Molecular Biology of the Cell
Vol. 10, 515-524, March 1999

Infrequent Translation of a Nonsense Codon Is
Sufficient to Decrease mRNA Level

Alla Buzina and Marc J. Shulman*

Departments of Immunology and Molecular and Medical Genetics, University of Toronto, Toronto,

Ontario, Canada M5S 1A8

Submitted September 17, 1998; Accepted January 7, 1999
Monitoring Editor: Thomas D. Fox

In many organisms nonsense mutations decrease the level of mRNA. In the case of
mammalian cells, it is still controversial whether translation is required for this nonsense-
mediated RNA decrease (NMD). Although previous analyzes have shown that condi-
tions that impede translation termination at nonsense codons also prevent NMD, the
residual level of termination was unknown in these experiments. Moreover, the condi-
tions used to impede termination might also have interfered with NMD in other ways.
Because of these uncertainties, we have tested the effects of limiting translation of a
nonsense codon in a different way, using two mutations in the immunoglobulin u heavy
chain gene. For this purpose we exploited an exceptional nonsense mutation at codon 3,
which efficiently terminates translation but nonetheless maintains a high level of u
mRNA. We have shown 1) that translation of Ter462 in the double mutant occurs at only
~4% the normal frequency, and 2) that Ter462 in cis with Ter3 can induce NMD. That is,
translation of Ter462 at this low (4%) frequency is sufficient to induce NMD.

INTRODUCTION

Many and diverse organisms, bacteria, yeast, and
metazoa, have been shown to have a decreased level
of mRNA when that RNA bears a nonsense or frame
shift mutation (Maquat, 1995; Jacobson and Peltz,
1996; Li and Wilkinson, 1998). The mechanisms that
contribute to this nonsense-mediated RNA decrease
(NMD) are still unclear, although some important
structural features and trans-acting factors have been
defined. Analysis in yeast has detected a specific, al-
beit commonly occurring, nucleotide segment, which
is required 3’ of the nonsense codon for NMD to occur
(Ruiz-Echevarria and Peltz, 1996; Ruiz-Echevarria et
al., 1998). This element thus defines 5’ and 3’ domains
in the RNA, such that NMD is induced by more 5’ but
not by more 3’ termination codons. In the case of
mammalian RNAs, NMD requires that there be at
least one intron 3’ of the nonsense codon (Urlaub et al.,
1989; Maquat, 1995; Carter et al., 1996; Zhang et al.,
1998a); the minimum interval between the nonsense
codon and the more 3’ intron has been variously esti-
mated to be 8-10 nuclotides for a T cell receptor B
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RNA and ~50 nucleotides for triosephosphate isomer-
ase and B globin (Carter et al., 1996; Zhang et al.,
1998a,b). The requirement for this intron initially sug-
gested that nonsense codons in the more 5 exons
might be recognized before the 3'-most intron has
been excised, and two models, the translational trans-
location and nuclear scanning models, were proposed
on this basis (Urlaub et al., 1989). According to the
translational translocation model, NMD operates on
RNA molecules that are in transit from the nucleus to
the cytoplasm, such that translation of the 5’ segment
in the cytoplasm drives splicing of the more 3’ seg-
ment in the nucleus, with the result that nonsense
mutations interrupt splicing, which in turn leads to
RNA degradation. This model is contradicted by two
lines of evidence. First, this model predicts that the
3’-most intron must be the last intron to be excised,
contrary to observations involving both the APRT and
DHFR genes (Kessler et al., 1993). Second, as noted
above, analysis of a T cell receptor gene indicated that
as few as 8-10 nucleotides are required between the
splice donor and the most 3’ NMD-effective mutation,
an interval that is seemingly too short to span the
nuclear membrane (Carter et al., 1996). The nuclear
scanning model postulated that some mechanism in
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the nucleus scans RNA for the occurrence of nonsense
mutations. This mechanism was not defined, except
that it was presumed not to rely on translation to
detect the nonsense mutations. Evidence of a non-
translational mechanism of recognizing nonsense mu-
tations has also been inferred from the finding that
some nonsense mutations affect the level of alterna-
tively spliced forms of RNA (Naeger et al., 1992; Dietz
et al., 1993; Dietz and Kendzior, 1994; Lozano et al.,
1994; Aoufouchi et al., 1996). As well, the level of
nuclear-associated mutant RNA is reduced by non-
sense codons under conditions that were considered
to exclude cytoplasmic contamination (Cheng and
Magquat, 1993; Belgrader and Maquat, 1994; Li et al.,
1997), a finding that is consistent with the hypothesis
that nonsense codons can be recognized in the nucleus
or in a closely associated compartment, which copu-
rifies with the nucleus. However, the conceptual dif-
ficulties associated with a translation-independent nu-
clear scanning mechanism are daunting. Moreover,
multiple studies argue that NMD occurs after transla-
tion has initiated and that translation of the nonsense
codon is required for NMD. Thus, NMD is abrogated
by reinitiation of translation (Zhang and Maquat,
1997), and NMD is lessened by conditions that prevent
termination at the nonsense codon, namely provision
of suppressor tRNA, introduction of a 5’ hairpin into
the mRNA, mutation of initiator ATG codons, and
treatment with general inhibitors of protein synthesis
(Belgrader et al., 1993; Carter et al., 1995; Li et al., 1997).
To accommodate this panoply of observations, it has
been proposed that splicing introduces a “mark” on
the RNA near the splice site (Cheng et al., 1994; Carter
et al., 1996; Jacobson and Peltz, 1996; Maquat, 1996).
The mark might be permanent, e.g., methylation of a
specific nucleotide, with the property that termination
5’ of the mark causes degradation of that RNA. Alter-
natively, the mark might be erased by translation
through the splice junction; e.g., the mark might cor-
respond to a protein that is bound to the exon junction
and is displaced by the ribosomes in the course of
translation.

Although showing that translation of the nonsense
codon is required for NMD, the foregoing experiments
did not permit an estimate of the amount of transla-
tion that is necessary or sufficient for NMD. Moreover,
these different treatments, although lessening transla-
tion termination, might have also have depressed
NMD by other mechanisms. For example, a 5" hairpin
might itself impede RNA degradation. Similarly, pro-
vision of suppressor tRNA typically yields incomplete
suppression with the result that the nonsense codon is
translated sometimes as “sense” and sometimes as
“nonsense.” Effects of the residual nonsense transla-
tion might be masked if sense translation erases a
splice-induced mark that is required for NMD. In an
effort to avoid these ambiguities we have used another
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method to limit translation of a nonsense codon in the
immunoglobulin (Ig) w heavy chain gene. In this case we
have made use of an exceptional nonsense mutation,
Ter3, which efficiently terminates translation at codon 3
but which maintains a much higher level of u mRNA
than is the case for more 3’ nonsense mutations viz.,
Ter462 (Connor et al., 1994). We have generated a u gene
bearing Ter3 in cis with Ter462 and thus used termina-
tion at codon 3 to limit translation of Ter462. Our results
indicate that Ter462 induces NMD even when in cis with
Ter3. To estimate the extent of translation, we have ex-
ploited the expectation that in-frame translation of
Ter462 should yield a truncated p chain. The only de-
tectable in-frame protein product of the Ter3 mutant u
gene corresponded to initiation at codon 100 (Met100)
and occurred at an efficiency of ~4% the normal rate.
These results indicate that that infrequent (~4% normal)
translation of this premature termination codon is suffi-
cient for NMD.

MATERIALS AND METHODS

Cell Lines and Vectors

The cell lines have been described previously and have been re-
named for simplicity as follows. The parental hybridoma, Sp6/HL
(Baumann et al., 1985), is designated WT. The igm482 mutation,
which has a one-nucleotide deletion in the Cu3 exon causing a UGA
termination at codon 462 (Baumann ef al., 1985), is denoted Ter462*.
The mutants N89 and N114 have similarly been renamed Ter3 and
Ter73, respectively, and the mutant X10, which lacks the entire u
gene, is denoted Au (Connor et al., 1994). The targeting vector,
pTer462*, previously denoted pIACu482 (Buzina and Shulman,
1996), was used to introduce the igm482 frame shift mutation into
the endogenous w gene.

Analysis of RNA

Cells were grown to 3 X 10° cells/ml and harvested by centrifuga-
tion. Total RNA was isolated using the single-step guanidinium
thiocyanate-phenol-chloroform extraction (Chomczynski and Sac-
chi, 1987). Ten micrograms of RNA were electrophoresed in 1.4%
agarose-formaldehyde gels and transferred to a nylon membrane
(Boehringer Mannheim, Indianapolis, IN) in 10X SSC. Membranes
were probed with DNA fragments, labeled with 3P by random
priming. The level of hybridization was quantified using a Phos-
phorIlmager (Molecular Dynamics, Sunnyvale, CA) or visualized by
autoradiography.

Analysis of DNA Structure

PCR amplifications were performed using Taq polymerase (Boehr-
inger Manheim) according to the following protocol for 30 cycles:
denaturation, 1 min at 94°C; reannealing, 2 min at 65°C; and exten-
sion, 3 min at 72°C, which was increased by 3 s/cycle. Oligonucle-
otide primers were 1, 5'-TTCCTCAGCAAGTCCGCTAACCTGAC-
3'; 2, 5'-TTGGGGCAAGAGTTGCCCTCTCTGAA-3'; 3, 5'-CGAT-
ACGGTGATTGGCTACCG-3'; 4, 5'-GGACACCCAGCCACATGA-
GG-3'; 5, 5'-TTACCTGGGTCTATGGCAGT-3’; and 6, 5'-GTCACT-
GTAAATGCTTCGGG-3'.

Analysis of p Heavy Chains

To analyze intracellular u chains, cells were grown to 4 X 10°
cells/ml, harvested, washed twice with PBS, and placed in 1 ml of
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Figure 1. Production of pu
mRNA. The diagram indicates
the structure of the u gene and its c
relationship to the us and pm
forms of mRNA. The filled trian- 1, WDJ3 Ja Cu1 Cp2Qu3 us ++
gles indicate the poly(A) addition =
sites, which function in these two w
forms of w mRNA. The position pm ++
of the nonsense codons in the WA
gene and their effects on us and
pwm mRNA are shown. This dia-
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probes used in measuring um s e
and us RNA. The Cul-2 probe L WJ3 J¢ Cplcuz Cu3 ”
corresponds to the 0.9-kb Xbal- _‘\/-\/ly Terd62*
BamHI fragment. The um-spe- um _

cific probe corresponds to the
0.9-kb Xbal-Kpnl fragment.

methionine-free medium for 30 min at a density of 2 X 107 cells/ml.
Four hundred microcuries of [**S]methionine were then added for
the times indicated in the figure legends ranging from 4 to 30 min.
Cells were washed in cold PBS and suspended in 400 wul of lysis
buffer (PBS supplemented with 1% NP40, 1 mM PMSF, 1 mM
iodoacetic acid, and 20 pg/ml leupeptin, pepstatin A, aprotinin,
antipain, and chymostatin). After 15 min at 4°C, lysates were cleared
by centrifugation, diluted twice with precipitation buffer (PBS con-
taining the same protease inhibitors), and incubated overnight at
4°C with 30 pg of rabbit antibody specific for mouse IgM. To
prepare agarose G beads for immunoadsorptions, the beads were
washed with PBS and preincubated for 2 h at 4°C with lysate
prepared from the (u-deleted) X10 cell line to reduce nonspecific
binding of proteins. The beads were then washed in PBS supple-
mented with 0.5% NP40, 1 mM PMSF, 1 mM iodoacetic acid, and 1
mM EDTA. For immunoadsorptions, 20 ul of beads were added to
each lysate. After incubation for 4 h at 4°C, beads were recovered by
centrifugation, washed, and resuspended in 2 X sample buffer (0.125
M Tris, pH 7.4, 20% glycerol, and 4% SDS containing bromphenol
blue) in the presence of 5% B-mercaptoethanol. This material was
then incubated at 100°C for 3 min, cleared by centrifugation, and
analyzed by SDS-PAGE using 12% acrylamide (Laemmli, 1970).
Gels were dried and analyzed by autoradiography or by Phospho-
rImager to quantitate radioactivity.

To estimate the stability of the intracellular u-related material
from the continuous radiolabeling experiments, we used the differ-
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ential equation dR/dt = Na — RpB, where R is the incorporation of
radioactivity into a particular protein by N cells in a time interval,
t, a is the rate constant for synthesis of the protein, and B is the rate
constant for decay of that protein. The solution to this equation is
R = Na/B (1 — e P, and R reaches half its maximum value in an
interval tv» = (1/B)In2.

For in vitro translation, total RNA was isolated as described
above and used with the rabbit reticulocyte lysate system (Amer-
sham, Arlington Heights, IL) according to the manufacture’s in-
structions. Thus, RNA from the indicated cell lines was denatured at
65°C, and 10 or 20 pg of RNA were added to make up a 50-ul
mixture containing amino acids (including [**S]methionine), 100
mM potassium acetate, 1 mM magnesium acetate, 33 U RNAguard
(Amersham), and reticulocyte lysate. This mixture was incubated
for 60 min at 30°C and then placed on ice. The IgM-related material
was then immunoprecipitated and analyzed by SDS-PAGE, as de-
scribed above.

RESULTS

The effect of nonsense mutations on the Ig u heavy
chain mRNA has been studied in mutant mouse hy-
bridoma cells (Baumann et al., 1985; Jack et al., 1989;
Connor et al.,, 1994). As described in MATERIALS
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Figure 2. Construction of recombinant IgH loci bearing Ter3 and Ter462* mutations. Illustrated is the system used to construct the IgH
recombinants. In the case of constructing the Ter3/Ter462* double mutant, the pTer462* vector was cut at the indicated Ndel sites, and the
Cu-gpt—containing fragment was purified by electrophoresis. In the case of constructing the Ter3 recombinant, the pTer462* vector was
simply linearized at the Mlul site. The DNA was introduced into the Ter3 cell line by electroporation and plated in MHX medium at limiting
dilution, as described (Oancea and Shulman, 1994; Buzina and Shulman, 1996). MHXR (gpt*) transformants were tested for the replacement
of the Cu region by amplifying the indicated segment by PCR and testing its sensitivity to Xmnl. We then tested for proper targeting by

amplifying the 3’ junction segment by PCR, as illustrated.

AND METHODS, the nonsense and frame shift mu-
tations used in this study, N89, N114, and igm482,
have been renamed simply to indicate the site of ter-
mination, Ter3, Ter73, and Ter462*, respectively. The
asterisk on Ter462* designates that the site of termi-
nation is different from the site of mutation, which in
this case is a more 5', single-nucleotide deletion.

As illustrated in Figure 1, the u gene yields two
forms of u mRNA, us and wm, encoding the secreted
and membrane forms of the u heavy chain, respec-
tively. Mutant hybridoma cells in which premature
termination occurs in Cu4 have approximately normal
levels of us mRNA, whereas mutants terminating in
more 5’ exons have strongly decreased levels, ranging
from 1 to 10% of the normal us level (Baumann et al.,
1985; Jack et al., 1989; Connor et al., 1994). The mutant
Ter3 is atypical in that it has ~50% of the normal level
of w mRNA, thus much more than mutants such as
Ter73, which lies in the VDJ exon and has only ~2% of
the normal level of w mRNA (Connor et al., 1994). The
Ter3 mutant was originally isolated in a screening for
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mutant hybridoma cells that produced no detectable
IgM, using both an ELISA and Western blot, which
could detect IgM production at 0.1 and 1%, respec-
tively, of the normal level. Considering that Ter3 has
~50% of the normal level of w mRNA, the absence of
detectable IgM in the ELISA indicated that termina-
tion at Ter3 is >99.8% efficient. Moreover, analysis of
cytoplasmic extracts of Ter3 implied that in-frame ini-
tiation 3’ of Ter 3 is infrequent, at most (Connor et al.,
1994). These results suggested that the Ter3 mutation
could be used in cis with a more 3’ nonsense codon to
test whether translation at the normal, or near normal,
frequency is required for that 3’ nonsense codon to
induce NMD.

m mRNA Content of Double-nonsense Mutant

To test whether a more 3’ nonsense codon in cis with
the Ter3 mutation would induce NMD, we used the
frame shift mutation, Ter462*, which has the effect that
codon 462 formed at the junction of the Cu3 and Cu4

Molecular Biology of the Cell



Figure 3. Analysis of us and um RNA. RNA
was isolated from the indicated cell lines and
analyzed by Northern blot using probes for
Cul-2, Cmem, (Figure 1), and actin. (A) Com-
parison of the original Ter3 mutant with the
Ter3 recombinant (Figure 2). (B) Typical results
of experiments to measure the effects of Ter462*
on p mRNA. The WT, Au, Ter3, and Ter462*
lanes correspond to the original hybridoma and
mutant cell lines (see MATERIALS AND
METHODS). The Ter3/Ter462* lane corre-
sponds to the recombinants illustrated in Figure
2. The radioactivity in the bands was quantified
by Phosphorlmager analysis (see Table 1). In
related experiments the frame shift mutation
U26, which is a 1-bp deletion 39 nucleotides 5’
of the igm482 mutation and creates the same
terminator at codon 462, behaved like igm482 in
depressing the level of um but not of us. The
actin band from Ap is diffuse and more slowly
migrating because of DNA present in this prep-
aration.

exons is changed to UGA (Figure 1) (Baumann et al.,
1985). In keeping with the fact that the Cu4 is the most
3" exon of us but is a relatively 5" exon in um mRNA,
Ter462* depresses the level of um RNA but has little
or no effect on the level of us mRNA (Connor et al.,
1994). We have used this effect of Ter462* on um to
test whether Ter462* in cis with Ter3 causes NMD.
Expression of (randomly inserted) u transgenes in
hybridoma cell lines can vary over a wide (1000-fold)
range (Davis et al., 1989; Wiersma and Shulman, 1995),
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making it very difficult to discern effects on NMD by
comparing independently generated transfectants. To
reduce this variability, we have analyzed the effects of
targeted mutations in the endogenous w gene. To con-
struct the targeted recombinants, we used the vector
pTerd62*, which bears the selectable marker, the gpt
gene, flanked by 5" and 3’ homology regions, as illus-
trated in Figure 2. Our previous work with this system
has shown that ~10% of the gpt* (MHXX) transfec-
tants are properly targeted (Oancea and Shulman,

Table 1. Effect of mutations on the level of us and um RNA

us/actin um/actin
Exp Exp

Cell line 1 2 3 4 Mean * SD 2 3 4 Mean * SD
Original

WT 100 100 100 100 100 100 100 100 100

Ter3 55 22 80 75 58 £ 23 39 26 28 31 £ 6

Ter462* 103 90 138 100 108 = 18 <0.1 <0.1
Recombinant

Ter3 18 18 37 37

Ter3/Terd62* 71 83 77 £ 6 <0.1 <0.1 <0.1

For each independent experiment (exp) total RNA was isolated from the indicated cell lines and analyzed by Northern blots using the probes
defined in Figure 1 to detect ps, um, and actin RNA, as shown in Figure 3. The radioactivity in each band was quantified by PhosphorImager,
and the values obtained for us and um were divided by the value obtained for actin. The quotient obtained for each cell line is expressed
as a percentage of the WT quotient. Experiments 2 and 3 correspond to the blots shown in Figure 3, A and B, respectively.
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Figure 4. Production of truncated p chains by Ter3 and Ter3/Ter462* mutants. (A) The indicated cell lines were grown in [**S]methionine-
containing medium for 30 min at 2 X 107 cells/ml. The pu chain from 2 X 107 cell equivalents was precipitated with anti-IgM and protein
G-agarose. The immunoprecipitated material was dissolved in SDS and reduced with mercaptoethanol. The full amount was analyzed by
SDS-PAGE for all cell lines except the wild type, for which only 2 X 10° cell equivalents were analyzed. Immunoprecipitation was sufficiently
complete, in that <25% of the total u-specific activity could be recovered in secondary precipitations. The results were then visualized by
autoradiography. (B) Predicted sizes of u chains which result from initiation at the indicated internal AUG codons. As noted in the text, the
truncated p chains that result from initiation at Met100 or Met139 are expected to be unglycosylated, and therefore only the amino acid
component has been calculated. The size listed for u WT also represents only the polypeptide chain (62 kDa) and does not include its ~26-kDa

oligosaccharide component.

1994; Buzina and Shulman, 1996). As described in
Figure 2, we transfected Ter3 cells with the linearized
(Mlul) vector pTer462* or the indicated Ndel fragment.
MHXR transfectants were selected at limiting dilution,
and individual colonies were screened as follows. To
detect recombinants of Ter3 that acquired the Ter462*
mutation, we took advantage of the fact that the
Ter462* mutation destroys an Xmnl site, which was
assayed as described in the legend to Figure 2. Those
colonies in which the Ter462* mutation had replaced
the wild-type sequence were then tested for the ex-
pected 5" and 3’ junction fragments by PCR using
primers unique to the endogenous and transfected
DNA (Figure 2). The Ter3 recombinant control cell line
bearing the adjoining gpt gene but not the Ter462*
mutation was obtained in a similar way; i.e., gpt*
transfectants were tested by PCR for the proper 3’ and
5 junctions and the absence of Ter462*. We then ex-
amined how these mutations affected the level of um
mRNA.

It was first necessary to test whether the recombi-
nant structure, e.g., insertion of the gpt gene, did not
alter the transcription of the u gene. We isolated total
RNA from the recombinants depicted in Figure 2 and
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analyzed u RNA with a Cul-2 probe to detect total u
RNA and a Cmem probe to detect only um RNA
(probes defined in Figure 2). In each case we also
measured the amount of actin mRNA as a loading
control. Because us RNA constitutes 90% of the total w
RNA in the wild-type (Connor et al., 1994) and mutant
cell lines (see below), the values obtained with the
Cul-2 probe will be referred to as measurements of
ps. As shown in Figure 3A and Table 1, our analysis of
multiple independent RNA preparations indicated
that the Ter3 mutant produced both us and um tran-
scripts at substantial levels, which ranged from ~20 to
80% of the value obtained for the wild-type parental
cell line. The Ter3 recombinant cell line yielded us and
pwm mRNA levels that were comparable to the original
Ter3 mutant cells; i.e., the gpt gene did not affect the
level of © mRNA production, as noted in an earlier
analysis (Oancea and Shulman, 1994).

To test whether the Ter462* mutation in cis with
Ter3 could induce NMD, we compared the levels of us
and um by Northern blot analyzes of u RNA in the
normal, single, and double mutant cell lines (Figure 3B
and Table 1). As reported previously (Connor et al.,
1994), the Ter462* mutation depressed the level of um

Molecular Biology of the Cell
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by >100 fold, whereas it had virtually no effect on us
mRNA. Interestingly, the Ter462* mutation in cis with
Ter3 also decreased the level of um RNA and was
without effect on the level of us. We conclude from
these results that the termination codon Ter462* is
recognized and then results in NMD even in cis with
Ter3.

Detection of Truncated p Chains

As noted above, the finding that the Ter3 mutant
secretes <0.1% of the normal level of IgM indicates
that the Ter3 mutation is not misread as sense (Connor
et al., 1994). However, it was possible that in-frame
translation initiated (or reinitiated) 3’ of Ter3, for ex-
ample, at Met100 in V or at Met139 in Cul, and thus
allowed translation of Ter462*. Truncated u chains of
this type would lack the leader segment and are there-
fore expected not to be glycosylated or secreted. We
have previously estimated from Western blot analysis
of Ter3 that such truncated proteins constitute <1% of
the normal level of intracellular u-related protein.
However, our estimate of sensitivity presupposed that
the mutant protein has normal stability and bears all
the normal w epitopes. To avoid these uncertainties,
we retested for an abnormal translation product by
examining intracellular material for biosynthetically
labeled w chains, thus testing for u-specific bands
obtained from Ter3 and the double mutant Ter3/
Ter462*, which were absent in the Ap cell line lacking
the p gene. For this purpose 2 X 107 cells were incu-
bated for 30 min in the presence of [**S]methionine,
and total cell lysates were immunoprecipitated with
rabbit IgM-specific antibodies. These precipitates (2 X
106 cell equivalents for wild-type cells and 2 X 107 cell
equivalents for the mutants) were then analyzed by
SDS-PAGE. As illustrated in Figure 4A, we found
bands at ~52 and ~40 kDa, which were specific to
Ter3 and Ter3/Ter462*, respectively; we detected no
other specific bands. We have confirmed that the Ter3
protein is not glycosylated; i.e., the Ter3-specific ma-
terial has the same mobility when produced in the
presence of tunicamycin, an inhibitor of N-linked gly-
cosylation (our unpublished results).

As noted above and illustrated in Figure 4B, the u
gene presents two ATG codons, which might account

Figure 5. Kinetics of w production. (A) The indicated cell lines (2 X
107 cells) were incubated in [**S]methionine-containing medium for
various intervals. u chains were analyzed by SDS-PAGE and then
visualized by PhosphorImager. As described in Figure 4, 107 cell
equivalents were analyzed in the case of mutant cell lines, and 10°
cell equivalents were analyzed for the wild type. (B) PhosphorIm-
ager results presented in Table 2. Upper panel, results for both wild
type (filled symbols) and Ter3 (open symbols); lower panel, Ter3
results on an expanded scale to show the nearly linear incorpora-
tion. Two independent experiments are plotted: the circles and
triangles correspond to experiments 1 and 2 (Table 2), respectively.
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Table 2. Quantitative analysis of u synthesis by wild-type and Ter3 cell lines

Arbitrary units

Normalized u production

w band u-specific
Incubation (min) activity BG activity activity 107 cells 106 cells
Activity for 10° wild-type cells
4
Exp 1 226 97 129 16
Exp 2 362 127 235 21
10
Exp 1 400 138 263 33
Exp 2 879 343 536 49
15
Exp 1 364 142 222 28
30
Exp 1 1128 331 797 100
Exp 2 1889 793 1096 100
Activity for 107 Ter3 cells
4
Exp 1 128 119 9 1 0.1
Exp 2 161 117 44 4 0.4
10
Exp 1 197 164 33 4 0.4
Exp 2 195 161 34 3 0.3
15
Exp 1 220 161 59 7 0.7
30
Exp 1 410 312 98 12 1.2
Exp 2 504 423 81 7 0.7

Production of normal and truncated u chains was assessed by SDS-PAGE analysis of immunoprecipitated, radiolabeled material sysnthesized
during the indicated time period by the wild-type and Ter3 cell lines. Experiment 1 (Exp 1) corresponds to the blot shown in Figure 5A. The
blot was exposed to a PhosphorImager plate, and the activity in each band of interest was measured in arbitrary units (column 2). The
background (BG) contribution was estimated by the activity in the adjacent area of each lane (column 3). The difference between columns 2
and 3 is listed as the u-specific activity in column 4. These values were then normalized to the 30-min value obtained for u production by
the wild-type cells. Because the SDS-PAGE analysis was applied to 107 mutant cells but only 10° normal cells, the values for Ter3 were further
reduced by 10-fold to compare the rates of u synthesis by an equal number of cells. Experiment 2 (Exp 2) is an analysis of a similar blot of

independently labeled material.

for these bands. Initiation at Met100 would yield u
proteins with molecular masses of 52.5 and 39.7 kDa
for termination at the normal and Ter462 sites, respec-
tively; initiation at Met139 would yield 48.4- and 35.6-
kDa proteins. The observed sizes corresponded more
closely to the expectations for initiation at Met100
results, and this designation is therefore used to de-
scribe the truncated proteins.

We have estimated the frequency (efficiency) at
which initiation occurred at Met100 by measuring
the rate at which the Ter3 protein was produced. To
measure this rate we incubated the mutant and
normal cells with [3*S]methionine for various time
intervals. As described above, the cell lysates were
immunoprecipitated with IgM-specific antibodies,
and the radiolabeled material was analyzed by SDS-
PAGE (Figure 5A). Table 2 presents the Phospho-
rImager analysis of both this particular gel and an-
other; the values thus calculated for w biosynthesis
are plotted in Figure 5B. *°S incorporation into both
the normal and truncated w chains increased
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steadily over the 30-min course of these experi-
ments. We obtained comparable results when pro-
tein was produced in the presence of the protease
inhibitor N-acety leucyl leucyl norleucine. As pre-
sented in MATERIALS AND METHODS, the radio-
labeling, R, is expected to follow the equation R =
Na/B(1 — e PY). The imprecision of the data allows
for somewhat different estimates of the rate of syn-
thesis. On the one hand, the results are consistent
with a constant incorporation rate, i.e., no signifi-
cant degradation of the normal and truncated w
chains during the 30-min labeling, thus indicating
that the Ter-3 protein was produced at ~1% of the
rate of normal u chain. On the other hand, the data
are also consistent with limited decay; e.g., the in-
corporation at 30 min might be only 1.5 times the
incorporation at 15 min, indicating a value of B =
1/22 min, i.e., a half-life of 15 min. In this case we
estimate that the rate of synthesis of the Met100-
initiated p chain to be ~1.8% of the rate for the
normal u. Considering that Ter3 contains ~50% of
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Figure 6. In vitro translation of u RNA. As described in MATE-
RIALS AND METHODS, total RNA (10 or 20 ug) from the indicated
cell lines was translated in vitro using rabbit reticulocyte lysate and
[*>S]methionine. The IgM-related material was then immunopre-
cipitated with rabbit anti-IgM serum and analyzed by SDS-PAGE.
The intensity of the indicated uWT and uTer3 bands was quantified
by Phosphorlmager. The background for the Au cell line was sub-
tracted, and the resulting values were then normalized to the value
obtained for the uWT band. These normalized values are listed
below each lane.

the normal level of us mRNA, the frequency of
initiation at Met100 is therefore ~3% (2-3.6%) of the
rate of initiation at the normal AUG initiator codon.

Out of concern that there might be in-frame initia-
tion, which yielded u-related proteins that were de-
graded so rapidly that they could not be detected even
with the 4-min labeling, we examined the products of
in vitro translation, in which such degradation is not
expected to occur. As described in Figure 6, we im-
munoprecipitated p-related material that was pro-
duced using rabbit reticulotcyte lysate to translate
RNA from the wild-type, Ter3, and Ap cell lines. We
detected only one Ter3-specific band. This band had a
mobility corresponding to ~48 kDa, thus comparable
to the Ter-specific material detected from intracellular
lysates. As illustrated in Figure 6, quantitation of the u
bands by Phosphorlmager analysis indicated that the
Ter3 truncated pu chain was synthesized at ~2% of the
rate of uWT, again similar to the rate of synthesis
inferred from the intracellular labeling experiments.
Considering that the Ter3 u mRNA is present at half
the level of the wild-type mRNA, these results imply
that initiation 3’ of Ter3 occurs at ~4% of the fre-
quency of the normal initiation rate,
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DISCUSSION

Although numerous experiments have adduced evidence
that NMD depends on translation of nonsense codons, it
has not been possible previously to estimate how much
translation is required. Our analysis of the truncated u
chains produced in the Ter3 mutant suggests that initiation
at Met100/Met139 occurred ~4% as often as initiation nor-
mally occurs at Metl. Therefore, translation of Ter462* in
the Ter3 mutant occurred ~4% as often as termination
normally occurs for the wild-type u chain. Our results thus
imply that termination at no more than ~4% of the normal
rate was sufficient to induce NMD. This conclusion rests on
the assumption that immunoprecipitation and SDS-PAGE
analysis detected most of the in-frame, p-related material,
which results from initiation (or reinitiation) 3" of Ter3. This
assumption is supported by our consistent detection of
only one u-specific band using multiple independent
batches of polyclonal u-specific antibodies. Nevertheless,
our results do not rule out low-level initiation from other 3’
in-frame initiation codons or initiation from sites that gen-
erate p-related proteins, which, although in frame, are not
recognized by the polyclonal anti-IgM sera.

As summarized in INTRODUCTION, the role of
translation in NMD is controversial. On the one hand,
our observation that very little if any translation is re-
quired for NMD is consistent with proposals that there is
a nontranslational mechanism of recognizing nonsense
mutations. On the other hand, our results indicate that
Ter462* is translated at a detectable level, and perhaps
even this very low-level translation is sufficient for a
translation-dependent mechanism of NMD. Other treat-
ments, viz., introduction of a 5’ hairpin and provision of
suppressor tRNA, also reduced the frequency at which
translation terminates at nonsense codons. However, in
contrast to the effect of Ter3, these other treatments pre-
vented NMD (Belgrader ef al., 1993; Li et al., 1997). As-
suming that 4% of the normal level of translation is
generally sufficient for NMD, the comparison of these
various treatments has interesting implications for mod-
els in which nonsense codons are recognized via a trans-
lation-based mechanism. For example, if the 5’ hairpin
allowed >4% normal translation, then the RNA-sparing
effect of the hairpin might reflect a second inhibitory
effect of the hairpin on RNA degradation. Also, the 4%
limit on translation of Ter462* is much lower than
the level at which termination typically occurs in the
presence of suppressor tRNA, which has been variously
estimated to be 60-97% (Young et al., 1983; Laski et al.,
1984). The RNA-sparing effect of suppressor tRNA
might therefore occur because translation of the codon as
sense plays an active role in preventing NMD. These
comparisons suggest an interesting interpretation in the
context of the models, which invoke a splice-associated
mark to distinguish normal and abnormal terminators.
As noted in INTRODUCTION, both permanent and
erasable marks can be envisaged. If, in fact, substantial
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termination still occurred in the presence of suppressor
tRNA, the sparing of mutant RNA by suppressor tRNA
then argues that translation of the nonsense codon as
sense erases the mark.
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