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mRNAs that contain premature stop codons are selectively degraded in all eukaryotes tested, a phenomenon
termed “nonsense-mediated mRNA decay” (NMD) or “mRNA surveillance.” NMD may function to eliminate
aberrant mRNAs so that they are not translated, because such mRNAs might encode deleterious polypeptide
fragments. In both yeasts and nematodes, NMD is a nonessential system. Mutations affecting three yeast UPF
genes or seven nematode smg genes eliminate NMD. We report here the molecular analysis of smg-2 of
Caenorhabditis elegans. smg-2 is homologous to UPF1 of yeast and to RENT1 (also called HUPF1), a human
gene likely involved in NMD. The striking conservation of SMG-2, Upf1p, and RENT1/HUPF1 in both sequence
and function suggests that NMD is an ancient system, predating the divergence of most eukaryotes. Despite
similarities in the sequences of SMG-2 and Upf1p, expression of Upf1p in C. elegans does not rescue smg-2
mutants. We have prepared anti-SMG-2 polyclonal antibodies and identified SMG-2 on Western blots. SMG-2
is phosphorylated, and mutations of the six other smg genes influence the state of SMG-2 phosphorylation. In
smg-1, smg-3, and smg-4 mutants, phosphorylation of SMG-2 was not detected. In smg-5, smg-6, and smg-7
mutants, a phosphorylated isoform of SMG-2 accumulated to abnormally high levels. In smg-2(r866) and
smg-2(r895) mutants, which harbor single amino acid substitutions of the SMG-2 nucleotide binding site,
phosphorylated SMG-2 accumulated to abnormally high levels, similar to those observed in smg-5, smg-6, and
smg-7 mutants. We discuss these results with regard to the in vivo functions of SMG-2 and NMD.

Modulating the rates of mRNA degradation is an important
control point for both regulated and constitutive gene expres-
sion. An understanding of the molecular mechanisms of selec-
tive mRNA turnover, however, is only beginning to emerge.
mRNAs are selectively degraded by the interplay of specific
cis-acting elements and trans-acting factors (for reviews, see
references 35 and 57). cis-acting elements, which affect the
stability of mRNAs in which they reside, have been defined in
considerable detail. Examples include the poly(A) tail, AU-
rich elements, the iron-responsive element, and translated in-
stability elements (19, 29, 35, 71). Our understanding of trans-
acting factors involved in mRNA turnover, however, is much
less complete. Numerous proteins that interact with specific
cis-acting elements have been identified, but how these factors
regulate stability is unknown in most cases.

Several cis-acting elements function as part of deadenyla-
tion-dependent mRNA turnover, an important general system
of mRNA turnover that has been elaborated in recent years.
The components of this system have been most thoroughly
described for yeast (17). Several tested wild-type mRNAs of
yeast are degraded following the shortening of their poly(A)
tails and subsequent Dcp1p-dependent removal of the 59 m7G
cap (12, 24, 33, 50). Decapped mRNAs are subsequently de-
graded by the 59-to-39 exoribonuclease Xrn1p (33, 50) and, to

a lesser degree, by 39-to-59 exoribonucleases (3, 51). Like those
of yeast, the poly(A) tails of several tested mammalian mRNAs
are shortened prior to decay (reviewed in reference 57). Thus,
a similar mechanism may operate in mammalian cells, al-
though not all components of the yeast system have yet been
described for mammals.

Many systems of mRNA turnover are coupled to translation.
One of the clearest examples of translation-dependent mRNA
turnover is nonsense-mediated mRNA decay (NMD), a system
that is present in all eukaryotes tested. NMD selectively de-
grades mRNAs that contain premature stop codons (reviewed
in references 30, 44, 46, and 59) and may serve as a surveillance
system to prevent the expression of deleterious polypeptide
fragments (56). NMD requires ongoing translation (13, 65, 78).
Yeast nonsense-mutant mRNAs are decapped in a Dcp1p-
dependent manner and degraded from their 59 ends by Xrn1p
(52). In this respect, NMD is similar to the deadenylation-
dependent turnover described above. Nonsense-mutant mRNAs,
however, are degraded without prior deadenylation (52). Thus,
NMD appears to feed into the constitutive pathway of mRNA
turnover at the decapping step.

Both cis-acting and trans-acting factors necessary for NMD
have been identified. cis-acting factors include downstream
elements of yeast (60, 77) and spliceable introns of mammalian
mRNAs (18, 65, 75, 76). Such cis-acting elements must be
located 39 to a stop codon in order to elicit NMD. trans-acting
factors include three yeast genes (UPF1, NMD2 [UPF2], and
UPF3) (21, 28, 41, 42), seven Caenorhabditis elegans genes
(smg-1 through smg-7) (16, 56), and a human ortholog of UPF1
that likely functions in mammalian NMD (5, 55, 64).

Loss-of-function mutations affecting any of the yeast UPF/
NMD or C. elegans smg genes eliminate NMD without affecting
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viability or other systems of mRNA turnover. UPF1 (also
known as NAM7, SAL1, IFS2, and MOF4) encodes a super-
family I RNA helicase, while NMD2 (also called UPF2, IFS1,
and SUA1) and UPF3 (also called SUA6) encode novel pro-
teins (21, 28, 41, 43, 69). Both the substrates of NMD and the
yeast UPF/NMD proteins are associated with cytoplasmic poly-
somes (6, 78). UPF proteins interact with each other (27) and
may be part of larger posttermination complexes that include
translation release factors eRF1 and eRF3 (22). Such surveil-
lance complexes may scan downstream of stop codons, inspect-
ing mRNAs for the presence of downstream elements, and, if
they find them, trigger decapping.

Mutations affecting the seven C. elegans smg genes were
identified as allele-specific but non-gene-specific informational
suppressors (16, 31). Genetic analysis of smg mutants and of
smg-suppressible alleles demonstrates that smg mutations are
loss-of-function alleles and that smg genes function in all tis-
sues of the animal at all times of development. smg mutants
exhibit mild morphogenetic defects (smg, for suppressor with
morphogenetic effect on genitalia) and have smaller brood
sizes than normal, but they are otherwise quite vigorous ani-
mals. Molecular analyses of mRNAs that contain premature
nonsense mutations demonstrate that smg mutations eliminate
NMD (49, 56). Thus, smg genes encode the C. elegans compo-
nents of NMD, and as in yeast, C. elegans NMD is a nones-
sential system. We report here the molecular analysis of smg-2
and its encoded protein.

MATERIALS AND METHODS

Cloning of smg-2. unc-54(r293) was introduced into a mut-2(r459) genetic
background by being crossed twice with strain TR679 (20). mut-2(r259) was
monitored in the cross by its Him and mutator phenotypes. smg-2(r920) was
identified in this strain as a spontaneous suppressor of unc-54(r293). The smg-
2(r920) strain was outcrossed eight times with the wild type prior to its molecular
analysis. dpy-5(e61), which is located 18 centimorgans from smg-2, was recom-
bined onto and off of the r920-containing chromosome three independent times
during the outcrossing series. We then hybridized Southern blots of r920 with
probes of Tc1, Tc3, Tc4, and Tc5. A copy of a transposon that is (i) absent in the
wild type, (ii) present in the smg-2(r920) strain, (iii) tightly linked to smg-2, and
(iv) absent in spontaneous Smg(1) revertants of r920 is a strong candidate for
being located within smg-2 itself.

The Tc4 probe identified a novel 4.0-kb SacI restriction fragment that coseg-
regated with r920 and was absent in each of three revertants. A 2.5-kb SacI/BglII
restriction fragment representing a junction of this novel Tc4 element was cloned
as plasmid TR#178. TR#178 proved to contain repetitive DNA unrelated to
Tc4. When used as a hybridization probe on genomic Southern blots, TR#178
hybridized to an unexpectedly large number of bands in the wild type. An
;500-bp SacI-ClaI subclone of TR#178 (plasmid TR#179) proved to contain
only unique genomic DNA (see Fig. 2 for its location). When used as a hybrid-
ization probe on a Southern blot, plasmid TR#179 detected a Tc4 insertion in
smg-2(r920) that was absent in the wild type and each of three independent
Smg(1) revertants. We screened 50 genome equivalents of a bacteriophage
lambda genomic library by using plasmid TR#179 as a hybridization probe but
were unable to identify genomic clones of the region. We screened a mixed-stage
cDNA library (10) and identified one positive clone, plasmid TR#192.

Expression constructs. For expression of SMG-2 in body wall muscle cells, the
cDNA insert of plasmid TR#192 was excised with EcoRI, filled in with Klenow
fragment, and ligated to EcoRV-digested plasmid pPD30.38. For expression of
Upf1p in body wall muscle cells, a BamHI fragment containing the complete
UPF1 open reading frame was removed from plasmid pBM272-UPF1 (provided
by A. Atkin and M. Culbertson) and cloned into the BamHI site of pBluescript
II KS(2), yielding plasmid TR#250. A SalI-SacI fragment of TR#250 was then
cloned into SalI- and SacI-digested pPD30.38. The resulting plasmid, TR#253,
was predicted to express full-length, native Upf1p from the unc-54 promoter
contained on pPD30.38. Transforming DNAs were microinjected into the syn-
cytial gonad as previously described (47) at either 1 mg/ml (TR#239) or 100
mg/ml (pRF4). We confirmed that the UPF1 fragment used for these experiments
contained a functional UPF1 gene by removing it from plasmid TR#253 and
cloning it into the URA31, galactose-inducible expression vector pBM272 (36).
We transformed the resulting UPF1 plasmid into yeast strain PLY38 (upf1-2
SUF1-1 his4-38 ura3-52) and selected URA31 transformants. The transformants
were phenotypically Upf2 when grown on glucose and Upf1 when grown on
galactose, as judged by temperature-sensitive suppression of his4-38. Transfor-
mants obtained with the vector alone were Upf2 on both media.

Anti-SMG-2 antibodies. We expressed two different His-tagged SMG-2 fusion
proteins in Escherichia coli by using a pET-15b protein expression system (32).
Fusion proteins SMG-2A and SMG-2B contain SMG-2 amino acids 20 to 726
and 52 to 522, respectively. Fusion proteins were purified as inclusion bodies,
solubilized in 10% sodium dodecyl sulfate (SDS), electrophoresed through
SDS–7% polyacrylamide gels, and eluted from gel slices (72). Approximately 500
mg of SMG-2B was injected into a New Zealand White rabbit; boosters were
administered every 4 weeks. Sera were collected 2 weeks after the third booster
and affinity purified with an Actigel column to which SMG-2A fusion protein had
been coupled according to the manufacturer’s instructions (Sterogene Biosepa-
rations, Inc.). Anti-E. coli antibodies were removed by adsorption to an acetone
powder of E. coli not expressing a fusion protein (48). For Western blot analysis,
either whole worms or worm soluble extracts (see below) were boiled in 23
sample buffer and electrophoresed on SDS–7% polyacrylamide gels. Proteins
were transferred to polyvinylidene difluoride membranes (Millipore) in 48 mM
Tris-Cl (pH 7.2)–39 mM glycine–20% methanol for 30 min at 15 V with a
semidry protein blotter apparatus. Western blots were developed with an ECL
kit (Amersham Life Sciences Corp.) as recommended by the manufacturer.

Phosphatase treatment of SMG-2. Packed worms (floated on sucrose and
washed in cold M9 buffer) were mixed with an equal volume of 10 mM mor-
pholinepropanesulfonic acid (MOPS), pH 7.2, containing 1 mM phenylmethyl-
sulfonyl fluoride and 1 mM Microcystin-LR (Calbiochem); they were then passed
once through a French pressure cell at 14,000 lb/in2 and centrifuged three times
at 14,000 3 g, retaining the supernatant each time. Soluble extracts containing 1
mg of protein in 50 mM Tris-Cl (pH 7.5)–0.1 mM EDTA–5 mM dithiothreitol–
0.01% Brij 35 were treated with 1,000 U of lambda protein phosphatase (an
amount sufficient to overcome inhibition by Microcystin-LR; obtained from New
England Biolabs) or buffer alone and incubated for 30 min at 30°C.

Human homolog of smg-2. Four degenerate primers, corresponding to SMG-2
amino acids 478 to 484, 513 to 519, 735 to 741, and 798 to 809, were used to
amplify a human homolog of SMG-2 via PCR by using a bacteriophage lambda
placental cDNA library as a template. The resulting fragment (681 bp) was used
as a hybridization probe to identify cDNA clone TR#314, which contains the 39
end of a human SMG-2 homolog. TR#314 contains a 41-nucleotide (nt) poly(A)
tail at its 39 end but is incomplete at its 59 end. The 59 end of this transcript was
identified as clone TR#329 by screening a heart cDNA library with portions of
a human expressed sequence tag (GenBank accession no. H13971), known to be
homologous to Upf1p, as a probe. cDNA clones TR#314 and TR#329 overlap
to yield a 5,302-bp contiguous cDNA sequence that encodes a predicted protein
of 1,118 amino acids.

Nucleotide sequence accession number. The sequence of smg-2 cDNA has
been assigned accession no. AF074017.

RESULTS

Cloning of smg-2. We cloned smg-2 by transposon tagging.
Spontaneous mutations that occur in a mutator genetic back-
ground are frequently caused by the insertion of transposable
elements (4). In order to isolate transposon-induced alleles of
smg-2, we first constructed an unc-54(r293) mut-2(r459) double
mutant. unc-54(r293) is a smg-suppressible allele of the unc-54
myosin heavy chain gene. unc-54(r293) animals are paralyzed
in smg(1) genetic backgrounds but have normal motility in
smg(2) backgrounds (31). The mutator mutation mut-2(r459)
activates several families of C. elegans transposable elements
(4, 20). Among 30 spontaneous motile revertants of unc-
54(r293) mut-2(r459), we identified six alleles of smg-2. One
allele, smg-2(r920), was noteworthy, because upon passage it
reverted spontaneously to Smg(1) five independent times.
When we crossed smg-2(r920) into a background that did not
contain mut-2(r459), we detected no Smg(1) revertants. Such
mutator-dependent instability is characteristic of many C. ele-
gans transposon insertions.

As described in Materials and Methods, we identified a copy
of the transposable element Tc4 that cosegregated with smg-
2(r920), cloned an insertional junction fragment of this Tc4
element (plasmid TR#179), and established that this novel
Tc4 insertion was present in smg-2(r920::Tc4) animals but ab-
sent in the wild type and in the Smg(1) revertants of r920. The
genomic region defined by plasmid TR#179 was not contained
on any existing C. elegans cosmids (68), nor were we able to
isolate bacteriophage lambda genomic clones from the region.
smg-2 is located on YAC Y48G8 in a region of the genomic
sequence that at present has not been completely assembled.
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Using TR#179 as a probe, we identified cDNA clone TR#192,
which spans the insertion site of r920::Tc4.

The cDNA insert of plasmid TR#192 is 3,388 bp long and
contains a single open reading frame beginning with an ATG
at nucleotide 12 and terminating with a UGA at nucleotide
3219. Using TR#192 as a hybridization probe on a Northern
blot, we estimated that smg-2 mRNA was 5.6 kb long (Fig. 1).
Thus, cDNA clone TR#192 is not full-length. TR#192 con-
tains at its 59 end nine nucleotides of the SL1 trans-spliced
leader sequence (39), demonstrating that TR#192 is essen-
tially full-length at its 59 end. Assuming a poly(A) tail length of
200 nt, TR#192 is missing about 2.0 kb of 39 untranslated
region (UTR) material. Five additional smg-2 cDNA clones
isolated from a mixed-stage cDNA library added only 124 nt of
further 39 UTR sequence. The sequence of smg-2 cDNA is
discussed below. Although the smg-2 cDNA sequence is in-
complete at its 39 end, it contains the entire smg-2 coding
region, because (i) the size of SMG-2 on Western blots agrees
with that predicted by TR#192 (see below) and (ii) the cDNA
insert of TR#192 provides smg-2(1) activity when introduced
into smg-2(2) mutants (see below).

Transformation rescue of smg-2 mutants. To test whether
clone TR#192 contains the complete smg-2 coding region, we
expressed the insert of clone TR#192 and tested whether it
rescues smg-2 mutants. We ligated the cDNA insert of
TR#192 to plasmid pPD30.38, a C. elegans expression vector
driven by the unc-54 promoter and expressed in body wall
muscle (47). We microinjected the resulting plasmid (TR#239)
together with plasmid pRF4, which carries a dominant allele of
rol-6 and serves as a marker for successful transformation (38),
into unc-54(r293) smg-2(r863) hermaphrodites. Heritable trans-
formants were identified by their roller phenotype and subse-
quently tested for their Smg phenotype based on suppression
of unc-54(r293). Smg(1) animals were expected to be para-
lyzed, while Smg(2) animals were expected to have normal
motility. We recovered three independent heritable transfor-
mants, all of which were paralyzed and had phenotypes indis-
tinguishable from the unc-54(r293) phenotype. One trans-
formant, TR2116 {unc-54(r293) smg-2(r863); rEx63[smg-2(1)
rol-6(su1006dm)]}, was analyzed further. TR2116 exhibited
a motility phenotype that was indistinguishable from the

unc-54(r293) phenotype. Nonroller offspring of TR2116 (those
that did not retain rEx63) had wild-type motility, indicating
that they were smg-2(2). When crossed into an otherwise
wild-type genetic background, rEx63 did not confer a dominant
paralysis phenotype. These results demonstrate that the para-
lyzed phenotype of TR2116 was due to expression of a
smg-2(1) transgene located on rEx63 and, hence, plasmid
TR#192.

Identifying smg-2 null alleles. As further proof that TR#192
represents smg-2 cDNA and to establish the smg-2 null phe-
notype, we investigated whether additional spontaneous smg-2
alleles contain alterations of the genomic region surrounding
cDNA clone TR#192. We performed genomic Southern blot
analysis of four additional spontaneous smg-2 alleles by using
plasmid TR#192 or TR#179 as a hybridization probe. By
comparing single and double digests of genomic DNA, we
deduced a partial restriction map of the smg-2 genomic region
and the structures of four mutations. These results are sum-
marized in Fig. 2. All four tested alleles have alterations of the
smg-2 genomic region. smg-2(r907) is a Tc1 insertion. smg-
2(r915) is a deletion of approximately 1.0 kb. smg-2(r908) and
smg-2(r912) are deletions of more than 7 kb that remove all
sequences contained on cDNA clone TR#192. As described
above, smg-2(r908) expressed no detectable smg-2 mRNA
(Fig. 1). The phenotypes of smg-2(r908) and smg-2(r912) are
indistinguishable from that of the canonical allele smg-
2(e2008), establishing that the previously described smg-2 phe-
notype (31) represents the null phenotype.

smg-2 is homologous to UPF1 and RENT1/HUPF1. The se-
quence of cDNA clone TR#192 predicted that SMG-2 is 120
kDa and has strong similarity to Upf1p of yeast and RENT1/
HUPF1 of humans (Fig. 3). A 781-amino-acid central portion
of SMG-2 is 50% identical to Upf1p, with particularly high
conservation in the cysteine-rich region (92 amino acids; 58%
identity), previously suggested to be zinc or zinc ring fingers (1,
43, 70), and in the superfamily I DNA-RNA helicase domain
(400 amino acids; 61% identical) (37). The amino and carboxyl
termini of SMG-2 and Upf1p are not similar, although the
amino termini of both proteins are strongly acidic. SMG-2 is
more similar to RENT1/HUPF1, a human ortholog of UPF1

FIG. 1. Northern blot hybridized with smg-2 cDNA clone TR#192. smg-2
mRNA is approximately 5.6 kb and is eliminated in smg-2(r908), a deletion that
removes all smg-2 sequences. Numbers on the right are molecular sizes, in
kilobases.

FIG. 2. smg-2 genomic region. The genomic sequence of the smg-2 region is
incomplete, but we deduced a partial restriction map of the region from genomic
Southern blots by using either cDNA clone TR#192 or genomic clones TR#178
and TR#179 as hybridization probes. smg-2(r915) is an approximately 1.0-kb
deletion. smg-2(r908) and smg-2(r912) delete all sequences contained on cDNA
clone TR#192. smg-2(r907) and smg-2(r920) are insertions of Tc1 and Tc4,
respectively.
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(5, 55), than it is to Upf1p. The central 781 amino acids of
SMG-2 are 59% identical to RENT1/HUPF1, as opposed to
50% identical to Upf1p. The amino-terminal 46 amino acids of
SMG-2 (a region not similar to Upf1p) are 35% identical to
RENT1/HUPF1. The carboxyl termini of SMG-2 and RENT1/
HUPF1 are rich in serine-glutamine (SQ) dipeptides. SQ
dipeptides are not concentrated at the carboxyl terminus of
Upf1p.

Based on sequence conservation between the helicase do-
mains of SMG-2 and Upf1p, we synthesized degenerate PCR
primers and amplified the helicase domain of a human ho-
molog of SMG-2 from a cDNA library. We used this PCR
product and a human expressed sequence tag homologous to
Upf1p as hybridization probes to identify and sequence two
overlapping cDNA clones that define a 5,302-nt transcript (see
Materials and Methods). The sequence of this cDNA is essen-
tially identical to the RENT1/HUPF1 sequence (5, 55). Our
cDNA sequence contains a few minor differences from the

RENT1/HUPF1 sequence and adds 1,613 nt of 39 UTR mate-
rial not previously described. We discuss the similarities of
Upf1p-related proteins below.

Expression of Upf1p in C. elegans. The similarity of SMG-2
and Upf1p prompted us to test whether UPF1 of yeast could
rescue smg-2 mutants of C. elegans. In experiments analogous
to those described above for expression of the smg-2 cDNA
clone in body wall muscle, we cloned a complete UPF1 open
reading frame into the expression vector pPD30.38. The re-
sulting plasmid, TR#253 (see Materials and Methods for its
construction), is predicted to express a transcript of 4.2 kb in
which the first AUG of the transcript is the normal UPF1
translational initiation codon. We microinjected TR#253 and
pRF4 into unc-54(r293) smg-2(r863) hermaphrodites and re-
covered three heritable roller transformants, all of which were
phenotypically Smg(2). We confirmed by Northern blot anal-
ysis that transformants expressed an abundant UPF1 mRNA
whose size is that predicted for the transgene. We removed the

FIG. 3. Sequence of SMG-2. The sequence of SMG-2, deduced from cDNA clone TR#192, is aligned with those of Upf1p and RENT1/HUPF1. Amino acid
residues identical in two or three of these three proteins are shaded with light gray and dark gray, respectively. The highly homologous zinc finger and RNA helicase
domains are boxed with dotted and solid lines, respectively. The carboxyl termini of SMG-2 and RENT1/HUPF1 are rich in SQ dipeptides, which are underlined.
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UPF1 fragment from plasmid TR#253 and demonstrated that
it supplies UPF11 function in yeast (see Materials and Meth-
ods). Thus, expression of UPF1 does not provide detectable
smg-2(1) function in C. elegans. However, as we have no
means to verify that UPF1 mRNA is translated in C. elegans,
this conclusion must remain tentative.

SMG-2 is phosphorylated. We prepared affinity-purified
polyclonal antibodies against a His-tagged fusion protein con-
taining SMG-2 amino acids 52 to 522. On Western blots of
total C. elegans proteins, this antibody detected a single protein
whose relative mobility (120 kDa) was that predicted for
SMG-2 (Fig. 4A, lane 1). The 120-kDa protein, hereafter
called SMG-2, was absent in the smg-2(r908) strain (Fig. 4A,
lane 2) and in animals containing 7 of 13 tested smg-2 alleles
(r865, r868, r870, r876, r890, r893, and r908). Mutants contain-
ing the remaining smg-2 alleles tested (r863, r866, r881, r882,
r895, and r898) expressed an approximately full-length version
of SMG-2. These alleles, therefore, likely represent missense
alleles of smg-2. SMG-2 was present in approximately normal
abundance in smg-1(r904), smg-3(r867), and smg-4(r1169) mu-
tants (Fig. 4B, lanes 2, 4, and 5). In smg-5(r860), smg-6(r896),
and smg-7(r1131) mutants grown at the nonpermissive temper-
ature, SMG-2 was present, but we detected two distinct iso-
forms (Fig. 4B, lanes 6 to 9). One isoform corresponds to
SMG-2 of the wild type. A second isoform, SMG-2* (Fig. 4B),
migrates more slowly than SMG-2 and was detected only in
smg-5, smg-6, and smg-7 mutants.

Two lines of evidence demonstrate that the more slowly
migrating isoform is a phosphorylated derivative of SMG-2.
First, Microcystin-LR, an inhibitor of protein phosphatases 1
and 2A (74), had to be included in crude extracts in order to
detect the more slowly migrating SMG-2 isoform. When it was
omitted, only the more rapidly migrating SMG-2 isoform was
detected in all strains tested. We presume that, in the absence
of an inhibitor, one or more endogenous C. elegans protein
phosphatases dephosphorylated SMG-2 after preparation of

the crude extracts. Second, treatment of smg-5 mutant extracts
with purified lambda protein phosphatase, which is active on
phosphorylated serine, threonine, tyrosine, and histidine resi-
dues of many proteins (79), converted the more slowly migrat-
ing SMG-2 isoform into the more rapidly migrating isoform
(Fig. 4C, lanes 1 and 2). We conclude that the more slowly
migrating isoform of SMG-2 is phosphorylated. The phosphor-
ylated isoform of SMG-2 was most consistently detected when
living animals were immersed and boiled in sample loading
buffer immediately prior to electrophoresis. Under such con-
ditions, phosphorylated SMG-2 was readily detected in smg-5,
smg-6, and smg-7 mutants, even when inhibitors of protein
phosphatases were omitted, presumably due to the extremely
rapid sample preparation. SMG-2 and phosphorylated SMG-2
were approximately equally abundant in smg-5 mutants,
whereas SMG-2 was consistently more abundant than phos-
phorylated SMG-2 in smg-6 and smg-7 mutants. The relative
proportions of SMG-2 and phosphorylated SMG-2 shown in
Fig. 4 are typical of several independent Western blots. We did
not detect phosphorylated SMG-2 in the wild type (Fig. 4B,
lane 1), presumably because its abundance was below our
threshold for detection. We believe that phosphorylation of
SMG-2 is important to the in vivo roles of SMG-2 and not an
aberrant event that occurs only in certain smg mutants, because
functions of three other smg genes are required for SMG-2
phosphorylation and because certain smg-2 missense muta-
tions accumulated the phosphorylated isoform (see below).

Activities of smg-1, smg-3, and smg-4 are required for SMG-2
phosphorylation. We tested whether functions of other smg
genes are required for SMG-2 phosphorylation by constructing
appropriate double mutants. If, for example, activity of smg-1
is needed to phosphorylate SMG-2, then the phosphorylated
isoform of SMG-2 that we detected in smg-5, smg-6, and smg-7
single mutants should not accumulate in smg-1 smg-5, smg-1
smg-6, and smg-1 smg-7 double mutants. We constructed all
relevant smg smg double mutant combinations and examined

FIG. 4. Phosphorylation of SMG-2. All panels display total protein Western blots reacted with anti-SMG-2 polyclonal antibodies. (A) Anti-SMG-2 antibodies react
with a single protein estimated to be 120 kDa that is absent in smg-2(r908) mutants. (B) Expression of SMG-2 in wild-type animals (N2) and in mutants of all smg genes.
All strains were grown at 20°C except the smg-7(r1131) strain, which was grown at both 20 and 25°C because it is temperature sensitive. Parallel experiments
demonstrated that the wild type grown at 25°C did not accumulate detectable quantities of the more slowly migrating SMG-2 isoform. (C) Crude extracts (Ext.) of the
smg-5(r860) mutant (lane 1) were incubated for 30 min with recombinant lambda protein phosphatase (lPPase) (lane 2) or in phosphatase buffer without added enzyme
(lane 3) prior to electrophoresis.
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them for accumulation of SMG-2 and its phosphorylated iso-
form. The results are shown in Fig. 5. In smg-5, smg-6, and
smg-7 single mutants, both SMG-2 and phosphorylated SMG-2
were detected (Fig. 5, row 1). In all double mutant combina-
tions involving an allele of smg-5, smg-6, or smg-7 and an allele
of smg-1, smg-3, or smg-4, only SMG-2 (not phosphorylated
SMG-2) was detected (Fig. 5, rows 2 to 4). We concluded that
activities of smg-1, smg-3, and smg-4 are required for phos-
phorylation of SMG-2.

Mutations altering the SMG-2 nucleotide binding site affect
SMG-2 phosphorylation. As described above, containing mu-
tants smg-2 with alleles r863, r866, r881, r882, r895, and r898
express approximately full-length SMG-2 polypeptides. These
mutations, therefore, are likely to be missense alleles of smg-2.
We examined on Western blots the SMG-2 protein(s) that
accumulates in these mutants to determine whether SMG-2,
phosphorylated SMG-2, or both proteins were present. Mu-
tants containing one of four alleles (r863, r881, r882, and r898)
accumulated only SMG-2 (Fig. 6, lanes 6 and 7, and data not
shown), while mutants containing one of two alleles (r866 and
r895) accumulated both SMG-2 and phosphorylated SMG-2
(Fig. 6, lanes 4 and 5). The doublet of SMG-2 polypeptides
observed for smg-2(r866) and smg-2(r895) mutants is similar to
that seen for smg-5, smg-6, and smg-7 mutants. These results
suggest that the mutant SMG-2 of r866 and r895 is inefficiently
dephosphorylated, although alternative interpretations are
possible (see Discussion).

smg-2(r866) and smg-2(r895) mutants contain single amino
acid substitutions of the SMG-2 nucleotide binding site. We

amplified by PCR the helicase domains of r866 and r895 and
determined their sequences. We detected a single nucleotide
substitution in each case relative to the wild type. As shown in
Fig. 6, both r866 and r895 cause single amino acid substitutions
of invariant glycine residues of the P-loop of the SMG-2 nu-
cleotide binding site. smg-2(r866) is a G3A transition of nt
1419 that changes glycine-470 to arginine. smg-2(r895) is a
G3A transition of nt 1426 that changes glycine-472 to glu-
tamic acid.

DISCUSSION

Genetic evidence demonstrates that both SMG-2 of C. ele-
gans and Upf1p of yeast are required for NMD. In both or-
ganisms, loss-of-function mutations eliminate NMD. A central
781-amino-acid region of SMG-2 is 50% identical to the cor-
responding region of Upf1p. The proteins are particularly well
conserved in the superfamily I helicase domain (400 amino
acids; 61% identical) and in the cysteine-rich region (92 amino
acids; 58% identical). The strong conservation of Upf1p and
SMG-2, combined with genetic results indicating that these
genes perform similar functions, suggests that NMD is an an-
cient system, one whose origins predate the divergence of yeast
and nematodes.

SMG-2 is somewhat more similar to human RENT1/HUPF1
than to Upf1p (Fig. 3). The central 781 amino acids of SMG-2,
which include the cysteine-rich and helicase domains, are 59%
identical to RENT1/HUPF1 (compared to 50% identity for
Upf1p). The amino terminus of SMG-2 is 35% identical to that
of RENT1/HUPF1, whereas this region is not similar to
Upf1p. The carboxyl termini of SMG-2 and RENT1/HUPF1,
although not strongly similar, are both rich in SQ dipeptides.
Although loss-of-function mutations are not available for
RENT1/HUPF1, expression of a dominant negative form of
RENT1/HUPF1 partially inhibits NMD in mammalian cells
(64). Both Upf1p and RENT1/HUPF1 interact with transla-
tion release factors eRF1 and eRF3 (22). Thus, it seems likely
that SMG-2, Upf1p, and RENT1/HUPF1 perform analogous
functions in all cells and that the molecular mechanisms of
NMD are similar in most eukaryotes.

Biochemical analysis of Upf1p demonstrates that it is a nu-
cleic acid-dependent ATPase and helicase (23, 69). In the
absence of ATP, Upf1p binds tightly to single-stranded nucleic
acids, whereas ATP hydrolysis causes bound RNA to be re-
leased. The helicase and associated ATPase activities of Upf1p

FIG. 5. SMG-2 isoforms of smg smg double mutants. All panels display the
SMG-2 region of Western blots reacted with anti-SMG-2 antibody. SMG-2
isoforms which accumulated in smg-5, smg-6, and smg-7 single mutants are shown
in row 1. SMG-2 isoforms which accumulated in smg smg double mutants are
shown at the intersections of rows and columns. For example, row 2, column 1,
is a smg-1 smg-5 double mutant; row 3, column 1, is a smg-3 smg-5 double mutant,
etc. Alleles used to construct the double mutants were smg-1(r861), smg-3(r867),
smg-4(ma116), smg-5(r860), smg-6(r896), and smg-7(r1131). All strains were
grown at 20°C except those containing smg-7(r1131). Because r1131 is temper-
ature sensitive, all strains involving this mutation were grown at 25°C. Experi-
ments not shown demonstrate that growth at 25°C does not influence the relative
proportions of SMG-2 and phosphorylated SMG-2 in the wild type or smg-5 and
smg-6 single mutants.

FIG. 6. SMG-2 isoforms of smg-2 missense mutations. The SMG-2 region of
a Western blot reacted with anti-SMG-2 antibody is shown. Phosphorylated
SMG-2 was not detected in the wild type (lane 1) or in two mutants with smg-2
missense alleles (lanes 6 and 7) but was readily detected in smg-2(r866), smg-
2(r895), and smg-5 (r860) (control) mutants. smg-2(r908) fully deletes smg-2.
Amino acid substitutions predicted from the sequences of smg-2(r866) and smg-
2(r895) are shown relative to the consensus sequence of the P-loop of mononu-
cleotide binding proteins (14).
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are required for NMD (69). Because of its similarity to Upf1p,
we assume that the SMG-2 helicase has similar enzymatic
properties. smg-2(r866) and smg-2(r895) are strongly predicted
to eliminate the SMG-2 ATPase-helicase enzymatic function.
Both r866 and r895 affect invariant glycine residues of the
conserved P-loop of the SMG-2 nucleotide binding site. This
flexible motif joins a b-strand and a-helix to form a pocket into
which the phosphate groups insert. Mutation of glycine resi-
dues corresponding to those affected by r866 and r895 destroys
nucleotide binding and/or hydrolysis in numerous proteins (for
examples, see references 45, 54, 63, and 73; reviewed in refer-
ence 61). r866 and r895, therefore, almost certainly eliminate
ATP binding and/or hydrolysis.

Upf1p functions not only in NMD but also in translation
termination. In addition to defects in NMD, upf1 deletions
exhibit elevated levels of translation through stop codons (43).
Upf1p, furthermore, interacts with translation release factors
eRF1 and eRF3 in vitro (22). upf1 mutations affecting the
cysteine-rich region of Upf1p, which has been suggested to
form zinc or zinc ring fingers, affect termination without af-
fecting NMD (70). Certain mutations affecting the Upf1p he-
licase domain affect NMD without affecting termination (69).
Does SMG-2 function in translation termination in a similar
way? Certain smg-suppressible mutations of C. elegans are non-
sense alleles, some of which are located near the 59 end of the
affected open reading frame (9, 40, 58). It is unlikely that such
nonsense mutations are phenotypically suppressed solely by
elevating mRNA levels, because the fragment polypeptides
predicted by translation to the nonsense site are often quite
short and lack functionally important domains of the affected
proteins. A more likely explanation of such suppression is that
SMG-2 is required for efficient translation termination, similar
to the situation in yeast.

A phosphorylated isoform of SMG-2 accumulates to abnor-
mally high levels in smg-2(r866), smg-2(r895), smg-5, smg-6,
and smg-7 mutants (Fig. 4 and 6). We do not know at present
which residue(s) of SMG-2 is phosphorylated or whether the
more rapidly migrating SMG-2 isoform is completely free of
phosphorylation. SQ dipeptides, which SMG-2 and RENT1/
HUPF1 are rich in, have been shown to be phosphorylation
sites for certain phosphatidylinositol 3-kinase-related kinases
(2, 8, 11, 25, 53, 62). Two observations suggest that SQ dipep-
tides might be the sites of SMG-2 phosphorylation. First,
SMG-2 is not phosphorylated in smg-1 mutants (Fig. 5), and
second, smg-1 encodes a protein predicted to be a phosphati-
dylinositol 3-kinase-related kinase (53a). A simple interpreta-
tion of these observations is that SMG-1 directly phosphory-
lates SMG-2, possibly at SQ dipeptides.

We did not detect phosphorylated SMG-2 in the wild type.
While it is in principle possible that phosphorylation of SMG-2
is an abnormal event occurring only in certain smg(2) mutants
(not in the wild type), we consider this unlikely for two reasons.
First, not all smg mutants accumulate phosphorylated SMG-2.
smg-5, smg-6, and smg-7 mutants do so, but smg-1, smg-3, and
smg-4 mutants do not. Functions of smg-1, smg-3, and smg-4
are, in fact, required for SMG-2 phosphorylation. If SMG-2
phosphorylation were an artifact of being Smg(2), it is unlikely
that other smg gene products would be required for the ab-
normal event. Second, smg-2(r866) and smg-2(r895) mutants,
but not mutants with five other tested smg-2 missense alleles,
accumulate phosphorylated SMG-2 in a manner similar to that
seen in smg-5, smg-6, and smg-7 mutants. Such alleles appear to
be blocked in the dephosphorylation (or further metabolism;
see below) of phosphorylated SMG-2. r866 and r895 are mu-
tations affecting the SMG-2 nucleotide binding site and are
strongly predicted to eliminate ATP binding and/or hydrolysis.

This suggests that conformational changes of the SMG-2 he-
licase domain, mediated via its ATPase activity, are important
for dephosphorylation. Our inability to detect phosphorylated
SMG-2 in the wild type suggests that this state is transient,
causing the steady-state level to be below our threshold of
detection.

How is metabolism of phosphorylated SMG-2 affected in
smg-5, smg-6, and smg-7 mutants? With regard to SMG-2 phos-
phorylation, the phenotypes of smg-5, smg-6, and smg-7 mu-
tants are similar to those of smg-2(r866) and smg-2(r895) mu-
tants. Perhaps SMG-5, SMG-6, and SMG-7 are positive
regulators of SMG-2 ATP binding and/or hydrolysis, such that
in smg-5, smg-6, and smg-7 mutants, SMG-2 accumulates in a
phosphorylated, inactive state. Alternatively, perhaps SMG-5,
SMG-6, and SMG-7 are directly or indirectly required for a
SMG-2 phosphatase. Both SMG-5 and SMG-7 are novel pro-
teins (1a, 16). If this model is correct, it is unlikely that one
isoform of SMG-2 is active while the other isoform is inactive.
Mutations that block either SMG-2 phosphorylation (smg-1,
smg-3, and smg-4) or dephosphorylation (smg-5, smg-6, and
smg-7) fully eliminate NMD, suggesting that complete cycles of
phosphorylation and dephosphorylation must occur for NMD.
Alternatively, perhaps phosphorylation of SMG-2 targets it for
proteolysis, with smg-5, smg-6, and smg-7 being required for
degradation of phosphorylated SMG-2. smg-5, smg-6, and
smg-7 mutants would accumulate phosphorylated SMG-2 be-
cause of their failure to degrade it.

What role does SMG-2 phosphorylation play in NMD? Per-
haps the simplest would be to regulate enzymatic activity of the
SMG-2 ATPase or helicase. The activity of human p68 RNA
helicase, for example, is modulated by phosphorylation (15), as
is the activity of human DNA helicase IV (66). Phosphoryla-
tion of SMG-2 might affect assembly or disassembly of a pro-
tein complex, such as posttermination scanning complexes that
have been proposed to sense yeast downstream elements (26,
59). Phosphorylation of eIF4E and eIF4E binding proteins, for
example, regulates the assembly of eukaryotic translation ini-
tiation complexes (34). Perhaps phosphorylation of SMG-2
alters the distribution of NMD proteins within the cell, such as
occurs with NF-kB following phosphorylation of IkB (7), or
targets SMG-2 for proteolysis, such as occurs with yeast Sic1p
upon entry into S phase (67). Refinement of these or other
models will require an understanding of the biochemical activ-
ities of SMG-2 and the role of SMG-2 phosphorylation in those
processes.
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