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Nonsense-mediated mRNA decay (NMD) is a surveillance mechanism that degrades mRNA containing
premature termination codons (PTCs). In mammalian cells, recognition of PTCs requires translation and
depends on the presence on the mRNA with the splicing-dependent exon junction complex (EJC). While it is
known that a key event in the triggering of NMD is phosphorylation of the trans-acting factor, Upf1, by
SMG-1, the relationship between Upf1 phosphorylation and PTC recognition remains undetermined. Here we
show that SMG-1 binds to the mRNA-associated components of the EJC, Upf2, Upf3b, eIF4A3, Magoh, and
Y14. Further, we describe a novel complex that contains the NMD factors SMG-1 and Upf1, and the
translation termination release factors eRF1 and eRF3 (SURF). Importantly, an association between SURF and
the EJC is required for SMG-1-mediated Upf1 phosphorylation and NMD. Thus, the SMG-1-mediated
phosphorylation of Upf1 occurs on the association of SURF with EJC, which provides the link between the
EJC and recognition of PTCs and triggers NMD.
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Nonsense-mediated mRNA decay (NMD) is a surveil-
lance mechanism that detects and degrades mRNA con-
taining premature termination codons (PTCs) to elimi-
nate potentially harmful C-terminally truncated pro-
teins (Peltz et al. 1994; Wilkinson and Shyu 2001; Wilusz
et al. 2001; Culbertson and Leeds 2003; Baker and Parker
2004; Maquat 2004; Conti and Izaurralde 2005;
Yamashita et al. 2005). Aberrant proteins encoded by
PTC-mRNA can have gain-of-function and dominant-
negative effects that can result in genetic diseases
(Frischmeyer and Dietz 1999; Holbrook et al. 2004). In
some cases, truncated proteins retain at least some of
their normal function, and the selective inhibition of
NMD provides a novel strategy to rescue the mutant

phenotype in PTC-related mutations (Cali and Anderson
1998; Usuki et al. 2004). NMD also degrades certain un-
spliced or unproductively spliced mRNAs, and upstream
open reading frames (uORFs) containing mRNAs as
natural targets (Mitrovich and Anderson 2000, 2005; He
et al. 2003; Mendell et al. 2004), and, in the case of the
vertebrate immune system, mRNAs emanating from
out-of-frame gene rearrangements (Li and Wilkinson
1998; Frischmeyer and Dietz 1999).

In mammalian cells, translation termination codons
and exon–exon junctions are cis-acting elements that al-
low recognition of PTCs. mRNA is subject to rapid decay
when translation terminates more than ∼50–55 nucleo-
tides upstream of the last exon–exon junction (Holbrook
et al. 2004; Maquat 2004). The positional information
that marks exon–exon junctions is provided by the com-
ponents of the splicing-dependent exon junction com-
plex (EJC) that persist during export and until the mRNA
is translated (Kataoka et al. 2000; Le Hir et al. 2000;
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Zhou et al. 2000; Dreyfuss et al. 2002; Tange et al. 2004;
Moore 2005). Indeed, some of the EJC proteins—notably
Y14 and magoh—remain at the same position on the
mRNA and translation is required to remove them (Dos-
tie and Dreyfuss 2002).

Three UPF genes and seven smg genes have been ge-
netically identified in Saccharomyces cerevisiae (Cul-
bertson et al. 1980; Leeds et al. 1991) and Caenorhabditis
elegans (Hodgkin et al. 1989; Pulak and Anderson 1993;
Cali et al. 1999), respectively, as essential trans-acting
factors for NMD. All these genes are conserved in Dro-
sophila melanogaster and mammals and have essential
roles in NMD (Sun et al. 1998; Yamashita et al. 2001;
Mendell et al. 2002; Gatfield et al. 2003; Ohnishi et al.
2003; Kim et al. 2005). The three components Upf1/
SMG-2, Upf2/SMG-3, and Upf3/SMG-4 are conserved in
eukaryotes, and therefore, the three Upf/SMG proteins
are core components of NMD (Culbertson and Leeds
2003). Upf1, an RNA helicase (Czaplinski et al. 1995),
interacts with Upf2, and Upf2, in turn, binds directly to
Upf3 in S. cerevisiae (Weng et al. 1996) and in mammals
(Lykke-Andersen et al. 2000; Mendell et al. 2000; Serin et
al. 2001). In addition, Upf3b is part of the EJC and di-
rectly interacts with Y14, a core component of the EJC,
in mammals (Kim et al. 2001a; Le Hir et al. 2001; Lykke-
Andersen et al. 2001). Moreover, in S. cerevisiae, these
three Upf proteins and eukaryotic release factors (eRF1
and eRF3) have been proposed to function as part of a
“surveillance complex” that recognizes PTCs and trig-
gers NMD (Peltz et al. 1994; Culbertson and Leeds 2003),
based on the genetic interactions of UPF genes for the
recognition of translation termination codons and direct
interactions between Upf proteins and eRF1 and eRF3 in
vitro (Czaplinski et al. 1998; Wang et al. 2001) and in
vivo (Kobayashi et al. 2004). However, in mammals, the
in vivo formation of the Upf protein and eRF1–eRF3
complex, as well as the mechanism of the interactions
between the Upf/SMG proteins and EJC, remains to be
clarified.

Additional metazoan-specific SMG proteins SMG-1,
SMG-5, SMG-6, and SMG-7 appear to regulate the se-
quential phosphorylation and dephosphorylation of
Upf1/SMG-2 that is required for NMD. Genetic studies
have determined that the six smg genes are regulators of
the phosphorylation state of SMG-2. smg-1, smg-3, and
smg-4 are required for the phosphorylation of SMG-2,
whereas smg-5, smg-6, and smg-7 are required for de-
phosphorylation in C. elegans (Page et al. 1999). Recent
studies have also provided mechanistic insights into the
regulation of Upf1/SMG-2 phosphorylation: SMG-1 ki-
nase activity is essential for Upf1/SMG-2 phosphoryla-
tion (Yamashita et al. 2001; Grimson et al. 2004),
whereas SMG-5 and SMG-7 are part of the protein phos-
phatase 2A (PP2A) complex (Anders et al. 2003; Ohnishi
et al. 2003) and selectively associate with phosphory-
lated Upf1 in vivo (Ohnishi et al. 2003). However, the
relationship between the phosphorylation/dephosphory-
lation of Upf1 and the recognition of PTC and/or EJC by
the surveillance complex remains to be clarified. In ad-
dition, the mechanism whereby Upf2/SMG-3 and Upf3/

SMG-4 are involved in the phosphorylation of Upf1/
SMG-2 is not well defined.

In the present study, we demonstrate that SMG-1 as-
sociates with the post-spliced mRNA through Upf2 and
Y14, and that this association is essential for Upf1 phos-
phorylation during NMD. Together with the Upf2- and
Y14-independent formation of the SMG-1–Upf1–eRF1–
eRF3 complex (SURF), our results reveal the critical
steps during recognition of PTC in mammalian cells.

Results

SMG-1 associates with the post-splicing mRNP
complex through an EJC component, Y14

To explore the possibility that the phosphorylation of
Upf1 by SMG-1 occurs on mRNAs, we analyzed SMG-1
immunoprecipitates (SMG-1-IP) for the presence of pro-
teins that associate with mRNP. For this purpose, total
HeLa TetOff cell lysates were treated with or without
ribonuclease (RNase), immunoprecipitated with anti-
SMG-1 antibodies or control immunoglobulin G (IgG),
and analyzed by Western blotting for the presence of cap-
binding proteins, EJC components, and poly(A)-binding
protein (PABP), indicators of an mRNP complex (Drey-
fuss et al. 2002; Moore 2005). As shown in Figure 1A,
CBP20 (a component of nuclear cap-binding protein
complex), Y14 (an EJC component) (Le Hir et al. 2000;
Kim et al. 2001b), and cytoplasmic PABP, were present
in SMG-1-IP in the absence of RNase. However, the co-
precipitation of Y14 with SMG-1 is not abolished by
RNase treatment, whereas precipitation of CBP20 and
PABP was abolished (Fig. 1A). Similar experiments on
Y14 immunoprecipitates showed that Y14 associates
with SMG-1 in an RNase-insensitive manner, whereas
the association of CBP20 and PABP is RNase sensitive
(Fig. 1B). Note that we could not detect eIF4E in precipi-
tates of SMG-1 and Y14 (Fig. 1A,B). In addition, SMG-1-
IPs contain Upf1, Upf2, SMG-7, and eIF4A3 (a core com-
ponent of EJC) (Chan et al. 2004; Ferraiuolo et al. 2004;
Palacios et al. 2004; Shibuya et al. 2004) in the presence
of RNase (Fig. 1A). Y14 immunoprecipitates contain
Upf1, Upf2, Upf3b, and SMG-7 in RNase-insensitive
manner (Fig. 1B). Because there is little supporting evi-
dence for the complex formation of Upf2 and Y14, the
simultaneous formation of the Upf2, Upf3b, and Y14
complex in vivo is also observed for Upf2 immunopre-
cipitation (Supplementary Fig. 1). Intriguingly, the
RNase-sensitive coprecipitation of PABP with SMG-1 is
greatly reduced by the knockdown of Y14 using short
interfering RNA (siRNA), but is not reduced by the
knockdown of SMG-7 (Fig. 1C,D). Because Y14 is a part
of the post-splicing mRNP complex (Kataoka et al. 2000),
we concluded that SMG-1 specifically associates with
the post-splicing mRNP complex containing CBP20 and
PABP through Y14. Additional coimmunoprecipitation
experiments further revealed the association of HA-
Upf3b, Magoh (a core component of EJC that stably binds
Y14) (Kataoka et al. 2001), and Upf3aS (a component of
the SMG-5–SMG-7 complex) (Ohnishi et al. 2003), with
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ectopically expressed wild-type Flag-SMG-1 in the pres-
ence of RNase (Fig. 2A–C). The RNase-resistant copre-
cipitation of Upf2, Upf3b, Y14, and Magoh with wild-
type Flag-SMG-1 was observed in the cytoplasmic frac-
tion (Fig. 2D). Both fractions contained a small amount
of contamination, as judged by the presence of GAPDH
(an indicator of the cytoplasmic fraction) and lamin C (an
indicator of the nuclear fraction) (Fig. 2D).

Upf2 directly binds SMG-1 and is essential for the
association between SMG-1 and the post-splicing
mRNP complex

We next determined the region of SMG-1 that associates
with its binding partners. To do so, we expressed wild-
type Flag-SMG-1, SMG-1-ND, and SMG-1-CD (Fig. 2A)
and carried out immunoprecipitation with RNase-
treated HeLa TetOff total cell extracts. These proteins
can localize to the cytoplasm (Supplementary Fig. 2).
HA-Upf1 and known EJC components Y14, Magoh, HA-
Upf3b, and HA-Upf2 were coprecipitated by Flag-SMG-1
and SMG-1-CD. In addition, Flag-SMG-1-ND coprecipi-
tated with SMG-7, Upf3aS, and HA-Upf1, although it
failed to precipitate Y14, Magoh, HA-Upf3b, and HA-
Upf2 (Fig. 2B,C). These results suggest that the SMG-1-
CD is the region involved in the selective association
with most EJC components. To identify the protein(s)
that directly interact with SMG-1, we carried out pull-
down analysis using purified recombinant Flag-SMG-1-
CD, and in vitro translated proteins Y14, Upf2, Upf3b,
Upf3aL, Upf3aS, SMG-5, and Upf1. As shown in Figure
2E, purified Flag-SMG-1-CD strongly interacted with in
vitro translated Upf2 and weakly interacted with Upf1,

but did not detectably interact with the other proteins.
Similar experiments on Flag-SMG-1-ND revealed that it
cannot pull down in vitro translated proteins except
Upf1, indicating the specificity of the association (data
not shown). In this assay, SMG-1 did not significantly
interact with Y14, suggesting that SMG-1 associates
with Y14 through Upf2, although we could not exclude
the possibility that other EJC components, which we did
not test for at this time, can also directly bind to SMG-1.

To further investigate the role of Upf2 in the complex
formation between SMG-1 and Y14, we carried out im-
munoprecipitation experiments with anti-Y14 antibody
under Upf2 knockdown conditions using siRNA. Deple-
tion of Upf2 or Y14 strongly decreased the quantity of
SMG-1 coimmunoprecipitating with Y14 in RNase-
treated HeLa TetOff total cell extracts. On the other
hand, knockdown of Upf1, SMG-7, or lamin A/C caused
no significant change in the precipitation of SMG-1 with
Y14 (Fig. 3B). In addition, depletion of Upf2 resulted in a
decrease in the quantity of PABP that coimmunoprecipi-
tated with SMG-1 using anti-SMG-1 antibodies in the
absence of RNase (Fig. 3D). Considering these results
together, we concluded that Upf2 is required for the as-
sociation between SMG-1 and the Y14-post-splicing
mRNP complex. All tested proteins were efficiently
knocked down as assessed by Western blotting (Fig.
3A,C).

SMG-1-mediated phosphorylation of Upf1 requires
Upf2, Upf3b, and Y14

What does the interaction between SMG-1 and post-
spliced mRNAs mean? One of the most plausible expla-

Figure 1. SMG-1 associates with the post-splicing
mRNP through Y14. (A,B,D) HeLa TetOff cell ly-
sates were immunoprecipitated with antibodies
shown at the top of the figure. The immunoprecipi-
tates (IPs), and fractionations of the cell lysates (in-
put: 10%, 3.3%, 1.1%, and 0. 33% in A,B, and 0.11%
in D of the amount immunoprecipitated) were ana-
lyzed by Western blotting with the indicated anti-
body probes. (C) Western blotting of siRNA-treated
HeLa TetOff cell lysates. (D) N indicates the normal
rabbit IgG, and S1 indicates anti-SMG-1 antibodies.
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nations is that the SMG-1-mediated phosphorylation of
Upf1 occurs on the EJC. Therefore, impairing any of the
adaptor proteins, Upf2, Y14, or Upf3b (a putative adaptor
protein between Upf2 and Y14) of SMG-1 to the mRNP
should result in a decrease of phosphorylated Upf1
(P-Upf1). In support of this, genetic analysis has indi-
cated that smg-3 (Upf2 in mammals) and smg-4 (Upf3 in
mammals) genes are required for SMG-2 (Upf1 in mam-
mals) phosphorylation in C. elegans, although the
mechanism is unknown (Page et al. 1999). To test this,

we performed siRNA knockdown of a number of pro-
teins (Fig. 4A) and looked at P-Upf1 levels. As shown in
Figure 4A and B, P-Upf1, as detected by anti-P-Upf1 an-
tibody (Ohnishi et al. 2003), was significantly reduced in
cells with reduced Upf2, Upf3b, Y14, or SMG-1, whereas
SMG-7 knockdown caused a significant increase in P-
Upf1. On the other hand, knockdown of Lamin A/C and
Dcp2 had no significant effect on Upf1 phosphorylation.
These results show that Upf2, Y14, and Upf3b are re-
quired for the SMG-1-mediated phosphorylation of Upf1.

Figure 2. C-terminal half of SMG-1 directly binds to Upf2. (A) Schematic representation of SMG-1 mutants. In SMG-1-ND, the
C-terminal 1589 amino acids are deleted. In SMG-1-CD, the N-terminal 2223 amino acids are deleted. The putative PIKK (PI3K-related
protein kinase) and FAT-C domains are shown as black boxes. The TS (TOR-SMG-1) domains are shown as a dark-gray box. OCR
(SMG-1 [one]-specific conserved region) domains are shown in light gray. (B,C) HeLa TetOff cells transfected with the plasmids shown
above. A minus sign (−) indicates an empty vector; the blots were lysed and immunoprecipitated with the antibodies shown on the
right (IP). IP or cell lysates (input; 10% in C, and 10%, 3.3%, 1.1%, 0. 33%, and 0.01% of the empty vector transfected in B of the
amount immunoprecipitated) were then probed with the antibodies shown on the left. Arrowheads indicate the positions of SMG-
1-WT, SMG-1-ND, and SMG-1-CD. SMG-1 mutants do not affect the expressions of probed proteins (data not shown). An asterisk
indicates the IgG signals. (D) Immunoprecipitations and Western blotting were carried out on the nucleoplasm (N) and cytoplasm (C)
of HeLa TetOff cells. Input represents 10% of the amount immunoprecipitated. (E) The SMG-1-CD region binds Upf2 in vitro. Details
are described in Materials and Methods. A minus sign (−) indicates no template mRNA in an in vitro translation reaction. (Left panel)
Input represents 5% of the in vitro translated reaction used for binding. Arrowheads indicate the positions of SMG-1-CD.
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To further confirm the role of Upf2 and Upf3b in SMG-
1-mediated phosphorylation of Upf1, we created two
Upf2 mutants, which do not retain the ability to associ-
ate with Upf3b (Fig. 5A). The first was Upf2-dU3, which
has a deletion between residues 711 and 928 (Serin et al.
2001), and the second was Upf2-E858R, which harbored
a glutamic acid-to-arginine mutation at residue 858,
which is an essential amino acid residue for Upf3b bind-
ing in vitro (Kadlec et al. 2004). As shown in Figure 5B,
both mutants lost the ability to coprecipitate Upf3b and
Y14 following overexpression of HA-tagged proteins and
immunoprecipitation. Intriguingly, Upf2 mutants re-

tained the ability to interact with Upf1 and SMG-1 (Fig.
5B). Based on these and the above results, we next tested
whether the Upf2 mutants upon overexpression in cells
could interrupt the association of SMG-1 and Y14. For
this, we expressed either wild-type or mutant HA-Upf2
along with Flag-SMG-1 in HeLa TetOff cells, and subse-
quently immunoprecipitated endogenous Y14. As also
shown in Figure 1B, overexpression of wild-type Upf2
had no effect on Y14’s ability to associate with SMG-1.
Upf2-dU3 and Upf2-E858R, on the other hand, com-
pletely disrupted the association between Y14 and Flag-
SMG-1 (Fig. 5C). Further, when the mutants were over-

Figure 4. SMG-1-mediated phosphorylation of Upf1 requires Upf2, Upf3b, and Y14 in vivo. (A) HeLa TetOff cell lysates transfected
with the siRNAs shown above the blots were analyzed by Western blotting with the indicated antibody probes. Anti-P-Upf1 antibody
recognizes phosphorylated S1078 and S1096 residues. Arrowheads indicate the positions of Upf3aL and Upf3aS. (B) Quantification of
the phosphorylation level of Upf1 in vivo when NMD components were depleted.

Figure 3. Association between SMG-1 and mRNP re-
quires Upf2. (A,C) HeLa TetOff cell lysates transfected
with the siRNAs shown above the blots were analyzed
by Western blotting with the indicated antibodies as
probes. (B,D) HeLa TetOff cell lysates transfected with
siRNAs were immunoprecipitated with anti-Y14 anti-
body in the presence of RNase (B), or with anti-SMG-1
or normal rabbit IgG in the absence of RNase (D; IP). IP
or cell lysates (input; 10%, 3.3%, 1.1%, and 0. 33% in B,
and 0.11% in D) were then probed with the antibodies
shown on the left.
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expressed with V5-Upf1, both Upf2-dU3 and Upf2-
E858R caused a decrease in phosphorylation of Upf1
whereas wild-type Upf2 had no effect (Fig. 5D,E). Fur-
thermore, we looked at whether these mutants affect
wild-type or PTC-containing �-globin mRNA degrada-
tion. Briefly, Hela TetOff cells were transfected with ei-
ther wild-type or PTC-containing �-globin construct
(Fig. 5F) along with wild-type or mutant Upf2. Cells were
treated with doxycycline, and the half-life of the mRNAs
was measured. As shown in Figure 5G and H, Upf2-dU3
and Upf2-E858R had no effect on the half-life of wild-

type mRNA but did stabilize the PTC-bearing mRNA.
Wild-type Upf2 had no effect on either transcript (see
graphs in Supplementary Figure 5; PTC-bearing mRNA:
T1/2 > 240 min for expression of mutant Upf2 vs.
T1/2 = ∼180 min for expression of wild-type Upf2). Thus,
most likely due to the inhibition of Upf1 phosphoryla-
tion, Upf2-dU3 and Upf2-E858R inhibit NMD. Since
these mutants block association of Upf2 with Upf3b,
this interaction is essential for the association of Y14
with SMG-1 and thus SMG-1-mediated phosphorylation
of Upf1.

Figure 5. Interaction between Upf2 and Upf3b is required for the association between SMG-1 and mRNP during NMD. (A) Schematic
representation of Upf2 mutants. The solid line indicates the Upf3-binding region. The white line indicates the Upf1-binding region.
MIF4G (mammalian eIF4G like) domains are shown as dark-gray boxes. (B) Upf2 mutants do not interact with Upf3b and Y14. Ectopic
HA-Upf2-WT, HA-Upf2-dU3, or HA-Upf2-E858R expressed in HeLa TetOff cells was immunoprecipitated under the conditions of
RNase-treatment and analyzed for the presence of endogenous proteins by Western blotting with the indicated antibody probes. A
minus sign (−) indicates an empty vector. Upf2 mutants do not affect expressions of probed proteins (data not shown). Input represents
10% of the amount immunoprecipitated and of the empty vector transfected. An asterisk indicates the IgG signals. (C) HeLa TetOff
cell lysates transfected with plasmids were immunoprecipitated with anti-Y14 antibody under conditions of RNase-treatment (IP). IP
and the input fraction (10% of the amount immunoprecipitated) were analyzed by Western blotting with the indicated antibody
probes. (D) Overexpression of Upf2 mutants inhibits the phosphorylation of Upf1. (E) Quantification of the phosphorylation level of
Upf1 when Upf2 mutants were overexpressed. (F) Schematic representation of human �-globin gene (BGG) reporter constructs BGG-
WT and BGG-PTC. The ORF is represented by boxes and introns and UTRs are represented by lines. (G,H) Overexpression of Upf2-dU3
and Upf2-E852R inhibit PTC-containing �-globin mRNA decay. HeLa TetOff cells were transfected with a reporter plasmid (BGG-WT
or BGG-PTC). Cells were simultaneously transfected with the Upf2 plasmids, as indicated on the left of blots. Panels show typical
examples of the results of Northern blotting. The quantities of BGG mRNA, normalized to GADPH signals, are graphed in Supple-
mentary Figure 5.
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SMG-1 forms a complex with Upf1, eRF1, and eRF3
in a Upf2- and Y14-independent manner

The requirements for EJC components for the phos-
phorylation of Upf1 strongly support the notion that
SMG-1-mediated phosphorylation of Upf1 occurs on
EJCs that are deposited on the post-spliced mRNA. To
further evaluate the nature of the association between
SMG-1 and EJC/mRNA, in vitro splicing coupling coim-
munoprecipitation analysis on HEK293T cell extracts
was performed. The results show that SMG-1 does not
associate with spliced mRNA after in vitro splicing.
Control Upf3b and Y14 specifically precipitated spliced
mRNA (Supplementary Fig. 3). However, analysis of
SMG-1-IPs from HeLa TetOff total cell extracts using
anti-SMG-1 antibodies combined with knockdown of
Upf2 or Y14 revealed that the depletion of Upf2 or Y14
stimulated the coprecipitation of Upf1 instead of inhib-
iting their interaction (Fig. 6B). These results not only

indicated that SMG-1 is not a stable EJC component but
also suggested that SMG-1 can form a complex with
Upf1 in the absence of the association with Upf2 on EJC.
The most intriguing possibility is that the association
between SMG-1–Upf1 and the Upf2–EJC complexes fol-
lows after recognition of PTC on mRNA. If this was the
case, the eukaryotic release factors (eRF1 and eRF3)
should be involved in the SMG-1–Upf1 complex, al-
though an in vivo association with eRF1 and eRF3 has
not been previously detected in mammals. To test this
possibility, we probed the SMG-1-IPs with antibodies
against eRF1 or eRF3. Intriguingly, the knockdown of
Upf2 or Y14 greatly enhanced the recovery of eRF1 or
eRF3 in SMG-1-IPs (Fig. 6B). All tested proteins were
efficiently depleted after siRNA transfection (Fig. 6A).

To further confirm the above idea, we designed a series
of Upf1 mutants that were expected to loose some of the
functions of Upf1: C126S (C-S mutation at residue 126
whose analogous substitution in S. cerevisiae causes a

Figure 6. The SMG-1–Upf1 complex with eRF1 and eRF3. (A) HeLa TetOff cell lysates transfected with the siRNAs shown above the
blots were analyzed by Western blotting with the indicated antibody probes. (B) HeLa TetOff cell lysates transfected with siRNA were
immunoprecipitated with anti-SMG-1 antibodies (IP). IP or cell lysates (input; 10%, 3.3%, 1.1%, 0. 33%, and 0.11% of the amount
immunoprecipated) were then probed with the antibodies shown on the left. An asterisk indicates the IgG signals. (C) Schematic
structures of human Upf1 mutants. The metazoan-specific N-terminal conserved region (NCR), cysteine-rich regions, helicase do-
mains, and SQ-rich region of Upf1 are shown in gray boxes. (D,F,G) HeLa TetOff cells transfected with the plasmids indicated above
each blot; a minus sign (−) indicates an empty vector. Cell lysates (input) were immunoprecipitated with the antibodies under the
conditions of RNase-treatment shown on the top and probed with the antibodies shown on the left. Upf1 mutants do not affect
expressions of probed proteins (data not shown). Input represents 10% of the amount immunoprecipitated. (D) Immunoprecipitations
of Upf1 mutants. (E) Quantification of the phosphorylation level of Upf1 mutants. (F,G) Upf1-C126S strongly interact with eRF1 and
eRF3. (H,I) Similar to Figure 5G, HeLa TetOff cells were transfected with a reporter plasmid (BGG-WT or BGG-PTC). Cells were
simultaneously transfected with the Upf1 plasmids, as indicated on the left. Panels show typical examples of the results of Northern
blotting. The quantities of BGG mRNA, normalized to GADPH signals, are graphed in Supplementary Figure 5.
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loss of Upf2 binding) (Weng et al. 1996), K498Q (K498, a
putative ATP-binding residue, is substituted with Q that
abolishes the ATPase activity) (Supplementary Fig. 4),
4SA (four amino acid substitutions in Upf1 preferentially
phosphorylated by SMG-1; S1073A, S1078A, S1096A,
and S1116A), and dNT (a deletion of N-terminal 63 resi-
dues resulting in a reduction of the ability to associate
with SMG-5) (Fig. 6C).

Wild-type or mutant Upf1 and V5-tagged eRF1 or eRF3
were expressed in HeLa TetOff cells. HA-Upf1 was im-
munopurified from HeLa TetOff total extracts using HA-
matrix in the presence of RNase. Consistent with the
Upf2-independent formation of the SMG-1, Upf1, eRF1,
and eRF3 complex, Upf1-C126S coprecipitated more
SMG-1, V5-eRF1, and V5-eRF3 than did wild type,
whereas it did not coprecipitate detectable amounts of
Upf2, Y14, or eIF4A3 (Fig. 6D,F,G). Next, we measured
the phosphorylation state of Upf1 mutants using the
anti-P-Upf1 antibody. Consistent with the results of the
knockdown of Upf2, Upf3b, or Y14, the phosphorylation
state of Upf1-C126S is greatly reduced compared with
wild-type Upf1. On the other hand, other Upf1 mutants
did not produce any significant change in SMG-1, eRF1,
or eRF3 binding except for a modest decrease in eRF3
precipitation for Upf1-K498Q, Upf1-dNT, and Upf1-4SA
mutants (Fig. 6D,F,G). In addition, Upf1-K498Q and
Upf1-dNT show increases in Upf2 precipitation and are
more phosphorylated compared with wild-type Upf1
(Fig. 6D; Ohnishi et al. 2003). Furthermore, compared
with wild-type Upf1, the amount of coprecipitated
SMG-7 was greatly reduced for Upf1-4SA and Upf1-dNT
precipitates, increased for Upf1-K498Q, and modestly in-
creased for Upf1-C126S (Fig. 6D). In addition, Upf1-
K498Q and Upf1-C126S preferentially associated with
the Upf3aS isoform, whereas Upf1-4SA and Upf1-dNT
favored the Upf3aL isoform (Fig. 6D).

As shown Figure 6H and I, all Upf1 mutants have
an ability to inhibit NMD when overexpressed in HeLa
TetOff cells, as measured by the half-life of the �-glo-
bin-PTC reporter (see graphs in Supplementary Fig. 5;
T1/2 > 240 min for expression of mutant Upf1 vs.
T1/2 = ∼180 min for expression of wild-type Upf1).

To evaluate the consequences of the phosphorylation
and eRF3 association of Upf1, we coexpressed V5-eRF3

and wild-type His-SMG-1 or His-SMG-1-DA, a kinase
inactive mutant, and immunoprecipitated V5-eRF3 to
analyze the coprecipitation of endogenous Upf1. As
shown in Figure 7, a large increase in Upf1 coprecipita-
tion was observed in V5-eRF3 precipitates when His-
SMG-1-DA was coexpressed, suggesting that the SMG-
1-mediated phosphorylation of Upf1 induces the disso-
ciation of eRF3 from Upf1.

Discussion

The SMG-1-mediated phosphorylation of Upf1 is a criti-
cal step in NMD in mammalian cells (Fig. 6H,I; Ya-
mashita et al. 2001; Ohnishi et al. 2003). In the present
study, we demonstrated that the SMG-1-mediated phos-
phorylation of Upf1 is an essential part of PTC recogni-
tion and occurs in a complex, the SURF associated with
the EJC on mRNPs. Figure 8 illustrates our view of for-
mation of the SURF–EJC complex, which we termed the

Figure 7. The interaction between Upf1 and eRF3 increased
upon overexpression of His-SMG-1-DA. HeLa TetOff cell ly-
sates transfected with the plasmids shown above. Cell lysates
(input) were immunoprecipitated with the antibodies under the
conditions of RNase-treatment as shown on the top and were
probed with the antibodies shown on the left. Input represents
10% of the amount immunoprecipitated.

Figure 8. A model illustrating the SMG-1-mediated phos-
phorylation of Upf1 that occurs on post-splicing mRNP after
translation termination. Details are described in the text. (P)
Phosphate group; (1) Upf1; (2) Upf2; (3b) Upf3b; (eRF1/3) eRF1–
eRF3 complex; (EJC) exon junction complex; (AUG) start codon;
(Ter) termination codon; (S) stop codon; (SURF) SMG-1–Upf1–
eRF1–eRF3 complex; (DECID) decay-inducing complex.
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decay-inducing complex (DECID), and the steps that lead
up to the phosphorylation of Upf1 by SMG-1.

SMG-1 forms a SURF

Several lines of evidence led us to hypothesize the pres-
ence of a SURF. First, Upf1 interacts with both SMG-1-
ND and SMG-1-CD, whereas Upf2 and EJC components
(Upf2–EJC) can only bind SMG-1-CD, suggesting that
SMG-1 interacts with Upf1 and Upf2–EJC via different
regions (Fig. 2C). Second, SMG-1 coprecipitates with
Upf1 in Upf2- or Y14-depleted conditions (Fig. 6A,B).
Third, Upf1-C126S, which cannot bind Upf2–EJC, asso-
ciates with SMG-1 (Fig, 6D). Furthermore, human eRF1
and eRF3 were identified as additional SURF compo-
nents (Fig, 6A,B,F,G). Intriguingly, the SURF accumu-
lated greatly when Upf2 or Y14 was depleted (Fig. 6A,B)
or the Upf2-binding region of Upf1 is mutated (Fig.
6D,F,G). These observations not only support Upf2–EJC-
independent SURF formation but also indicate the tran-
sient nature of SURF. The SURF accumulated when the
next step, the association of the SURF with Upf2–EJC (to
be discussed later), was impaired. The presence of trans-
lation termination factors eRF1 and eRF3 suggested that
transient SURF formation most likely occurs after rec-
ognition of the translation termination codon, and that
the eRF1–eRF3 complex probably recruits Upf1 and
SMG-1 to a PTC.

The SURF associates with the post-splicing mRNA
through Upf2–EJC to form the DECID

The RNA- and Y14-dependent association of SMG-1 and
PABP or CBP20 indicates that SMG-1 binds post-splicing
mRNAs through EJC (Fig. 1A,D). The presence of CBP20,
not eIF4E, in SMG-1-containing post-splicing mRNP
complexes (Fig. 1A) suggests that SMG-1 primarily asso-
ciates with a complex in an early phase, the so-called
pioneer round of translation (Chiu et al. 2004; Maquat
2004). Interestingly, SMG-1 associates with the known
EJC components Upf2, Y14, Magoh, Upf3b, and eIF4A3
through the CD region in the absence of RNA (Figs. 1A,
2B,C; data not shown). Furthermore, Upf2 (Fig. 3B,D) and
its ability to bind Upf3b (Fig. 5B,C), but not Upf1 (Fig.
3B), is essential for SMG-1–Y14/EJC–mRNP complex
formation, suggesting that SMG-1 associated with post-
splicing mRNP complexes through Upf2 as an anchor
protein. These observations are also supported by the in
vitro direct interactions (most likely) of SMG-1–Upf2
(Fig. 2D), Upf2–Upf3b (Kadlec et al. 2004), and Upf3b–
Y14 (Kim et al. 2001a). Like SMG-1, Upf1 binds EJC
through Upf2 (Fig. 6D), which contributes to the RNA-
dependent association between Upf1 and PABP (Schell et
al. 2003; I. Kashima and S. Ohno unpubl.), suggesting
that the Upf1–Upf2–Upf3–Y14/EJC protein interaction is
also present on the post-spliced mRNA. It is also pos-
sible that the Upf1-C126S mutant loses the ability to
interact with other Upf1-binding proteins that are in-
volved in the mRNP complex formation of Upf1 (Hosoda
et al. 2005; Kaygun and Marzluff 2005; Kim et al. 2005).

Also, given the Upf2- or Y14-independent SURF forma-
tion of SMG-1, Upf1, eRF1, and eRF3 (Fig. 6B,D,F,G), we
concluded that SURF binds EJC-mRNP through Upf2 af-
ter recognition of the translation termination codon,
which seems to link the termination codon and EJC
through protein–protein interactions. Based on the es-
sential role of the complex formation of SURF–Upf2–EJC
in NMD (Figs. 5G,H, 6H,I), we named this complex
DECID.

SMG-1 phosphorylates Upf1 in DECID after recognition
of premature translation termination codons

Four lines of evidence we provide here strongly support
the notion that the SMG-1-mediated phosphorylation of
Upf1 occurs on the post-spliced mRNA, and that the
complex formation of DECID, namely, the SURF–Upf2–
EJC complex, is required for inducing Upf1 phosphory-
lation. First, Upf2 mutants that do not bind Upf3b–Y14
cannot induce phosphorylation of Upf1, even though
they make a complex with SMG-1 and Upf1 (Fig. 5D,E).
Second, knockdown of essential components required
for the association between SMG-1 and the post-splicing
mRNP complex; namely Upf2, Upf3b, or Y14 strongly
inhibit Upf1 phosphorylation (Fig. 4). Third, detectable
phosphorylation is not observed in Upf1-C126S (Fig. 6D),
and fourth, in both cases, Upf1 forms the SURF with
SMG-1 (Fig. 6B,D,E). The hypothesis that Upf1 phos-
phorylation occurs on the post-spliced mRNA is also
supported by the observation that the phosphorylated
form of Upf1 primarily presents in the polysomal frac-
tion in mammalian cells (Pal et al. 2001), although we do
not know whether it is mainly restricted to the 80S
mono-ribosome, as is Y14 (Dostie and Dreyfuss 2002).
To further support the above observations, inhibition of
translation initiation suppresses Upf1 phosphorylation
(N. Izumi and S. Ohno, unpubl.).

We did not detect any difference between Upf2-knock-
down and Upf3b- or Y14-knockown in Upf1 phosphory-
lation or SMG-1–mRNP complex formation, even
though 3� untranslated region (UTR) tethering experi-
ments indicate a distinguishable difference in cytoplas-
mic 3�UTR-tethered mRNA abundance between Upf2-
tethering and Upf3b- or Y14-tethering (Gehring et al.
2005). In addition, tethering assay indicated that the
Upf2-binding ability of Upf3b is dispensable for tether-
ing-inducing mRNA decay (Gehring et al. 2003). At the
very least, there is a complex containing Upf2, Upf3, and
Y14 (Fig. 1; Supplementary Fig. 1), and Upf2 and its
Upf3b-binding ability are essential for the interaction be-
tween SMG-1 and Y14-mRNP, and Upf1 phosphoryla-
tion and NMD (Figs. 3, 5, 6). These differences might
reflect the possibility that data obtained using tethering
assay cannot directly reflect bona fide NMD. There is
also a possibility that there is substrate specificity of EJC
components for NMD target mRNAs.

The requirement for smg-3 and smg-4 for SMG-2 phos-
phorylation and NMD (Pulak and Anderson 1993; Page
et al. 1999), and the smg-3-independent complex forma-
tion of SMG-1 and SMG-2 (Grimson et al. 2004) suggest
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that a similar mechanism to mammals exists in C. el-
egans. However, similar to S. cerevisiae (Leeds et al.
1991) and D. melanogaster (Gatfield et al. 2003), exon–
exon junctions are most likely not required for PTC rec-
ognition in C. elegans. For example, exon–exon junc-
tions do not affect PTC recognition in a C. elegans
unc-54 mutant (Pulak and Anderson 1993). Based on the
present results, the most probable model is that in these
eukaryotes the SURF and the downstream sequence el-
ement (DSE; a cis-acting element of NMD)-binding pro-
tein complex containing Upf3/SMG-4, and probably
Upf2/SMG-3, distinguish between PTC and normal ter-
mination codons, although no obvious DSE has been
identified in C. elegans and D. melanogaster. A similar
model was proposed for S. cerevisiae (Culbertson and
Neeno-Eckwall 2005); nevertheless, the association be-
tween DSE and Upf3p and/or Upf2p needs to be clarified.
Recently, phosphorylation of Upf1p was described in
S. cerevisiae (de Pinto et al. 2004), although S. cerevisiae
lacks an obvious SMG-1 homolog. In addition, Upf1p-
C65S, which is a similar mutation to human Upf1-
C126S, shows significant phosphorylation, but S. cerevi-
siae might have different means of Upf1 phosphorylation
(de Pinto et al. 2004).

Role of the SMG-1-mediated phosphorylation of Upf1

What is the consequence of Upf1 phosphorylation during
NMD? To date, we have not been able to detect any
differences in the activity of the nonphosphorylated and
phosphorylated forms of purified human Upf1 ATPase
(Supplementary Fig. 4). However, there is evidence that
phosphorylation induces remodeling of the surveillance
complex containing Upf1 (Ohnishi et al. 2003). In addi-
tion to the previous findings, we have established that
Upf1 phosphorylation causes dissociation of eRF3 from
Upf1. The following observations further support this
notion: (1) Overproduction of kinase inactive mutant of
SMG-1 causes the accumulation of the eRF3 and Upf1
complex (Fig. 7); and (2) compared with the wild-type,
Upf1-dNT and Upf1-K498Q have higher phosphoryla-
tion levels of Upf1, and cause a decrease in coprecipi-
tated eRF3, together with an increase in coprecipitated
Upf2 (Fig. 6D,F). On the other hand, wild-type and ki-
nase-inactive mutant of SMG-1 did not show significant
difference in coprecipitation of Upf1, Upf2, Upf3b, and
Y14 (data not shown).

The phosphorylation-induced remodeling of the Upf1
complex might also regulate its ATPase/helicase activ-
ity. In support of this notion, eRF1 and eRF3 (compo-
nents of SURF) are putative inhibitor proteins of Upf1
(Czaplinski et al. 1998) and probably suppress Upf1 ac-
tivity in the SURF. In fact, the ATPase-inactive mutant
of Upf1, Upf1-K498Q, can bind Upf2–EJC (Fig. 6D). This
suggests that Upf1 ATPase activity is not required for
the association between Upf1 and Upf2–EJC. We might
therefore expect that Upf1 activity would increase after
Upf1 phosphorylation, which mediates the dissociation
of eRF1–eRF3 from Upf1 during the remodeling of the
Upf1 complex. Further analysis—for example, an

ATPase assay of immunocomplexes of Upf1 mutants—
would be helpful for addressing this issue.

Furthermore, phosphorylated Upf1 recruits the SMG-
5–SMG-7 complex to form the wee complex (WC) to-
gether with PP2A and Upf3aS (Ohnishi et al. 2003),
which induces dephosphorylation of P-Upf1 (Ohnishi et
al. 2003; Anders et al. 2003) and might regulate the cel-
lular localization of Upf1 (Unterholzner and Izaurralde
2004). Consistently, the TPR containing the N-terminal
region of SMG-7 is structurally related to 14–3–3 and can
bind phosphorylated S1096 peptide in vitro (Fukuhara et
al. 2005). Further support for the above notions is that
Upf1-4SA reduces the affinity for SMG-7 (Fig. 6D). In
addition, a specific association between the N-terminal
half of SMG-1 and the WC components SMG-7 and
Upf3aS (Fig. 2B), and the efficient association of Upf1-
C126S and SMG-1, Upf3aS, or SMG-7 (Fig. 6D) probably
suggests the involvement of SMG-1 in the recruitment
of the SMG-5–SMG-7–Upf3aS complex to P-Upf1.

In conclusion, our data demonstrate that SMG-1 forms
a SURF with Upf1, eRF1, and eRF3, most likely just after
the recognition of the translation termination codon on
post-spliced mRNAs. If the SURF can recognize down-
stream Upf2–EJC, the SURF associates with Upf2–EJC to
form the DECID to induce Upf1 phosphorylation. Be-
cause Upf1 phosphorylation is the rate-limiting step in
NMD (Yamashita et al. 2001; Ohnishi et al. 2003), we
propose that the complex formation of DECID and the
subsequent Upf1 phosphorylation represent the step that
recognizes the termination codon as PTC in mammalian
cells. This might imply that some regulatory mechanism
of NMD via the SMG-1-mediated phosphorylation of
Upf1 might also control the expression of natural NMD
target genes.

Materials and methods

Plasmids and antibodies

Expression vectors for Flag-SMG-1-wild-type (WT), Flag-SMG-
1-ND (amino acids 1–2223), Flag-SMG-1-CD (amino acids
2068–3657), and V5-Upf1-WT, HA-Upf2-WT were constructed
in one of the mammalian expression vectors SR-Flag, SR-HA, or
SR-V5, following standard procedures. V5-eRF1 and V5-eRF3
were created by modifying pFlagTB3-1 and pFlagGSPT2
(Hoshino et al. 1998). The HA-Upf1 mutants (HA-Upf1-K498Q,
HA-Upf1-C126S, and HA-Upf1-4SA [S1073A S1078A S1096A
S1116A]) and the HA-Upf2 mutants (HA-Upf2-dU3 and HA-
Upf2-E858R) were constructed by site-directed mutagenesis of
the HA-Upf1-WT and HA-Upf2-WT plasmids, respectively. HA-
Upf1-WT, HA-Upf1-dNT, pTRE-BGG-WT, and pTRE-BGG-
PTC reporter plasmids were constructed as previously described
(Yamashita et al. 2001; Ohnishi et al. 2003). Anti-Upf3b and
Dcp2 antibodies were generated against the peptide sequence
(CAERKQESGISHRKEGGEE) in Upf3b and recombinant hu-
man Dcp2 (269–420 amino acids) protein fused to maltose-bind-
ing protein. Affinity purification of the antibody was performed
following standard procedures. The anti-SMG-1, Upf1, P-Upf1
(clone 3B8), Upf2, Upf3a, SMG-7, eRF1, eRF3, Y14 (clone 4C4),
and eIF4A3 (clone 3F1) antibodies were generated as described
previously (Hoshino et al. 1998; Kataoka et al. 2000; Yamashita
et al. 2001; Ohnishi et al. 2003; Chan et al. 2004). The anti-
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CBP20 antibody was a generous gift from Dr. Ian Mattaj (Euro-
pean Molecular Biology Laboratory, Heidelberg, Germany). An-
tibodies to eIF4E (Santa Cruz), PABP (Abcam), �-actin (Sigma),
GAPDH (Abcam), and lamin A/C (Santa Cruz) were used. The
anti-tag antibodies (HA, Flag, V5) were obtained commercially.

Transfection with plasmids and siRNA

HeLa TetOff cells (Clontech) were grown in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal bo-
vine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin.
Plasmid transfections were performed in six-well plates, 10-cm
dishes, or 15-cm dishes using Polyfect (Qiagen) according to the
manufacturer’s recommendations. For the immunoprecipita-
tion of HA- or Flag-tagged proteins, transfected cells were har-
vested 36 h later. Transient siRNA transfections were per-
formed in 12-well plates or 15-cm dishes; cells were transfected
with RNAifect (Qiagen) and 100 nM siRNA according to the
manufacturer’s protocol; and cells were harvested 72 h later.
The following target sequences were used: SMG-1, AAGTGT
ATGTGCGCCAAAGTA; Upf1, AAGATGCAGTTCCGCTCC
ATT; Upf2, AACAACAGCCCTTCCAGAATC, AAGGCTTTT
GTCCCAGCCATC; Y14, AACGCTCTGTTGAAGGCTGGA,
AATTCGCAGAATATGGGGAAA; SMG-7, AACAGCACAG
TCTACAAGCCA; lamin A/C, AACTGGACTTCCAGAAG
AACA; nonsilencing (NS), AATTCTCCGAACGTGTCACGT;
Upf3b, SMARTpool siRNA no. M-012871-00 (Dharmacan); and
Dcp2, SMARTpool no. M-008425-00 (Dharmacan).

Immunoprecipitation and Western blotting

HeLa TetOff cells were transfected using Polyfect (Qiagen) or
RNAifect (Qiagen) and incubated for 30 min at 4°C in a lysis
buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl,
0.1% Nonidet-P40, 100 nM okadaic acid (Calbiochem), and pro-
tease inhibitor cocktail (Sigma). The precleared lysates were
added to 200 µg/mL RNaseA (Qiagen) or 0.1 U/mL RNAsin Plus
(Promega), then incubated with antibodies preadsorbed on 30 µL
of protein G or protein A-Sepharose (Amersham Biosciences) for
2 h at 4°C with rotation. To immunoprecipitate, 25 µL of anti-
HA-affinity matrix (Roche) or anti-Flag-M2 agarose (Sigma) or
15 µg of appropriate antibodies were used instead of protein
G-Sepharose preadsorbed with antibody. The immunocom-
plexes were washed with a washing buffer containing 50 mM
Tris-HCl (pH 7.4), 150 mM NaCl, 0.1% Nonidet-P40, and 100
nM okadaic acid; boiled in 100 µL of standard 1× SDS sample
buffer; and then analyzed by Western blotting. In experiments
where HA-affinity matrix or Flag-agarose was used, proteins
recovered on the matrix were eluted by incubation for 15 min at
37°C in the presence of 50 µL of washing buffer containing 1
mg/mL HA-peptide or 0.5 mg/mL Flag × 3 peptide, boiled with
50 µL of 2× SDS sample buffer, and analyzed by Western blot-
ting. All Western blot experiments were detected with an ECL
Western blotting detection system (Amersham Biosciences) and
quantified with a LuminoImager, LAS-3000, and Science Lab
2001 Image Gauge software (Fuji Photo Film). The quantities of
P-Upf1, normalized to Upf1 signals, are graphed in Figures 4B
and 6D. All immunoprecipitation experiments were performed
three or four times, and typical results are shown.

Cell fractionation

For the preparation of cytoplasmic extracts, 1 × 109 cells were
resuspended in an equal volume of hypotonic lysis buffer con-
taining 10 mM Tris HCl (pH 8.0), 10 mM NaCl, 2 mM MgCl2,
0.2 mM DTT, 1× Complete Protease Inhibitor Cocktail (Roche),

50 nM okadaic acid, and 100 µg/mL RNaseA (Qiagen) and were
subsequently lysed by 30 hand-strokes with a loose-fit Potter-
Elvehjem homogenizer. The lysates were centrifuged at 500 × g
for 10 min at 4°C to remove cell nuclei. Corrected supernatants
were centrifuged at 15,000 × g for 20 min at 4°C to remove
membranes and particulate material. Finally, the lysates were
supplemented with NaCl to obtain a final concentration of 50
mM. For preparation of nuclear extracts, corrected cell nuclei
were washed twice with 10 mL of hypotonic lysis buffer, then
resuspended in an equal volume of nuclear extraction buffer
containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 0.1 mM
EGTA, 0.1 mM EDTA, 420 mM NaCl, 25% glycerol, 0.5 mM
DTT, and 1× Complete Protease Inhibitor Cocktail (Roche) and
incubated for 30 min on ice. The lysates were centrifuged at
12,000 × g for 10 min at 4°C to remove the precipitate. The
same amount of fractionated protein lysate was then immuno-
precipitated by anti-Flag-M2 agarose (Sigma).

In vitro protein-binding experiment

HA- or Flag-tagged proteins were produced in vitro using a
wheat germ cell-free system (Cell-Free Science). All HA-tagged
proteins shown in Figure 2 were expressed, and Flag-SMG-1-CD
was expressed and purified using anti-Flag-M2 agarose. In vitro
translated products were added to 300 ng of Flag-SMG-1-CD
coupled to anti-Flag-M2 agarose resin in binding buffer (20 mM
Tris-HCl at pH 7.4, 2.5 mM MgCl2, 100 mM NaCl, 0.5 mM
DTT, and 0.05% Tween20) and mixed for 1 h at 4°C. After
binding, resins were washed five times with the same buffer,
and the bound protein was eluted with an 1 × SDS sample buffer
and then analyzed by Western blotting. Experiments were per-
formed at least three times, and typical results are shown.

NMD analysis

NMD analysis was performed in essentially the same manner as
described elsewhere (Yamashita et al. 2001; Ohnishi et al. 2003),
except that HeLa TetOff cells (1.8 × 106) were transfected with
3 µg of effecter plasmids, which are indicated in Figures 5G and
H and 6H and I, in combination with 3 µg of pTRE-BGG-WT or
pTRE-BGG-PTC. Briefly, 24 h after transfection, doxycyclin
was added at time zero to inhibit de novo transcription, cells
were harvested at the indicated time points, and total RNAs
were analyzed by Northern blotting using either a �-globin or
GAPDH (control) probe. The quantities of BGG mRNA, nor-
malized to GADPH signals, are graphed in Supplementary Fig-
ure 5. Values in Supplementary Figure 5A and C represent
mean ± SE for three independent experiments. Data in Supple-
mentary Figure 5B and D are the average of two independent
experiments.
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