodes a
phosphatidylinositol 3-kinase-related protein kinase that di-
rectly phosphorylates SMG-2, whereas smg-5 and smg-7 en-
code proteins that participate in the dephosphorylation of
SMG-2 by forming a protein complex with the structural and
catalytic subunits of protein phosphatase 2A (2, 17). Human
UPF1 also alternates between phosphorylated and dephosphor-
ylated states (31). It is phosphorylated by human SMG-1 (10,
49) and dephosphorylated by a mechanism mediated by the
human SMG-5/7 phosphatase complex (5). Inhibition or de-
pletion of either SMG-1 or the SMG-5/7 complex prevents
NMD, suggesting that the cycle of UPF1 phosphorylation and
dephosphorylation mediated by these molecules is essential for
NMD (31, 46, 49). Orthologs of SMG-1, SMG-5, and SMG-7
were recently identified in D. melanogaster and shown to be

essential for NMD (12). Collectively, these data provide strong
evidence that UPF1 phosphorylation and dephosphorylation
are conserved features of NMD in both lower and higher
eukaryotes.

It will be important to identify the factors that mediate
phosphorylation and dephosphorylation of S. cerevisiae Upf1p
and Upf2p. Candidates include yeast protein kinases related to
SMG-1 (Tor1p, Tor2p, Tel1p, and Mec1p) and a protein sim-
ilar to SMG-5 (Tos5p) (2).

Models. Previous studies in S. cerevisiae have led investiga-
tors to propose two primary models that explain how the NMD
pathway discriminates between premature and normal trans-
lation termination events. One model posits that, for NMD to
be elicited, a premature termination codon must be positioned
5� of a downstream cis element called a DSE (see the intro-
duction) found in most yeast mRNAs (36, 50). The DSE in-
teracts with Hrp1p, which in turn interacts with the NMD
protein Upf1p to trigger NMD (15). The central feature of this
surveillance model is that NMD is elicited when the Hrp1p-
bound DSE is recognized by a putative surveillance complex
that assembles after the translation apparatus recognizes a stop
codon (9, 43). Evidence suggests that the surveillance complex
assembles and functions in the following manner (9, 44, 45).
Upon recognition of a stop codon, the translation termination
factors eRF1 and eRF3 are recruited to the ribosome, where
they recruit Upf1p to form a complex. After hydrolysis of the
peptidyl-tRNA bond, eRF1 dissociates from the complex, al-
lowing Upf2p to join. This rearrangement of the complex re-
sults in the dissociation of eRF3, which activates the ATPase/
helicase and RNA-binding activities of Upf1p and allows
formation of a mature surveillance complex. This mature com-
plex scans 3� of the stop codon; if the stop codon is positioned
upstream of a DSE, the Upf1p/Upf2p-containing surveillance
complex collides with and binds to Hrp1p bound to the DSE,
thereby activating NMD.

The results presented herein allow us to expand upon this
surveillance model. We posit that the molecular interaction
that we observed between Upf2p and Hrp1p is crucial for the
final step in NMD, when the Upf2p-containing surveillance
complex encounters Hrp1p bound to the DSE. We further
posit that phosphorylation of the Upf2p NT domain promotes
this interaction between Upf2p and Hrp1p. This is supported
by our finding that the Upf2p-Hrp1p interaction was reduced
as a result of mutations of Ser32 and Ser33 in the Upf2p NT
domain (Fig. 6B) and completely abolished when these two
amino acids and the one immediately upstream were mutated
(Fig. 3B). We suggest that the phosphorylation of Upf2p oc-
curs at an early step, such as surveillance complex assembly, to
prime Upf2p for its later interaction with Hrp1p. Upf2p does
not act alone to interact with Hrp1p, as we showed that RNA
and Upf1p are also required for this interaction (Fig. 2). More-
over, our results suggested that the NT domain of Upf2p is
required to form a stable quaternary complex between Upf1p,
Upf2p, Hrp1p, and RNA and that this complex functions in
an essential step of NMD. How RNA-bound Upf1p pro-
motes this interaction and whether it also regulates Upf2p
phosphorylation or dephosphorylation remain to be deter-
mined. The phosphorylation state of Upf1p may also be crucial
for this molecular choreography, as recent studies indicate that
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the phosphorylation of human UPF1 may regulate its interac-
tion with human UPF2 (4).

The second model proposes that NMD is triggered by the
intrinsically aberrant nature of premature translation termina-
tion (20). According to this model, a premature termination
codon generates an extended 3�-untranslated region (UTR)
that does not drive the appropriate ribonucleoprotein remod-
eling events required to generate a stable mRNA. This “faux
3�-UTR” model is supported by recent studies from Jacobson
and colleagues who used “toeprinting” analysis to determine
the position of ribosomes on yeast transcripts containing either
a normal 3� UTR or an aberrant 3� UTR generated by prema-
ture translation termination (1). The aberrant 3� UTR blocked
the normal release of ribosomes and promoted their aberrant
migration to upstream AUG codons. If correct, we suggest that
our data allow the faux 3�-UTR model to be further refined. In
particular, our data support the notion that Hrp1p is crucial for
normal ribonucleoprotein remodeling and that this normal
function is disrupted when Hrp1p interacts with Upf2p in ab-
errant mRNAs harboring premature termination codons. Sup-
port for the notion that Hrp1p is involved in normal ribonu-
cleoprotein remodeling comes from the finding that Hrp1p
promotes 3�-cleavage–polyadenylation events and is linked
with mRNA export (23, 30, 48).

It remains for future experiments to test these two models
and to elucidate why phosphorylated UPF proteins are re-
quired to elicit NMD. Our study has shown that S. cerevisiae is
a good model system to address these issues and uncover the
mechanism by which phosphorylation events dictate the inter-
actions between components of the NMD pathway to trigger
rapid mRNA decay.
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