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Eukaryotic messenger RNAs containing premature stop codons are selectively and rapidly degraded, a
phenomenon termed nonsense-mediated mRNA decay (NMD). Previous studies with both Caenohabditis elegans
and mammalian cells indicate that SMG-2/human UPF1, a central regulator of NMD, is phosphorylated in an
SMG-1-dependent manner. We report here that smg-1, which is required for NMD in C. elegans, encodes a
protein kinase of the phosphatidylinositol kinase superfamily of protein kinases. We identify null alleles of
smg-1 and demonstrate that SMG-1 kinase activity is required in vivo for NMD and in vitro for SMG-2
phosphorylation. SMG-1 and SMG-2 coimmunoprecipitate from crude extracts, and this interaction is main-
tained in smg-3 and smg-4 mutants, both of which are required for SMG-2 phosphorylation in vivo and in vitro.
SMG-2 is located diffusely through the cytoplasm, and its location is unaltered in mutants that disrupt the
cycle of SMG-2 phosphorylation. We discuss the role of SMG-2 phosphorylation in NMD.

Nonsense-mediated mRNA decay (NMD) rapidly and se-
lectively degrades eukaryotic mRNAs containing premature
translation termination codons (PTCs) (reviewed in references
27, 43, and 65). NMD likely improves the fidelity of gene
expression by degrading aberrant mRNAs, thereby protecting
cells from potentially deleterious consequences of their trans-
lation (9, 28, 53). The biological sources of NMD substrates
are only partially understood. For example, unspliced, unpro-
ductively spliced, and aberrantly spliced mRNAs are degraded
by NMD (29, 39, 48). NMD strongly influences the expression
of certain genes for which mRNAs containing PTCs are a
normal feature of their expression. For example, gene rear-
rangements of T-cell receptor genes often result in mRNAs
that contain PTCs and are subjected to NMD (11).

Gene products required for NMD have been identified in
fungi, nematodes, insects, and mammals (13, 16, 24, 49), and
putative orthologs of these genes are evident in many se-
quenced eukaryotic genomes. A core group of three genes first
identified in the yeast Saccharomyces cerevisiae (UPF1, NMD2/
UPF2, and UPF3) (reviewed in reference 69) are required for
NMD in all tested eukaryotes (3, 40, 45, 50, 57, 61). The
conservation of both the sequence and function of such genes
indicates that NMD is an evolutionarily ancient process and
suggests that elements of the mechanism of NMD will be
similar in most, or perhaps all, eukaryotes.

PTCs are distinguished from normal termination codons in
both yeast and mammalian cells by the context of translation
termination. Specific cis-acting elements mark the open read-
ing frame of mRNAs and activate NMD when translation
terminates upstream of the marks. The Upf proteins appear to

be involved both in sensing the presence of downstream signals
and in activating the degradation machinery. In yeast cells, the
cis-acting elements are termed downstream sequence ele-
ments, which are thought to be present throughout coding
sequences but not in 3� untranslated regions (54). Hrp1p binds
both downstream sequence elements and Upf1p and, in addi-
tion to other roles, is involved in NMD (26). In mammalian
cells, cis-acting elements that mark open reading frames are
exon junction complexes (EJCs), which are deposited near
splice junctions in mature mRNAs (37). The EJC communi-
cates with Upf proteins via interactions between Upf3 and the
EJC components RNPS1 and Y14 (25, 36, 41). Upf3 interacts
with Upf2, which interacts with Upf1 (40, 57). Although the
marking of open reading frames is different in yeast cells and
mammals, other aspects of NMD (for example, the roles of
UPF proteins) are quite similar.

Upf1 is a key regulator of NMD (reviewed in reference 27)
and is an ATPase/helicase whose catalytic activity is required
for NMD (66). Upf1 interacts with downstream activators of
NMD (26), with other Upf proteins (31), with translation re-
lease factors (17), and with components of either the 5� or 3�
decay pathways (23, 42, 62). Upon premature termination,
Upf1 activity is required to commence either 5� or 3� (or both)
exonucleolytic degradation of substrate mRNAs (12, 38, 47,
62). Thus, Upf1 is uniquely positioned to regulate decay by
communicating the presence of downstream information and
activating subsequent steps of degradation. Important unan-
swered questions concerning Upf1 include how downstream
activators of NMD influence its activity and how Upf1 in turn
activates the 5� or 3� decay pathway.

Functions of at least seven genes are required for NMD in
Caenorhabditis elegans. smg-2, smg-3, and smg-4 are orthologs
of yeast UPF1, UPF2, and UPF3 (3, 50; S. L. Kuchma and P.
Anderson, unpublished data). Four additional genes (smg-1,
smg-5, smg-6, and smg-7), which are not evident in yeast cells,
are required for NMD in C. elegans, Drosophila melanogaster,
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and mammalian cells (13, 19, 24, 49, 70). SMG-2 undergoes
cycles of phosphorylation that appear to be required for NMD.
Indeed, all known smg genes other than smg-2 affect the state
of SMG-2 phosphorylation (50). SMG-1, SMG-3, and SMG-4
are needed to phosphorylate SMG-2 while SMG-5, SMG-6,
and SMG-7 are needed to dephosphorylate SMG-2. SMG-5 is
a component of a protein phosphatase 2A complex (PP2A)
that interacts with SMG-2 in both C. elegans and mammalian
cells (2, 13, 49). This SMG-5–PP2A complex is thought to be
the SMG-2/human UPF1 (hUPF1)-specific phosphatase. Hu-
man SMG-1 phosphorylates hUPF1 both in vitro and in vivo
(19, 70). Taken together, these observations suggest that reg-
ulation of SMG-2 via cycles of phosphorylation is central to
NMD. We report here the molecular analysis of smg-1, its
interactions with components of C. elegans NMD, and its role
in SMG-2 phosphorylation.

MATERIALS AND METHODS

Strains and genetic methods. Genetic methods for C. elegans were described
by Brenner (7). Alleles used in this study were smg-1(r861, r879, r884, r887, r904,
r910, and r913), smg-2(r908), smg-3(r930), smg-4(r1169), smg-5(r860), unc-54
(r293), and unc-119(ed3) (32, 52; this study).

Transformation rescue assay. smg-1(r861) unc-54(r293) hermaphrodites were
coinjected with DNA to be tested and marker plasmid pRF4[rol-6(su1006)] by
using established methods (44). unc-54(r293); smg(�) animals are paralyzed,
whereas unc-54(r293); smg(�) animals have normal motility (32). Heritable
transformed lines were established and scored for motility.

Sequence and phylogenetic analysis. Sequence and phylogenetic analysis was
performed by using internet resources providing the following algorithms:
CLUSTALW, Neighbor-Joining, and Puzzle (55, 60, 64). Amino acid sequences
were aligned with CLUSTALW. Gapped positions and regions of uncertain
alignment were omitted from further analysis. Trees were constructed by Neigh-
bor-Joining and Puzzle, and confidence values were based on 1,000 bootstrap
trees or puzzling steps.

Analysis of SMG-1 kinase-inactive mutants. Constructs used in analysis of
smg-1 kinase mutants included a copy of unc-119(�) and a wild-type (clone TR
#430) or mutant (TR#431) genomic copy of smg-1 (NcoI-SalI fragment, nucle-
otides [nt] 13852 to 27566 of U97189); TR#431 was made by mutating nt 16626
(T to G) within a KpnI-BglII fragment (nt 16353 to 17293) by using QuikChange
(Stratagene) and the appropriate primers and was then used to replace the
corresponding piece of TR no. 430. Transgenic animals were generated by
microparticle bombardment of smg-1(r861); unc-119(ed3) with either TR#430 or
TR#431, and heritable lines were established as described previously (52). RNA
isolation and rpl-12 reverse transcription-PCR were performed as described
previously (48) with primers GTTGCGTCGGAGGAGAAGTCG (forward) and
GATGATGTCGTGTGGGTGTTGTC (reverse).

Antibodies. SMG-1 antisera were generated by immunizing two rabbits with
recombinant, hexahistidine-tagged, partial-length SMG-1 (amino acids 477 to
903) purified from inclusion bodies (68) after expression in Escherichia coli
(pET28a system; Novagen). Anti-SMG-1 antibodies were affinity purified as
described previously (4) with a glutathione S-transferase-tagged partial-length
SMG-1 encoding aa 507 to 817 (pGEX4T system; Amersham Pharmacia). Anti-
SMG-1 antibodies were eluted with ActiSep (Sterogene), desalted, and concen-
trated.

Coimmunoprecipitation assays. Mixed-stage animals were suspended in 20
mM morpholinepropanesulfonic acid (MOPS) (pH 7.2) buffer containing pro-
tease and phosphatase inhibitors. Worms were homogenized by using a French
pressure cell (12,000 lb/in2) and centrifuged at 21,000 � g for 25 min, retaining
only the soluble supernatant fraction. Protein concentrations were measured and
equalized with 20 mM MOPS (pH 7.2) before immunoprecipitation. Extracts
were adjusted to 100 mM NaCl and incubated with antibody, followed by the
addition of protein A-Sepharose (Amersham Pharmacia). Precipitated proteins
were collected by centrifugation and washed six times with 20 mM MOPS (pH
7.2) and 100 mM NaCl. RNase-treated extracts were prepared by incubating
extracts described above with 1 mg of RNase A/ml for 1 h on ice prior to
immunoprecipitation.

Immunoprecipitation kinase assays. SMG-2 was immunoprecipitated from
total soluble protein extracts as described above. Washed immunoprecipitate

pellets were further washed twice with kinase buffer (50 mM Tris-HCl [pH 7.5],
10 mM MgCl2) with protease inhibitors and resuspended in a total volume of 100
�l of kinase buffer. [�-32P]ATP (40 �Ci) was added, and the reaction mixtures
were incubated at room temperature for 60 min with gentle agitation. Samples
containing wortmannin were incubated for 1 h at room temperature in 1 �M
wortmannin (or mock control) prior to the addition of [�-32P]ATP. Reactions
were stopped by the addition of an equal volume of boiling sodium dodecyl
sulfate-polyacrylamide gel electrophoresis sample buffer, and products were re-
solved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Gels were
dried and visualized with a PhosphorImager (Molecular Dynamics).

Immunofluorescence microscopy. Immunolocalization was performed by using
standard procedures (15). Extruded gonads were fixed with methanol-acetone
and washed in phosphate-buffered saline–Tween 20 buffer. Affinity-purified anti-
SMG-2 antibody was precleared by treating the samples with an acetone powder
generated from smg-2(r908) (a null allele). Mab414 antibody was added to
cleared anti-SMG-2 antibody prior to staining. Images were obtained on an
MRC1024 confocal microscope.

RESULTS

Positional cloning of smg-1. We mapped smg-1 between
dpy-14 and sem-4 on linkage group I. Among 47 crossovers
between dpy-14 and sem-4, 14 occurred leftward and 33 oc-
curred rightward of smg-1. We tested nearby cosmids for smg-
1(�) function by using a transformation rescue assay (see
Materials and Methods). Two cosmids, F56F2 and C14A12,
fully rescued the NMD phenotype of smg-1(r861). We tested
subclones of F56F2 or the overlapping cosmid C48B6 and
identified a 13.7-kb NcoI-SalI fragment (nt 13852 to 27566 of
cosmid C48B6) as the smallest tested fragment providing smg-
1(�) function. This region is predicted to encode a single
intact gene (WormBase transcript C48B6.6) and detects on
Northern blots a single mRNA of approximately 7.8 kb in the
wild type (data not shown).

We identified and sequenced a series of overlapping cDNA
clones from oligo(dT)-primed or random-primed cDNA li-
braries that define a 7.6-kb full-length smg-1 mRNA. Multiple
3� clones contained a poly(A) tract at their 3� ends, and mul-
tiple 5� clones contained SL1 at their 5� ends. SL1 is a trans-
spliced leader sequence present at the 5� ends of many C.
elegans transcripts (5). Thus, the assembled sequence (Gen-
Bank accession no. AF149821) represents full-length smg-1
mRNA. We examined all available smg-1 expressed sequence
tag sequences and determined that each of them is colinear
with our assembled cDNA sequence. smg-1 contains 42 exons,
spans 12.6 kb of genomic DNA, and encodes a 2,322-aa pro-
tein. The intron and exon structure of smg-1 is described at
http://www.wormbase.org.

We sequenced three independent smg-1 alleles. smg-1(r913)
and smg-1(r910) are mutator-induced alleles that contain Tc1
insertions at TA dinucleotides 17105-17106 and 24620-24621
of cosmid C48B6, respectively. smg-1(r884) is an ethyl meth-
anesulfonate-induced mutation changing codon 1941 (UGG;
C48B6 nt 16697) to a UGA premature stop. An additional
unsequenced allele, smg-1(r904), contains a Tc3 insertion in
the vicinity of C48B6 nt 19600 based on Southern blot and
PCR analyses.

We prepared an affinity-purified anti-SMG-1 antibody di-
rected against SMG-1 aa 477 to 903 (see Materials and Meth-
ods). This antibody recognizes a protein on Western blots
whose mass is consistent with the cDNA prediction of 265 kDa.
We examined a series of smg-1 mutants for expression of
SMG-1-related proteins. Five tested alleles (r861, r879, r887,
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r904, and r910::Tc1) expressed no detectable SMG-1 (Fig. 1A,
lanes 2 and 3 and data not shown). We conclude that smg-1
corresponds to transcript C48B6.6 and that the canonical allele
smg-1(r861) is a null protein.

Two tested smg-1 alleles (r884 and r913::Tc1) express short-
ened SMG-1-related proteins whose estimated sizes (220 and
210 kDa, respectively) are consistent with premature termina-
tion caused by the DNA sequences described above (Fig. 1A,
lane 4 and data not shown). The SMG-1-related proteins ex-
pressed by smg-1(r884) and smg-1(r913::Tc1) are nonfunc-
tional, as the phenotypes of these mutants are indistinguish-
able from that of the null allele smg-1(r861).

smg-1 encodes a PIK-related protein kinase. smg-1 cDNA
encodes a protein of 2,322 aa (265 kDa). Four domains of
SMG-1, diagrammed in Fig. 1B, are notable: (i) a putative
bipartite nuclear localization signal (aa 238 to 255); (ii) a FAT
(FRAP, ATM, and TRRAP) domain (aa 494 to 1535); (iii) a
phosphatidylinositol kinase (PIK) domain (aa 1779 to 2058);
and (iv) a FATC (FAT carboxyl terminus) domain (aa 2290 to
2322). The founding members of the PIK superfamily are lipid
kinases, but the subfamily of PIK-related kinases are protein
kinases (reviewed in reference 34). Phylogenetic analysis (see
below) identifies SMG-1 as a probable protein kinase rather
than a lipid kinase. Biochemical functions of the FAT and
FATC domains are unknown, although they are found to-
gether in certain protein kinases of the PIK superfamily (6).
The presence of SMG-1 FAT and FATC domains supports our
conclusion that SMG-1 is a protein kinase rather than a lipid
kinase.

We constructed a phylogenetic tree consisting of all PIK
superfamily members from C. elegans, human, yeast (Saccha-
romyces cerevisiae), and Arabidopsis thaliana. These species

were selected as a proxy for higher eukaryotes. The most sig-
nificant portions of the PIK superfamily tree are shown in Fig.
2A. Four families of protein kinases are identified. Kinases of
the ATM/Tel1p, ATR/Mec1p, and FRAP/Tor1,2p families
function predominantly in growth control, cell cycle regulation,
and response to DNA damage (reviewed in reference 33). The
four species we examined contain members of each of these
subfamilies. In contrast, of the species we examined, only C.
elegans and humans contain members of the SMG-1 family.
SMG-1 family members are not found in either S. cerevisiae or
Arabidopsis. Interestingly, the SMG-1 kinase family appears to
be most closely related to the FRAP family of kinases (dis-
cussed below).

We performed a similar phylogenetic analysis of SMG-2. We
constructed a phylogenetic tree consisting of all type I helicases
from the representative eukaryotes C. elegans, humans, yeast,
Arabidopsis, Plasmodium falciparum, and Giardia lamblia. Al-
though the positions of both Plasmodium and Giardia within
the eukaryotic tree are uncertain, Giardia is believed to have
diverged from other eukaryotes very early (reviewed in refer-
ence 1). Figure 2B illustrates a portion of the superfamily tree
and identifies a monophyletic group that includes the known
orthologs SMG-2 (C. elegans), Upf1p (yeast), and hUPF1 (hu-
man). This group also includes putative SMG-2 orthologs in
Arabidopsis (aUPF1), Plasmodium (pUPF1), and Giardia
(gUPF1). The presence of a putative SMG-2 ortholog in Ara-
bidopsis is not surprising, given that NMD is known to occur in

FIG. 1. (A) Western blot of total protein from the wild type (lane
1) and three independent smg-1(�) mutants (lanes 2 to 4) probed with
anti-SMG-1 (�SMG-1) antibody (top) and anti-PR65 (�PR65) anti-
body (bottom) as a loading control. (B) Domain structure of SMG-1.
SMG-1 contains a FAT domain (pfam02259), a FATC domain
(pfam02260), a PIK domain (pfam00454), and a putative nuclear lo-
calization signal (NLS?) at the indicated amino acid positions.

FIG. 2. Phylogenetic analysis of SMG-1 and SMG-2. (A) Neighbor-
joining tree of PIK-related protein kinases. (B) Neighbor-joining tree
of the UPF1/SMG-2 subfamily of type I helicases. For both trees,
confidence values are shown to the left of selected nodes marked with
circles: percent bootstrap values by neighbor joining (top) and percent
reliability values by quartet puzzling (bottom) are shown. Supported
nodes (i.e., bootstrap values of �70%) indicate that sequences to the
right of that node are more closely related to each other than any of
them are to any other sequences included in the analysis.
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plants (22). Putative SMG-2 orthologs in Plasmodium and the
basal eukaryote Giardia, however, are significant and suggest
that NMD has an ancient origin among the eukaryotes.

SMG-1 kinase activity is required for NMD. We tested
whether the putative kinase activity of SMG-1 is required for
NMD by constructing a kinase-inactive variant and determin-
ing whether it supplies smg-1(�) function when expressed as
the sole source of SMG-1 in vivo. We mutated a highly con-
served aspartate (SMG-1 position 1966) to alanine in an smg-1
genomic clone [smg-1(D1966A)], a substitution known to inac-
tivate the catalytic activity of many different protein kinases,
including PIK-type kinases (8, 56, 63, 70). We established
transgenic lines expressing either smg-1(�) or smg-1(D1966A)
in an smg-1(r861) host and verified with Western blots that
stable SMG-1 protein was expressed in each line (Fig. 3A,
lanes 1, 3, and 4).

We then tested transgenic lines for rescue of the smg-1(r861)
NMD phenotype by monitoring steady-state abundance of en-
dogenous rpl-12 mRNA. rpl-12 expresses two alternatively
spliced mRNAs (48) (Fig. 3B). An unproductively spliced
mRNA, which contains PTCs, is abundant in smg(�) strains
but absent (or nearly so) in smg(�) strains. A productively
spliced mRNA is abundant in both smg(�) and smg(�) strains

and serves as an internal control. The ratio of unproductively
to productively spliced rpl-12 mRNA reflects the function of
NMD. As shown in Fig. 3B, expression of SMG-1(D1966A)
fails to rescue the NMD defect of smg-1(r861) (lanes 1, 2, and
4) while expression of SMG-1(�) fully rescues the defect
(lanes 1 to 3). We conclude that a functional SMG-1 kinase is
likely required for NMD. We cannot rule out the possibility,
however, that SMG-1(D1966A) affects not only the SMG-1
kinase but also the additional functions of SMG-1 that are
unrelated to its kinase activity and essential for NMD.

In vitro phosphorylation of SMG-2 requires SMG-1 and is
negatively regulated by SMG-5. SMG-1 is required to phos-
phorylate SMG-2 in vivo (50). Human SMG-1, furthermore,
phosphorylates hUPF1 (the ortholog of SMG-2) in vitro and
likely also in vivo (19, 70). We investigated whether SMG-2
phosphorylation could be reconstituted in partially purified
preparations by immunoprecipitating SMG-2 and testing
whether copurifying kinase(s) phosphorylate SMG-2 in vitro.
SMG-2 phosphorylation was assayed by resuspending immu-
noprecipitation pellets in buffers favorable for PIK-related ki-
nases, incubating them with [�-32P]ATP, and monitoring the
transfer of the radiolabel to SMG-2. We additionally tested
roles of other smg genes in this assay.

A protein of approximately 120 kDa, which we conclude is
SMG-2, is efficiently radiolabeled in such immunoprecipitation
kinase assays. Three lines of evidence indicate that this labeled
protein is SMG-2: (i) the phosphorylated protein migrates at
the known size of SMG-2 (Fig. 4A, lane 1); (ii) phosphoryla-
tion of the 120-kDa protein is not observed in assays of
smg-2(r908), a smg-2-null allele (lane 3); and (iii) phosphory-
lation of the 120-kDa protein requires smg-1 function (lanes 2

FIG. 3. The kinase domain of SMG-1 is required for NMD.
(A) Western blots of total protein from the wild type (WT) (lane 1),
smg-1(r861) (lane 2), and smg-1(r861) expressing either SMG-1(�) or
SMG-1(D1966A) (lanes 3 and 4) probed with anti-SMG-1 (�SMG-1)
(upper panel) or anti-PR65 (�PR65) antibodies (lower panel) as a
loading control. (B) rpl-12 reverse transcription (RT)-PCR assay of the
same strains analyzed in panel A. Alternative splicing of rpl-12 pre-
mRNA is illustrated, with exons 2 and 3 indicated as numbered boxes.
Intron 2 is alternatively spliced to yield in-frame mRNA unaffected by
NMD (lower mRNA) and a PTC-containing mRNA that is degraded
by NMD (upper mRNA).

FIG. 4. Phosphorylation of SMG-2 in vitro requires SMG-1 and is
sensitive to wortmannin. (A) SMG-2 immunoprecipitation kinase as-
says. smg-1(r861), smg-2(r908), and smg-5(r860) are null alleles of the
respective genes. (B) SMG-2 immunoprecipitation kinase assays in the
presence (lanes 4 to 6) or absence (lanes 1 to 3) of 1 �M wortmannin.
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and 5). We conclude that SMG-2 coimmunoprecipitates with
an active kinase and that in vitro SMG-2 phosphorylation re-
quires SMG-1.

Kinases of the PIK superfamily, including human SMG-1,
are specifically inhibited by wortmannin (19, 70). If SMG-1 is
the SMG-2 kinase described above, phosphorylation of SMG-2
in vitro should be inhibited by wortmannin. We therefore in-
cubated SMG-2 immunoprecipitated pellets with buffer alone
(Fig. 4B, lanes 1 to 3) or with 1 �M wortmannin (lanes 4 to 6)
prior to the addition of [�-32P]ATP in immunoprecipitation
kinase assays. SMG-2-specific kinase activity was absent in
wortmannin-treated samples. We conclude that the SMG-2
kinase observed in vitro is a PIK-type kinase.

SMG-5 is a component of a PP2A complex that is required
for SMG-2 dephosphorylation in vivo (2, 49). The SMG-2
kinase activity that we detect in vitro is regulated by smg-5. In
vitro phosphorylation of SMG-2 is increased in immunopre-
cipitation pellets of smg-5(r860) (Fig. 4A, lane 4) and is elim-
inated in smg-5(�) smg-1(�) double mutants (lane 5). Thus, in
vitro phosphorylation of SMG-2 recapitulates the important
aspects of SMG-2 phosphorylation observed in vivo. Previous
studies demonstrate that SMG-5 interacts with and is coimmu-
noprecipitable with SMG-2 in crude extracts (2). Thus, the
elevated SMG-2 kinase activity in smg-5(�) mutants is likely a
direct effect of the absence of SMG-5 in the SMG-2 immuno-
precipitation pellets.

SMG-1 interacts with SMG-2. If SMG-1 is the SMG-2 ki-
nase, as suggested above, then the two proteins may interact as
part of a stable complex. Such interactions have been described
for hSMG-1 and hUPF1 (70). We therefore investigated
whether SMG-1 interacts physically with SMG-2 in crude ex-
tracts by using coimmunoprecipitation assays. Our strategy was
to immunoprecipitate SMG-2 (or SMG-1) from crude extracts
and to examine the pellets for the presence of SMG-1 (or
SMG-2) by using antibodies described above and previously
(50). We additionally tested smg-3, smg-4, and smg-5 mutants
for effects on SMG-1–SMG-2 interactions. smg-3 and smg-4
are required in vivo for SMG-2 phosphorylation, whereas
smg-5 is required for SMG-2 dephosphorylation (50).

SMG-1, which migrates as a 265-kDa protein, copurifies with
immunoprecipitated SMG-2 from wild-type extracts (Fig. 5A,
lane 1), including those that have been treated with RNase A
(lane 7). SMG-1 is absent from the immunoprecipitation pel-
lets of control strain smg-2(r908) (lane 3; r908 is a protein-null
allele), even though its expression is normal in smg-2(r908)
(Fig. 5B, lane 3). SMG-1 additionally copurifies with immuno-
precipitated SMG-2 from extracts of smg-3(r930) and
smg-4(r1169) (Fig. 5A, lanes 5 and 6). We conclude that
SMG-1 interacts with SMG-2 either directly or indirectly, that
the SMG-1–SMG-2 interaction is not bridged by RNA, and
that phosphorylation of SMG-2 is not required for its interac-
tion with SMG-1.

Reciprocal immunoprecipitations (Fig. 5C) confirm that
SMG-2, which migrates as a 120-kDa protein, copurifies with
SMG-1 (lane 1). Previous controls demonstrate that SMG-2 is
expressed normally in smg-1(r861), a negative control (50).
Both hyperphosphorylated and hypophosphorylated isoforms
of SMG-2 coimmunoprecipitate with SMG-1 from extracts of
smg-5(r860) (lane 4). SMG-5 is a component of an SMG-2
phosphatase complex (2, 49), and hyperphosphorylated

SMG-2 accumulates to abnormally high levels in smg-5 mu-
tants (50). The ratio of SMG-2 isoforms copurifying with
SMG-1 (lane 4) is similar to that observed in vivo with smg-5
mutants (50). These results confirm the SMG-1–SMG-2 inter-
action and indicate again that the state of SMG-2 phosphory-
lation does not strongly influence its interactions with SMG-1.

We investigated whether mutations that inactivate or trun-
cate the SMG-1 kinase domain affect the SMG-1–SMG-2 in-
teraction (Fig. 5D). SMG-1(D1966A) (discussed above) is a
substitution known to inactivate the kinase activity of PIK-type
kinases. SMG-1(W1941X) is a truncated form of SMG-1 ex-
pressed by the nonsense allele smg-1(r884), which removes the
carboxyl terminus of SMG-1, including about half of the
SMG-1 kinase domain (Fig. 1A). Both SMG-1(D1966A) and
SMG-1(W1941X) copurify with immunoprecipitated SMG-2
(Fig. 5D, lanes 5 and 6). We conclude that an active or intact
SMG-1 kinase domain is not required for interactions between
SMG-1 and SMG-2, despite being required for NMD.

SMG-2 is localized to the cytoplasm. An important unan-
swered question concerning NMD is when during gene expres-
sion the surveillance complex (Upf1p, Upf2p, Upf3p, and their
associated proteins) is assembled on mRNAs. Yeast UPF3 and
hUPF3 and possibly hUPF1 and hUPF2 shuttle between the

FIG. 5. SMG-1 interacts with SMG-2. (A) Proteins immunopre-
cipitated (IP) by anti-SMG-2 (�SMG-2) antibodies were electropho-
resed and probed on Western blots with anti-SMG-1 (�SMG-1) anti-
bodies. WT, wild type. (B) Western blots of strains used in Fig. 5A
probed with anti-SMG-1. (C) Proteins immunoprecipitated by anti-
SMG-1 antibodies were electrophoresed and probed on Western blots
with anti-SMG-2 antibodies. (D) Proteins immunoprecipitated by anti-
SMG-2 antibodies were electrophoresed and probed on Western blots
with anti-SMG-1 antibodies. SMG-1(�) and SMG-1(D1966A) are ex-
pressed from transgenes in the strains of lanes 4 and 5, respectively.
smg-1(r861), smg-2(r908), smg-3(r930), smg-4(r1169), and smg-5(r860)
are null alleles of the respective genes.
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nucleus and the cytoplasm (40, 45, 46, 57, 59). The significance
of this shuttling and the functions of surveillance proteins in
different compartments of the cell are presently unknown.
More generally, concentrated foci of proteins involved in
mRNA degradation have been described for both yeast and
mammalian cells (58; reviewed in reference 67). The dynamics
of these foci and their roles in mRNA turnover are poorly
understood. In principle, phosphorylation of UPF1/SMG-2,
which is required for NMD, may regulate its trafficking, either
in the nucleus or the cytoplasm. We therefore investigated the
intracellular location of SMG-2 in the wild type and in mutants
that disrupt cycles of SMG-2 phosphorylation.

We stained fixed specimens with anti-SMG-2 antibody (50)
and with anti-Mab414. Mab414 identifies the nuclear envelope
(18), although it is unknown whether Mab414 marks the inner
or outer layer (or both). Representative immunofluorescent
images are shown in Fig. 6, with SMG-2 labeled with Texas
Red and Mab414 labeled with fluorescein (green). SMG-2 is
located diffusely throughout the cytoplasm in the wild type
(Fig. 6A) and is eliminated in smg-2(r908) (Fig. 6B; r908 is a
null allele). The staining of the wild type is somewhat granular
in appearance, but the foci of the concentrated signal are not
apparent. We detect no changes in the SMG-2 distribution in
smg-1(r904), smg-3(r930), and smg-4(r1169) (Fig. 6C to E), all
of which are required for SMG-2 phosphorylation and are null
alleles of the affected gene (3; Kuchma and Anderson, unpub-
lished). Similarly, SMG-2 is diffusely cytoplasmic in
smg-5(r860) (Fig. 6F) and in smg-2(r866) (Fig. 6G). Phosphor-
ylated SMG-2 accumulates to abnormally high levels in both of

these mutants, due either to loss of the SMG-5-associated
phosphatase (2) or to a missense mutation of SMG-2 itself
(50). We conclude that neither SMG-1, SMG-3, SMG-4, nor
SMG-5 is required for the gross localization of SMG-2 within
cells.

DISCUSSION

Seven smg genes are required for NMD in C. elegans (10,
53). We cloned smg-1 as part of an effort to characterize genes
involved in NMD. Three lines of evidence demonstrate that
the gene we describe is smg-1. First, clones of smg-1 restore
NMD when introduced into smg-1(�) mutants. Second, South-
ern, Northern and Western blots of independent smg-1(�)
mutants exhibit allele-specific abnormalities of smg-1 or its
encoded mRNA and protein. Third, three sequenced smg-1(�)
alleles contain mutations in the cloned gene. Most tested smg-1
mutants express no detectable protein, indicating that smg-1
mutations are loss-of-function alleles.

Cycles of SMG-2 phosphorylation are necessary for NMD in
C. elegans, and SMG-1 appears to be the SMG-2 kinase. Phos-
phorylated SMG-2 is detected in vivo (19, 50, 70), and all other
smg genes influence the state of its phosphorylation. SMG-5 is
a component of a PP2A complex that interacts with SMG-2
and is required for NMD (2, 13, 49). Multiple lines of evidence
indicate that C. elegans SMG-1 is the likely SMG-2 kinase: (i)
smg-1 function is required to phosphorylate SMG-2 both in
vivo and in vitro, (ii) smg-1 encodes a predicted protein kinase,
(iii) an intact SMG-1 kinase domain is essential for NMD, (iv)
wortmannin, an inhibitor of PIK-related kinases, inhibits smg-
1-dependent phosphorylation of SMG-2 in vitro, and (v)
SMG-1 and SMG-2 physically interact. Taken together, these
observations suggest strongly that SMG-1 directly phosphory-
lates SMG-2. Our results indicate that the biochemical func-
tions of C. elegans SMG-1 are similar to those of human
SMG-1 (19, 70).

Core components of NMD (UPF1, UPF2, and UPF3) are
found in animals, plants, and fungi, but to date, components
involved in the phosphorylation of UPF1/SMG-2 have only
been described for animals (13, 19, 24, 49, 70). Human and
Drosophila orthologs of smg-1, smg-5, smg-6, and smg-7 are
known to be involved in NMD and in UPF1/SMG-2 phosphor-
ylation, but yeast orthologs have not been described. Never-
theless, the phosphorylation of Upf1p in yeast cells was re-
cently described (20). Yeast cells do not have an apparent
smg-1 ortholog, but they do contain other members of the
PIK-related family of kinases. Perhaps one of these kinases is
the undiscovered Upf1p kinase. The subfamily of PIK-related
kinases most closely related to SMG-1 is the FRAP/Tor1,2
subfamily (Fig. 2). A possibly similar example of regulation via
phosphorylation has been described for the yeast FRAP/
Tor1,2 subfamily. Yeast Tap42p is reversibly phosphorylated
by the competing activities of a Tor1,2p kinase and a PP2A
phosphatase (21, 35). Our phylogenetic analysis indicates that
the SMG-1 and FRAP/Tor1,2 subfamilies are distinct. C. el-
egans and hSMG-1 are monophyletic, and C. elegans and hu-
mans contain other PIK-related kinases of the FRAP/Tor1,2
subfamily. If an undiscovered Upf1p kinase exists, an undis-
covered Upf1p phosphatase must exist also. Unambiguous or-
thologs of SMG-5, SMG-6, or SMG-7 are not evident in yeast

FIG. 6. Double labeling of wild-type and smg(�) mutant worm
gonads with anti-SMG-2 antibody (red signal) and Mab414, an anti-
body that stains the nuclear envelope (green signal). Genotypes are
wild type (A), smg-2(r908) (B), smg-1(r904) (C), smg-3(r930) (D), smg-
4(r1169) (E), smg-5(r860) (F), and smg-2(r866) (G). With the excep-
tion of smg-2(r866), all smg alleles are null.
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cells, but Nmd4p contains a PINc domain (14), as do C. elegans
SMG-5 and SMG-6 (2; H. Shang and P. Anderson, unpub-
lished data). A function for Nmd4p has not been established,
but remarkably, it interacts with Upf1p in a yeast two-hybrid
assay (30). Perhaps required cycles of UPF1/SMG-2 phosphor-
ylation and dephosphorylation are more widespread than pres-
ently described.

An important unanswered question concerning NMD is the
function of UPF1/SMG-2 phosphorylation and dephosphory-
lation. hUPF1 may shuttle between the nucleus and cytoplasm
(46), and in principle, phosphorylation of UPF1/SMG-2 may
regulate this or other trafficking events. We examined the
intracellular location of SMG-2 in mutants that disrupt cycles
of SMG-2 phosphorylation, but we observed no alterations in
the mutants (Fig. 6). Our analysis included mutants defective
for either SMG-2 phosphorylation [smg-1(�), smg-3(�), and
smg-4(�)] or SMG-2 dephosphorylation [smg-5(�) and
smg-2(r866)]. SMG-2 phosphorylation, therefore, appears to
not be involved in overall localization of SMG-2 within the cell.
Targeting of SMG-2 on a submicroscopic scale, for example,
association with polysomes (51) or differential association with
isoforms of UPF3/SMG-4 (49), would not have been detected
by our methods.

What then does phosphorylation of SMG-2 regulate? UPF1/
SMG-2 is the key regulator of NMD. It interacts with the
translation termination machinery and with downstream sig-
nals of open reading frames. It functions to integrate signals
from multiple sources and to activate either 5� or 3� decay
pathways. Both phosphorylation and dephosphorylation of
SMG-2 are required for NMD, but the steady-state level of
phosphorylated SMG-2 is quite low (50). Assuming that a
significant fraction of SMG-2 is actively engaged in NMD at
steady state, its phosphorylation must be a transient event.
Perhaps phosphorylation of SMG-2 regulates its ATPase/heli-
case activity, with either phosphorylation or dephosphorylation
being the trigger that activates 5� decapping or 3� decay. Per-
haps SMG-2 phosphorylation regulates assembly or dynamics
of the numerous protein-protein interactions of the surveil-
lance complex (49), or perhaps phosphorylation regulates dis-
assembly of the surveillance complex and recycling of compo-
nents for subsequent rounds of NMD. Overexpression of
hSMG-1 increases the level of hUPF1 phosphorylation and
increases the efficiency of NMD (51, 70), which is consistent
with each of these models.
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