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Upflp, Nmd2p, and Upf3p regulate the degradation of yeast mRNAs that contain premature translation
termination codons. These proteins also appear to regulate the fidelity of termination, allowing translational
suppression in their absence. Here, we have devised a novel quantitative assay for translational suppression,
based on a nonsense allele of the CANI gene (canl-100), and used it to determine the regulatory roles of the
UPF/NMD gene products. Deletion of UPF1, NMD2, or UPF3 stabilized the canl-100 transcript and promoted
canl-100 nonsense suppression. Changes in mRNA levels were not the basis of suppression, however, since
deletion of DCPI or XRN1 or high-copy-number canl-100 expression in wild-type cells caused an increase in
mRNA abundance similar to that obtained in upfinmd cells but did not result in comparable suppression.
canl-100 suppression was highest in cells harboring a deletion of UPF1, and overexpression of UPF1 in cells
with individual or multiple upf/nmd mutations lowered the level of nonsense suppression without affecting the
abundance of the canl-100 mRNA. Our findings indicate that Nmd2p and Upf3p regulate Upflp activity and
that Upflp plays a critical role in promoting termination fidelity that is independent of its role in regulating
mRNA decay. Consistent with these relationships, Upflp, Nmd2p, and Upf3p were shown to be present at 1,600,
160, and 80 molecules per cell, levels that underscored the importance of Upflp but minimized the likelihood
that these proteins were associated with all ribosomes or that they functioned as a stoichiometric complex.

The pathways of gene expression include intricate mecha-
nisms that safeguard against the accumulation of aberrant
transcripts and proteins (6, 13, 14, 19, 30, 62). In addition to
their protective functions, these pathways also contribute ad-
ditional regulatory facility and complexity (57). The phenom-
enon of nonsense-mediated mRNA decay (NMD) exemplifies
such mechanisms. NMD minimizes the synthesis of truncated
polypeptides by eliminating mRNAs containing premature
nonsense codons within their protein coding regions (19, 29,
39, 45, 46, 49, 51). NMD also provides the cell with a pathway
for the selective degradation of a subset of mRNAs whose
coding regions could be considered “normal” (37, 57).

In the yeast Saccharomyces cerevisiae, the rapid degradation
of nonsense-containing mRNAs proceeds from deadenylation-
independent removal of the 5" cap by the decapping enzyme
Dcplp to 5'—3’ digestion of the remainder of the mRNA by
the exoribonuclease Xrnlp (4, 5, 17, 27, 33, 40). Three addi-
tional factors are also essential for NMD in yeast: Upflp,
Nmd2p (Upf2p), and Upf3p (7, 20, 22, 34, 35). Mutations in
the UPFI, NMD?2, or UPF3 genes lead to the stabilization of
mRNAS containing premature nonsense codons without af-
fecting the rates of decay of most wild-type mRNAs. Since
single or multiple mutations within UPFI, NMD2, or UPF3
yield similar decay phenotypes, all three gene products have
been considered to be functionally related and to act in a com-
mon pathway (22). Substantial support for this conclusion has
been derived from protein-protein interaction analyses (11, 22).

A more detailed understanding of the functions of Upflp,
Nmd2p, and Upf3p has been sought in several ways. Consistent
with their roles in responding to aberrant translation, all three
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proteins have been shown to localize to the cytoplasm and to
associate with polyribosomes (3, 38, 46). Upflp is a 109-kDa
protein that contains two putative zinc finger domains near its
amino terminus and harbors seven motifs characteristic of
RNA-DNA helicase superfamily I (1, 31). In vitro studies dem-
onstrated that purified Upflp has the ability to bind nucleic
acids and that its ATPase and helicase activities are dependent
upon nucleic acid binding (10, 60). Upflp interacts with the
polypeptide release factors Sup35p and Sup45p (11) and uti-
lizes the same N-terminal zinc finger region for Nmd2p inter-
action, intramolecular interaction, and homodimerization (F.
He and A. Jacobson, unpublished data). Little is known about
the biochemical activities of the 127-kDa Nmd2p and 45-kDa
Upf3p polypeptides.

The involvement of the UPF/NMD genes in regulating the
stability of mRNAs containing premature nonsense codons
and the interactions of Upflp with Nmd2p, Upf3p, Sup35p,
and Sup45p suggest that UPFI, NMD?2, and UPF3 may all be
regulators of translation termination and/or fidelity. Consistent
with this notion are experiments which indicate that deletion of
these genes leads to nonsense suppression (36, 58), allosup-
pression (9), and enhancement of programmed ribosomal
frameshifting (8, 52). To investigate further the possible regu-
latory roles of Upflp, Nmd2p, and Upf3p, we devised an assay
that quantitatively monitors the effects of upf/nmd mutations
on suppression of the canl-100 nonsense allele. Deletion of the
genes encoding each of these factors was found to stabilize the
canl-100 transcript and promote nonsense suppression. Strains
harboring a deletion of UPFI showed the highest levels of
suppression, and overexpression of UPFI in upf/nmd strains
lowered the levels of nonsense suppression significantly with-
out altering the steady-state levels of the canl-100 mRNA.
These data and determinations of the abundance of all three
factors indicate that Upflp plays a critical role in regulating the
efficiency of translation termination and that Nmd2p and
Upf3p, in turn, regulate Upflp activity.
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TABLE 1. Yeast strains

Strain Genotype Reference
HFY1200 MATa ade2-1 his3-11,15 leu2-3,112 trpl1-1 ura3-1 canl-100 UPF1 NMD2 UPF3 20
HFY870 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 canl-100 upfl::HIS3 NMD2 UPF3 22
HFY1300 MATao ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 UPF1 nmd2::HIS3 UPF3 20
HFY861 MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 canl-100 UPF1 NMD2 upf3::HIS3 22
HFY3000 MATao ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 upfl::URA3 nmd2::HIS3 UPF3 20
HFYS872 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 upfl::URA3 NMD2 upf3::HIS3 22
HFY874 MATa ade2-1 his3-11,15 leu2-3,112 trpI-1 ura3-1 canl-100 UPF1 nmd2::URA3 upf3::HIS3 22
HFYS883 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 upf1::LEU2 nmd2::URA3 upf3::HIS3 22

MATERIALS AND METHODS

Strains, plasmids, and general methods. The isogenic yeast strains used in this
study are listed in Table 1. Preparation of standard yeast media and cell culturing
were done as described by Rose et al. (50). Transformation of yeast strains was
done by the rapid method described by Soni et al. (55). DNA manipulations were
performed according to standard techniques (53). All PCR amplifications were
performed with Tag DNA polymerase (61) and confirmed, where appropriate, by
DNA sequencing using the method described by Sanger et al. (54). The canl-100
allele (28), characterized in this study by DNA sequencing (see Results), was
recreated in a YEp24-CANI high-copy-number plasmid and a pRIP-CANI sin-
gle-copy plasmid by PCR mutagenesis. CANI containing sequences that com-
prised a 3’ triple-hemagglutinin (HA) epitope tag was obtained from Duane
Jenness. The 3'-HA-tagged canl-100 allele was constructed by inserting a Sall-
Eagl HA-containing fragment into the YEp24-canl-100 plasmid digested with
the same enzymes. Plasmid DNAs were prepared from Escherichia coli DH5«

RNA extraction and Northern blot analysis. RNA was isolated using the hot
phenol method as described by Herrick et al. (24). Aliquots (20 p.g) of each RNA
sample were analyzed by Northern blotting using radiolabeled probes prepared
by random priming (12). mRNA steady-state levels were determined by quanti-
tating Northern blots with a Bio-Rad Molecular Imager. The DNA probes used
to detect specific transcripts included CYH2 (a 600-bp EcoRI-HindIII fragment
from pGEM4Z-CYH2 which hybridizes to both the pre-mRNA and the mRNA)
(24), CANI (a 1-kb EcoRI-Sall fragment from YEp24-CANI), and SCRI
(a 400-bp fragment amplified from yeast genomic DNA using oligonucleo-
tides SCR1-1 [5-AGGCTGTAATGGCTTTCTGGTGGGATGGGA-3'] and
SCR1-2 [5'-GATATGTGCTATCCCGGCCGCCTCCATCAC-3']). Immuno-
precipitation of capped mRNAs was performed as described by Muhlrad et al.
(40) using polyclonal anti-m’G antibodies generously provided by Elsebet Lund.

Protein gels, Western blots, and antibodies. Sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis was performed as described by Laemmli (32). Gels
were electroblotted to Immobilon-P membranes (Millipore) under conditions
recommended by the manufacturer. The binding conditions used for antibodies
were as described by Harlow and Lane (18). Detection was enhanced by chemi-
luminescence with an ECL kit from Amersham Corp. Western blots were quan-
titated by densitometry or by Fluor-S (Bio-Rad) scanning of films exposed for
different lengths of time. The anti-HA antibody (12CAS) used for Western
blotting was obtained from Boehringer Mannheim Biochemicals.

Purification of recombinant GST-Upflp and GST-Nmd2p. Extraction steps
were carried out at between 0 and 4°C. All buffers included 0.1 mM dithiothreitol
(DTT), 1 mM phenylmethylsulfonyl fluoride, and the protease inhibitors bestatin
(0.35 pg/ml), pepstatin (0.4 pg/ml), leupeptin (0.5 pg/ml), and benzamidine (20
pg/ml). Cell pellets were resuspended in 4 volumes of T(50) buffer (30 mM
Tris-HCI [pH 7.9] 2 mM EDTA, 5% glycerol, 10 mM MgCl,, 50 mM KCl) per
g of cell wet weight and lysed with a French press (cell pressure, 20,000 Ib/in?).
Lysates were cleared by centrifugation at 30,000 X g. The pellet was resuspended
in denaturing buffer (6 M urea, 50 mM Tris-HCI [pH 7.9], 1 mM EDTA, 8 mM
DTT), vortexed vigorously, homogenized with a B pestle, and centrifuged at
30,000 X g. Chromatography steps were carried out at room temperature. The
supernatant was dialyzed against a buffer containing 50 mM Tris-HCI [pH 7.9],
1 mM EDTA, 1 mM DTT, and 20% glycerol. Extracts were bound in batches to
glutathione-agarose (Sigma) previously equilibrated in T(50) buffer. After bind-
ing for 10 min on a platform shaker, the resin was washed three times with the
same buffer. The resin was then transferred to a small column, and the protein
was eluted with 10 column volumes of T(50) buffer containing 10 mM glutathi-
one (Sigma). The purity of the protein was assessed by sodium dodecyl sulfate-
polyacrylamide electrophoresis and staining with Coomassie blue R-250. Gluta-
thione S-transferase (GST)-Upflp (residues 876 to 971) was greater than 99%
pure and was the only protein detected, while GST-Nmd2p was greater than 90%
pure, with the majority of the contamination coming from proteolysis.

Quantitation of mRNA decay factors. The relative abundance of Upflp,
Nmd2p, and Upf3p was determined by comparing the Western blot band inten-
sities of the factors present in crude cell extracts to those of specific standards.
For Upflp, purified recombinant GST-Upflp (residues 876 to 971) was used as
a standard; for Nmd2p, purified recombinant Nmd2p was used as a standard; and
for Upf3p, cells bearing an HA-NMD?2 allele were used as a standard. For

Western blotting, aliquots of crude cell extracts equivalent to 1 ml of cells at an
optical density at 600 nm (ODyy) of 0.2 were loaded onto polyacrylamide gels.
The number of cells in each aliquot was determined by serially diluting and
plating the cultures.

canl-100 nonsense suppression assay. Multiple independent isolates of yeast
strains to be assayed were grown in selective liquid media to mid-log phase
(ODggy = 0.5 to 0.7). Samples from these cultures were serially diluted (1:10)
four times, and aliquots (10 wl) of the four dilutions were spotted on SC-arg
plates containing 0 to 500 w.g of canavanine per ml. The final aliquots, used as the
principal indicators of canavanine sensitivity, each contained approximately 100
cells. Growth on plates, monitored after incubation at 30°C for 2 days, yielded
reproducible results for each strain.

Arginine uptake assay. The arginine uptake assay was adopted from that
previously described by Opekarova and Kubin (43). Yeast cultures were grown to
mid-log phase (ODgy, = 0.5 to 0.7) at 30°C in SC-arg medium and then supple-
mented with 50 mM L-arginine containing 5 wCi of L-[*H]arginine (Amersham).
Aliquots of the cultures were then removed at specific intervals, diluted in 2 ml
of 100 mM LiCl, filtered on GF/C filters (Whatman), and washed with 2 ml of
water. Radioactive arginine associated with each filter was determined by scin-
tillation counting.

RESULTS

The canl-100 transcript is a substrate for NMD. To address
the roles of UPFI, NMD2, and UPF3 in translation termina-
tion, we devised a quantitative assay for nonsense suppression,
i.e., readthrough of a premature termination codon. This assay
exploited the yeast CANI gene, which encodes a high-affinity
permease (Canlp) responsible for the transport of arginine
into cells (26). Previous studies indicated that a canl allele,
canl-100, was attributable to a nonsense mutation because it
could be suppressed in strains containing an ochre suppressor
tRNA (28). We confirmed this conclusion by sequence analysis
of the canl-100 allele, identifying a single A-to-T mutation that
results in the substitution of a lysine codon at position 47 of the
CANI coding region with a UAA codon (data not shown).

The occurrence of a premature termination codon in the
canl-100 mRNA led us to predict that it would be a substrate
for NMD. To test this possibility, single deletions of UPFI,
NMD?2, or UPF3 were constructed in yeast strains that har-
bored the canl-100 allele, and the effects of these mutations on
the abundance of the canl-100 transcript were examined.
Northern analyses of mRNA steady-state levels demonstrated
that the canl-100 transcript was approximately fourfold more
abundant in upf/nmd cells than in the isogenic UPF/NMD
strain (Fig. 1A). Likewise, deletion of genes encoding general
factors involved in mRNA decay (i.e., DCPI and XRNI) also
promoted a fourfold increase in canl-100 transcript abundance
(Fig. 1A). These differences in mRNA abundance were con-
sistent with the respective differences in the rates of decay of
the CANI and canl-100 mRNAs in wild-type cells (half-lives of
8 and 2 min, respectively; data not shown). As a control for the
experiments shown in Fig. 1A, the abundance of an endoge-
nous substrate of the NMD pathway (19) was monitored. As
expected, this experiment showed that the CYH2 pre-mRNA
was barely detectable in wild-type cells and was abundant in
all of the mutants. These results indicate that the canl-100
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FIG. 1. Deletion of UPFI, NMD2, or UPF3 stabilizes the canl-100 transcript and promotes nonsense suppression. (A) Deletion mutants that inactivate NMD
stabilize the canl-100 transcript. Total RNA isolated from yeast strains with the indicated UPF/NMD genotypes was analyzed by Northern blotting with DNA probes
that detected the canl-100 and CYH2 transcripts. WT, wild type. (B) Deletion of UPF1, NMD2, or UPF3 leads to a canavanine-sensitive phenotype. Aliquots (10 pl)
of each of four 1:10 dilutions of liquid cultures of each yeast strain were spotted on SC-arg plates containing either 0 or 100 g of canavanine per ml (— Canavanine
or + Canavanine, respectively) and grown at 30°C for 2 days. (C) Deletion of DCPI or XRN1 does not suppress the canl-100 mutation. Aliquots of serial 1:10 dilutions
of each yeast strain were spotted on plates without or with canavanine as in panel B. Because these two mutants had slow doubling times, growth comparable to that
of wild-type cells was obtained by maintaining the xm/A strain at 30°C for 3 days and the dcpIA strain at 30°C for 4 days.

mRNA requires Upflp, Nmd2p, Upf3p, Dcplp, and Xrnlp for
its degradation and that it is thus a typical substrate for NMD.

Quantitative assay for nonsense suppression. Mutations in
the UPF1, NMD2, or UPF3 genes have been found to lead not
only to increased abundance of substrate mRNAs but also to
suppression of certain nonsense alleles, including leu2-2 and
tyr7-1 (36, 58). To investigate nonsense suppression of the
canl-100 allele, we took advantage of the observation that
canavanine, a toxic arginine analog, is also transported into
cells via Canlp (15). canl-100 cells are thus phenotypically
canavanine resistant, and sensitivity to canavanine is indicative
of canl-100 suppression.

Figure 1B illustrates the canavanine resistance of cani-100
cells and demonstrates that deletion of UPF1, NMD2, or UPF3
results in a canavanine-sensitive phenotype when these cells
are grown on media containing 100 pg of canavanine per ml.
Although deletion of DCPI and XRNI led to canl-100 mRNA
stabilization comparable to that seen in upfIA, nmd2A, or

upf3A mutants (Fig. 1A), strains with the former deletions did
not exhibit canavanine sensitivity (Fig. 1C). These results in-
dicate that deletion of any of the UPF/NMD genes allows for
suppression of the canl-100 nonsense mutation and that in-
creased mRNA abundance alone is not sufficient to promote
suppression (see below).

To quantitate the extent of nonsense suppression in the
different mutant strains, they were grown on plates containing
increasing amounts of canavanine, and the concentration at
which each strain exhibited a canavanine-sensitive phenotype
was determined. In this assay, canavanine sensitivity is defined
as the minimum concentration of canavanine required to kill
all cells at the end point of a serial dilution, i.e., approximately
100 cells. These experiments demonstrated that deletion of
UPF1, NMD?2, or UPF3 promoted different extents of canl-100
suppression. For example, Fig. 2A shows that 40 pg of cana-
vanine per ml was sufficient to kill upfIA cells but was only
partially toxic to comparable numbers of nmd2A or upf3A cells.
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FIG. 2. Deletion of UPFI promotes higher levels of canl-100 nonsense suppression than deletion of NMD2 or UPF3. (A) Growth of yeast strains with different
UPF/NMD genotypes on SC-arg plates containing either 0 or 40 pg of canavanine (can.) per ml. Cells were grown for 2 days at 30°C. WT, wild type. (B) Canavanine
sensitivities of different yeast strains. Suppression assays analogous to those shown in panel A were used to determine the minimum concentration of canavanine
required to kill approximately 100 cells of the respective yeast strains (Can. Sensitivity) after 2 days of growth at 30°C.

Similar assays consistently demonstrated that the highest levels
of nonsense suppression occurred in upfIA cells, which exhib-
ited 12-fold greater sensitivity to canavanine than the isogenic
wild-type strain (Fig. 2B). Suppression was found to be lower
in nmd2A and upf3A cells, which exhibited 1.5-fold less sensi-
tivity than upfIA cells (Fig. 2). Although the canavanine sen-
sitivities of the nmd2A and upf3A strains were almost identical,
subtle differences were detected which indicated that the
nmd2A mutation was a slightly more effective suppressor than
the upf3A mutation (Fig. 2).

Accumulation of functional Canlp correlates with nonsense
suppression of canl-100. To ensure that the respective differ-
ences in canavanine sensitivity reflected comparable changes in
the extent of synthesis of functional Canlp, arginine permease
activities were determined by monitoring the rate of uptake of
[*H]arginine in wild-type and mutant cells. Consistent with the
suppression assays of Fig. 1 and 2, these experiments demon-
strated that deletion of UPF1, NMD2, or UPF3 allowed for
enhanced transport of arginine (Fig. 3A).

To test whether increased suppression and transport activity

reflected enhanced synthesis of full-length Canlp, the expres-
sion of an HA epitope-tagged allele of canl-100 was monitored
by Western blotting. As a control, we showed that all strains
containing the canl-100-HA plasmid exhibited suppression
phenotypes identical to those of strains containing the same
plasmid lacking the triple-HA tag (data not shown). Figure 3B
shows that Canlp-HA was barely detectable in wild-type cells
(lower panel, lane 3) but increased approximately 10-fold in
abundance in upfIA, nmd2A, and upf3A cells (compare lane 3
to lanes 4 to 6). Suppression of canl-100 yielded Canlp levels
that were approximately 20-fold lower than those obtained
from expression of the wild-type CANI gene, a result consis-
tent with the high rate of arginine transport in CAN/ cells (Fig.
3A) and the sensitivity of the same cells to 0.7 pg of canavanine
per ml (data not shown). Quantitation of the blot shown in Fig.
3B also provided an estimate of the reduction in CANI expres-
sion caused by the premature termination codon. Since the
levels of Canlp in lanes 1 and 3 of Fig. 3B differ by approxi-
mately 10-fold and the sample in lane 1 is a 20-fold dilution,
premature termination of CANI translation caused a 200-fold
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FIG. 3. Accumulation of functional Canlp correlates with nonsense suppression of cani-100. (A) *H-labeled arginine uptake in yeast strains with the indicated

UPF/NMD and CANI genotypes. The control yeast strain harboring the CANI allele is PLY 148 (36). WT, wild type. Error bars indicate standard deviations. (B) Western
analysis of Canlp levels. Lysates of yeast strains with the indicated UPF/NMD genotypes and bearing either CANI or canl-100 plasmids were analyzed by Western

blotting with HA-specific antibodies. The lower panel is a longer exposure of the same blot shown in the upper panel.
0.7, 300, and 25 pg of canavanine per ml, respectively, and
accumulate 200-, 1-, and 10-fold relative units of Canlp (Fig.

2B and 3B and data not shown).
canl-100 nonsense suppression by mutations in UPF1I,

NMD?2, or UPF3 is only partially attributable to increases in

reduction in Canlp synthesis. The data in Fig. 3B also dem-
mRNA abundance. Since the canl-100 mRNA was stabilized in

onstrate that Canlp accumulation and the results of the plate
assay for canavanine sensitivity approximate a linear relation-
ship. This conclusion is drawn from the observations that wild-
type cells harboring the CANI gene, wild-type cells harboring
canl-100, and upfIA cells harboring canl-100 are sensitive to
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upfIA, nmd2A, and upf3A mutants (Fig. 1), suppression might
be attributable to a constant but low rate of “leaky” termina-
tion that becomes functionally significant as mRNA levels in-
crease. To directly address the contribution of mRNA abun-
dance to the suppression phenotypes, the canl-100 allele was
subcloned into single-copy and high-copy-number plasmids
that were then introduced into cells that were wild type for
NMD and already harbored a genomic copy of the cani-100
allele. Levels of the canl-100 mRNA were then measured by
Northern analysis (Fig. 4A and B), and the respective suppres-
sion phenotypes (i.e., canavanine sensitivities) of the different
strains were determined (Fig. 4C). Wild-type cells expressing
an additional copy of canl-100 (Y Cp canl-100) showed a slight
(1.4-fold) increase in canl-100 mRNA levels (Fig. 4A and B),
but this increase did not alter the suppression phenotype of
wild-type cells containing either single-copy or high-copy-num-
ber vectors without inserts (Fig. 4C, compare WT-YCp canl-
100 with WT-YEp; also, data not shown). Wild-type cells
transformed with the high-copy-number plasmid containing
the canl-100 allele showed a 12-fold increase in canl-100
mRNA abundance compared to the same cells containing only
the vector (Fig. 4A and B, compare WI-YEp canl-100 with

FIG. 4. canl-100 nonsense suppression is only partially attributable to in-
creased mRNA abundance. (A) Northern analysis of canl-100 mRNA levels.
RNA isolated from yeast strains with the indicated genotypes was analyzed by
Northern blotting with probes specific for canl-100 mRNA and SCRI RNA (the
latter to serve as an internal loading control). Each of the indicated strains
contained either a high-copy-number cani-100 plasmid (YEp canl-100), a sin-
gle-copy canl-100 plasmid (YCp canl-100), or an empty vector as a control
(YEp). WT, wild type. (B) canl-100 steady-state mRNA levels. Data from the
blot in panel A were quantitated by phosphorimaging, standardized to SCRI
RNA levels, and normalized to data for the upfIA strain. (C) Canavanine sen-
sitivities of strains harboring single-copy or high-copy-number plasmids. Sup-
pression assays analogous to those shown in Fig. 2 were used to define the
canavanine (Can.) sensitivities of cells with different UPF/NMD genotypes.

WT-YEp). Accompanying this increase in mRNA levels was a
sixfold increase in sensitivity to canavanine (Fig. 4C).

The same phenomena were exhibited when this experiment
was repeated with upfIA, nmd2A, and upf3A mutants. All
strains expressing an additional copy of the canl-100 allele
exhibited modest increases in canl-100 mRNA levels (15 to
50%; Fig. 4A and B) but showed approximately threefold in-
creases in their respective levels of suppression (Fig. 4C, com-
pare YCp canl-100 with YEp for all three mutants). When the
canl-100 allele was expressed in these mutants from the high-
copy-number plasmid, there was a 10-fold increase in the abun-
dance of its mRNA (Fig. 4A and B) and a comparable increase
in the level of nonsense suppression (Fig. 4C). These results
indicate that increased mRNA abundance contributes to non-
sense suppression but is not its sole determinant. This conclu-
sion is illustrated further by direct comparisons of mRNA
levels and extents of suppression in mutant and wild-type cells.
For example, UPF/NMD wild-type cells overexpressing canl-
100 (WT-YEp canl-100) had two- to threefold higher levels of
canl-100 mRNA than any of the upf/nmd mutant cells (Fig. 4A
and B), yet the level of suppression in the WT-YEp canl-100
strain was still lower than that in any of the mutants (Fig. 4C).

Additional support for the notion that increased mRNA
abundance is not sufficient for canl-100 nonsense suppression
is the finding that single deletions of UPF1, NMD2, UPF3,
DCPI1, or XRN1 were found to stabilize canl-100 mRNA to
comparable levels (approximately fourfold; Fig. 1A), yet there
were substantial differences in the canavanine sensitivities of
the respective strains (Fig. 1B and C and 2B). Collectively, the
data in Fig. 1 to 4 provide strong support for the notion that
the UPF/NMD genes regulate not only the rates of decay of
nonsense-containing mRNAs but also their efficiencies of
translation.
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FIG. 5. Suppression phenotypes are not a consequence of changes in the relative fractions of capped canl-100 mRNA. (A) Northern analysis of mRNAs
fractionated by 5'-cap immunoprecipitation. Total RNA from yeast strains with the indicated UPF/NMD genotypes was separated into capped and uncapped fractions
by use of polyclonal anti-m’G antibodies and analyzed by Northern blotting with DNA probes for either the ADHI mRNA or the canl-100 mRNA. I, input RNA; S,
RNA in the supernatant fraction (represents the uncapped fraction); P, RNA in the pellet fraction (represents the capped fraction). WT, wild type. (B) Relative amounts
of capped and uncapped canl-100 and ADH]I transcripts. RNA in the S and P fractions of panel A was quantitated by phosphorimaging, and the relative percentages
of capped and uncapped transcripts were determined by calculating the fraction each sample represented of its respective total (S + P).

Different efficiencies of suppression are not attributable to
changes in the fraction of capped canl-100 mRNA. Recent
experiments have indicated that deletions of UPF1, NMD2, or
UPF3 inhibit the decay of nonsense-containing mRNAs prior
to the decapping step; i.e., such deletions increase the steady-
state ratio of capped to uncapped mRNAs (He and Jacobson,
unpublished). Since the upf/nmd mutations affected the effi-
ciency of translational suppression (see above), we considered
the possibility that this effect, in turn, reflected substantial
alterations in the relative percentages of capped cani-100
mRNA in wild-type and mutant cells. Immunoprecipitation
experiments with anti-cap antibodies were used to examine the
5" cap status of the canl-100 mRNA and a control (ADHI)
mRNA in wild-type, upfIA, nmd2A, and upf3A strains. In both
wild-type and mutant cells, the ADHI mRNA was predomi-
nantly capped (Fig. 5). However, the canl-100 mRNA was
predominantly uncapped in wild-type cells, and deletion of
UPF1, NMD2, or UPF3 led to a slight increase in the percent-
age of capped molecules (Fig. 5). These changes in the ratios
of capped to uncapped canl-100 mRNAs do not correlate with
the suppression data of Fig. 1 to 4 and indicate that variations
in suppression efficiencies must reflect events unrelated to
mRNA cap status. This conclusion is underscored by experi-
ments indicating that depIA and xmlIA, two mutations that
have negligible effects on canl-100 suppression (Fig. 1), lead to
the accumulation of mRNAs that are predominantly capped or
uncapped, respectively (4, 27, 40; also data not shown).

The relative distributions of capped and uncapped cani-100
mRNA species differed not only from that observed for the
ADHI mRNA but also from that seen with nonsense-contain-
ing PGK1, MER2, and CYH? transcripts (41; He and Jacobson,
unpublished). This finding was unexpected and may reflect the

possibility that, for some mRNAs, decapping is not immedi-
ately followed by exonucleolytic digestion. This conclusion is
supported by experiments showing that at least one other
NMD substrate, the his4-38 mRNA, behaves similarly (He and
Jacobson, unpublished) and that uncapped mRNAs accumu-
late in a temperature-sensitive eukaryotic initiation factor SA
mutant (63).

Epistatic relationships of Upflp, Nmd2p, and Upf3p in non-
sense suppression. Since the different upf/nmd mutations
showed small but highly reproducible differences in the ex-
tents of canl-100 suppression that they promoted (Fig. 2B),
we were able to exploit those differences to determine epistatic
relationships of Upflp, Nmd2p, and Upf3p. To resolve epi-
static relationships, mutants containing double deletions of the
UPF1, NMD?2, or UPF3 genes were constructed and assayed for
their sensitivity to canavanine. Analyses of these mutants dem-
onstrated that any strain harboring a deletion of UPFI exhib-
ited the highest levels of suppression (i.e., sensitivity to 25-
pg/ml of canavanine) and, conversely, that strains harboring a
wild-type UPFI gene showed lower levels of suppression (i.e.,
sensitivity to 35 g of canavanine per ml). As shown in Fig. 2,
double deletion of UPFI and either NMD2 or UPF3 resulted in
a suppression phenotype identical to that caused by upflIA
alone. This result indicates that combining an nmd2A or upf3A
mutation with upf/A does not have an additive effect on non-
sense suppression and that the upfIA phenotype supersedes
the nmd2A and upf3A phenotypes. Of the double mutants, the
nmd2A upf3A mutant showed the lowest level of suppression,
displaying a phenotype like that of an nmd2A strain (compare
nmd2A upf3A to nmd2A in Fig. 2A). These results indicate that
Upflp is epistatic to Nmd2p and Upf3p and suggest a role for
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TABLE 2. Overexpression of UPF1, NMD?2, or UPF3
in wild-type and upf/nmd strains”

Canavanine sensitivity (pg/ml)

Strain
YEp YEp-UPFI  YEp-NMD2  YEp-UPF3
Wild type 300 300 300 300
upfl1A 25 300 25 25
nmd2A 35 75 300 35
upf3A 35-40 75 25 300
upflA nmd2A 25 75 25 25
upf1A upf3A 25 75 25 25
nmd2A upf3A 35 75 35 35
upfIA nmd2A upf3A 50 125 50 50

“ Suppression assays are summarized, with the concentration of canavanine at
which each strain began to exhibit the canavanine-sensitive phenotype indicated
(canavanine sensitivity). Yeast strains of the indicated genotypes were trans-
formed with the high-copy-number vector alone (YEp; control) or high-copy-
number plasmids expressing UPF1, NMD2, and UPF3 (YEp-UPFI1, YEp-NMD?2,
and YEp-UPF3, respectively).

Upflp in affecting the efficiency of premature translation ter-
mination.

While the suppression phenotypes of the double mutants
suggested relatively straightforward epistatic relationships, the
phenotype of the triple mutant, lacking UPFI, NMD2, and
UPF3, was somewhat surprising. This mutant showed a lower
level of suppression than any of the upf/nmd mutants tested
(sensitivity to 50 pg of canavanine per ml; Fig. 2), demonstrat-

A

upflA  upfIA
upflA nmd2A upf3A nmd2A upf3A
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ing that the efficiency of translation termination is greater in
the absence of all three UPF/NMD gene products than in the
presence of any one of them. This result suggests either the
existence of an alternate mechanism of termination fidelity
that functions in the absence of the UPF/NMD gene products
or that the presence of one of the UPF/NMD factors without
the other two acts dominantly to prevent proper termination.

Overexpression of UPF1 decreases the efficiency of nonsense
suppression without altering canl-100 mRNA levels. As an ad-
ditional approach to characterizing the functional relationships
of Upflp, Nmd2p, and Upf3p, these gene products were over-
expressed in all of the upf/nmd mutant backgrounds, and the
resulting effects on nonsense suppression were examined. Over-
expression was accomplished by cloning UPF1, NMD2, or
UPF3 under the control of the strong ADHI promoter on a
high-copy-number plasmid (22). Expression of the UPF/NMD
genes from these constructs was found to increase the accu-
mulation of the respective proteins at least 10-fold (data not
shown). As controls for these experiments, we utilized mutant
strains transformed with only the high-copy-number vector.
The presence of this plasmid did not alter the suppression
phenotypes of any of the mutant strains (compare Table 2
[YEp column] with Fig. 2B).

Overexpression of UPFI in all of the single, double, and
triple mutant strains (not including the upfIA control) was
found to lower suppression levels two- to threefold (Table 2,
compare YEp and YEp-UPFI columns). These results are
consistent with the notion that Upflp can, by itself, enhance
termination fidelity and also implicate a regulatory role for

+YEp-UPF1
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+YEp-UPF1
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+YEp-UPF1
+YEp-UPF1
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FIG. 6. Overexpression of UPFI in upf/nmd mutant strains does not affect can-100 mRNA abundance. (A) Northern analysis of canl-100 mRNA levels. Total RNA
isolated from yeast strains with the indicated genotypes was analyzed by Northern blotting as described in the legend to Fig. 4. Each of the mutant strains contained
either a high-copy-number UPFI plasmid (YEp-UPF1I) or an empty vector as a control (YEp). (B) Quantitation of cani-100 steady-state mRNA levels. canl-100 mRNA
levels were determined, standardized to SCRI RNA, and normalized to data for the upfIA strain as described in the legend to Fig. 4.
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TABLE 3. Cellular levels of Upflp, Nmd2p, and Upf3p*

Protein
Protein or
ribosomes No. of molecules % Soluble
per cell

Upflp 1,600 0.007
Nmd2p 160 0.0007
Upf3p 80 0.00035
Sup45p 29,600° 0.2°
Xrnlp 29,000¢ 0.2¢
Ribosomes 300,000¢ 7

“ The relative abundance of Upflp and Nmd2p was determined by comparing
Western blot band intensities of the UPF/NMD factors present in crude cell
extracts to those of the individual proteins. For Upflp and Nmd2p, highly
purified recombinant GST-Upflp and GST-Nmd2p were used as standards,
respectively. For Upf3p, cells bearing an HA-NMD?2 allele were used as the
standard. Calculations used to derive protein abundance are summarized in
Materials and Methods.

b Cellular Sup45p levels determined by Gygi et al. (16).

¢ Cellular Xrnlp levels determined by Heyer et al. (25).

@ Cellular levels of ribosomes determined by Waldron and Lacroute (56).

Nmd2p and Upf3p, since Upflp can lower suppression in the
absence of either of the other proteins. Overexpressing UPF3
complemented its own deletion, had no effect on any other
single or double mutation, and did not change the phenotype
of the triple mutant. The latter phenomenon, however, could
be considered to reflect a modest increase in canavanine re-
sistance over that observed in a upflA nmd2A strain (Table 2).
Overexpression of NMD2 had comparable effects, except that,
in upf3A cells, it also enhanced suppression to a level compa-
rable to that obtained in upfIA cells (Table 2). This result
suggests that Nmd2p may be a negative regulator of the activity
of Upflp or is capable of simply titrating available Upflp.

Since the overexpression of UPFI altered the suppression
phenotypes of all of the mutants, we investigated whether
these effects might be caused by restoration of the rapid rate of
decay of the canl-100 transcript. To this end, steady-state
levels of the canl-100 mRNA were examined in upf/nmd mu-
tants overexpressing UPFI. As expected, overexpression of
UPF1I in the upfIA strain restored NMD to wild-type levels,
resulting in a fourfold decrease in canl-100 mRNA levels (Fig.
6, compare upfIA-YEp to upflA-YEp-UPFI). Accompanying
this restoration of decay function was the restoration of the
wild-type suppression phenotype (Table 2). In all of the other
upf/nmd mutant strains, UPF1 overexpression did not signifi-
cantly alter canl-100 mRNA levels compared to those seen in
the starting mutant strains that contained the vector only (Fig.
6). Additionally, overexpression of NMD2 or UPF3 in any of
the mutant backgrounds had no effect on steady-state can-100
mRNA levels, other than those involving direct complementa-
tion of the respective single deletions (data not shown). These
results demonstrate that changes in the suppression phenotype
caused by overexpression of UPFI are not attributable to
changes in canl-100 mRNA levels. These observations are
consistent with the proposed role of Upflp in controlling the
efficiency of translation termination, provide further support
for a regulatory function for Nmd2p and Upf3p, and comprise
additional evidence for the separation of the activities of
Upflp in mRNA decay and translation (11, 58, 59).

Upflp is considerably more abundant than Nmd2p or Upf3p
but is not stoichiometric with ribosomes. The suppression
analyses described above indicated that Upflp was a critical
regulator of termination fidelity and that Nmd2p and Upf3p
regulated the activity of Upflp. These putative regulatory re-
lationships are consistent with the results of previous protein-
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protein interaction analyses (11, 21, 22, 58) but raise the ques-
tion as to whether these interactions occur as part of a
stoichiometric complex or are more transient events. To ad-
dress this issue further, we determined the cellular abundance
of each of these factors. Western blotting was used to compare
the amounts of epitope-tagged Upflp and Nmd2p in a fixed
number of cells with those present in purified samples of each
of the two proteins. Relative levels of Nmd2p and Upf3p in
crude extracts were determined by comparing the relative
Western blot intensities of the two proteins when each har-
bored the same epitope tag. Using this approach, Upflp was
found to be the most abundant of the three factors, with ap-
proximately 1,600 molecules of Upflp/cell (Table 3). Nmd2p
was found to be 10-fold less abundant than Upflp (160 mole-
cules of Nmd2p/cell), and Upf3p was found to be the least
abundant of the NMD factors (80 molecules of Upf3p/cell)
(Table 3). These experiments indicate that the cellular concen-
trations of Upflp, Nmd2p, and Upf3p differ greatly and do not
approach the cellular levels of ribosomes, release factors, or
the major cellular exonuclease, Xrnlp (23) (Table 3). These
data are, however, consistent with the putative role of Upflp as
a regulator of termination fidelity, as well as the implied roles
of Nmd2p and Upf3p as regulators of Upflp.

DISCUSSION

Suppression of the can1-100 nonsense allele is enhanced by
upflA, nmd2A, and upf3A mutations. The UPF1, NMD2, and
UPF3 genes regulate NMD (7, 20, 22, 34-36, 45). Mutations in
any of these genes generally promote the stabilization of non-
sense-containing mRNAs by reducing the rate at which the
recognition of a premature termination codon by the transla-
tion apparatus triggers mRNA decapping (He and Jacobson,
unpublished). These effects of upf/nmd mutations on mRNA
stability and parallel enhancing effects on nonsense suppres-
sion (9, 36, 58, 59) and programmed ribosomal frameshifting
(8, 52) suggested a regulatory role in translation termination
and/or fidelity for Upflp, Nmd2p, and Upf3p. Strong support
for this conclusion was obtained from experiments demonstrat-
ing interactions between Upflp and the polypeptide release
factors Sup35p and Sup45p (11).

To characterize further the roles of the UPF/NMD gene
products in translation termination, we developed an assay that
examined the effects of upf/nmd mutations on suppression of
the canl-100 allele. A single A—T mutation in this allele leads
to the synthesis of a transcript in which codon 47 has been
changed to UAA. As a consequence, the canl-100 mRNA is a
substrate for NMD. Mutations in UPF1, NMD2, or UPF3 not
only stabilized the canl-100 transcript but also promoted its
suppression. Quantitative measurement of the extent of canli-
100 suppression by these mutations was achieved by varying
the canavanine concentration of the growth media and deter-
mining the specific concentration that effectively killed diluted
samples of the respective mutants. Since the degree of sup-
pression (i.e., enhanced canavanine sensitivity) was found to
correlate with the level and activity of Canlp in the cells, we
conclude that the canl-100 system provides a reliable assay for
nonsense suppression. Further support for the reliability of this
assay was provided by experiments showing that the qualitative
aspects of canl-100 suppression were comparable to those
obtained in independent assays with the leu2-1 (UAA) and
tyr7-1 (UAG) nonsense alleles (data not shown).

We initially investigated the effects of single deletions of
UPF1, NMD2, and UPF3 on canl-100 nonsense suppression.
Individual deletions of each of these genes were shown to have
comparable stabilizing effects on the canl-100 mRNA but to
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produce differential effects on suppression. Strains harboring
the upfIA mutation consistently showed a higher level of non-
sense suppression than strains harboring either the nmd2A or
the upf3A mutation. We inferred from this observation that
Upflp might play a more direct role in regulating the transla-
tion of nonsense-containing mRNAs than the other two fac-
tors; further experimentation appears to have substantiated
this conclusion (see below).

canl-100 nonsense suppression: a loss in termination fidel-
ity? Mutations in the UPF/NMD genes have previously been
shown to promote the suppression of leu2, tyr7, met8, and his4
nonsense alleles (7, 36, 58, 59). Since these mutations invari-
ably led to increases in the levels of the corresponding mRNAs
(35, 36) but failed to generate evidence for an effect on the
readthrough of premature stop codons, it was initially con-
cluded that suppression was due solely to the combination of
enhanced mRNA abundance and an inherent rate of read-
through that was sufficient to generate the minimal amount of
protein required for function of the respective genes (36, 47).
However, the experiments of Weng et al. (58, 59) suggested
that an alternative explanation was more likely. They gener-
ated a large set of upfI alleles and identified several in which
the effects on mRNA decay and translational suppression
could be separated. More specifically, they identified two sig-
nificant classes of upfI alleles: (i) those which, when expressed
at a high copy number, inactivated mRNA decay but failed to
allow suppression (e.g., DES72AA) (58) and (ii) those which,
when expressed in a single copy, promoted normal mRNA
decay but allowed suppression to occur (e.g., C84S) (59). The
phenotypes of these mutants indicated that suppression was
unlikely to be caused solely by changes in mRNA levels and
established the notion that Upflp could regulate both mRNA
decay and translation. Since upfl mutations had no effect on
polysome profiles (19, 35) and since Upflp was known to be of
relatively low abundance, it was considered likely that the
translational effects were targeted not to general initiation or
elongation but rather to the premature termination event.

On the basis of the results of Weng et al. (58, 59), we an-
ticipated that the suppression of canl-100 by upf/nmd muta-
tions would also be attributable to more than simple increases
in mRNA levels. This assumption was substantiated by sev-
eral new lines of experimentation which demonstrated that (i)
xrmIA- and dcplA-mediated increases in canl-100 mRNA
abundance, to levels comparable to those obtained in upf/nmd
mutant cells, did not promote canavanine sensitivity; (ii) high-
copy-number expression of the cani-100 allele in wild-type
cells, leading to canl-100 mRNA levels which exceeded those
obtained in upf/nmd mutant cells 2- to 3-fold, was less effective
in promoting canavanine sensitivity than single upfIA, nmd2A,
or upf3A mutations; (iii) when UPF1 was overexpressed, large
changes in the extent of nonsense suppression could be at-
tained without significant alterations in canl-100 mRNA abun-
dance; (iv) in upf/nmd mutant cells harboring an additional
copy of the canl-100 allele, 2- to 3-fold increases in canavanine
sensitivity were obtained when levels of the corresponding
mRNA increased only 50% or less; and (v) high-copy-number
expression of the canl-100 allele led to 3- to 4-fold higher
levels of the corresponding mRNA in upf/nmd mutant cells
than in wild-type cells but to 16- to 25-fold higher levels of
suppression. Interestingly, the observation that the canavanine
sensitivity of wild-type cells increased at all in response to
enhanced abundance of the canl-100 mRNA indicates that
mRNA abundance contributes to suppression and that the
premature termination codon in the canl-100 mRNA must be
leaky. The latter conclusion is substantiated by the identifica-
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tion of small amounts of full-length Canlp in wild-type cells
harboring the cani-100 allele (Fig. 3B).

Given that the premature termination codon in the canl-100
allele has an intrinsic, albeit low, rate of readthrough, two
explanations for the mechanism of suppression appear plausi-
ble. In the first, translation initiation of the canl-100 mRNA is
somehow increased, and in the second, the efficiency of the
premature termination event is decreased. While there is no
evidence supporting global effects on translation initiation by
upfinmd mutants (19, 35), inactivation of the NMD pathway
has been shown to promote a modest increase in the transla-
tional efficiency of nonsense-containing mRNAs (42). More-
over, recent studies have demonstrated that the upf1A, nmd2A,
and upf3A mutations alter the distributions of capped and
uncapped transcripts (He and Jacobson, unpublished). There-
fore, suppression by deletion of UPFI1, NMD2, or UPF3 could,
in principle, have been caused by subtle increases in the trans-
lational efficiency of canl-100 mRNA, possibly because of
changes in its extent of capping. However, since deletion of
UPF1, NMD2, or UPF3 produced differential effects on the
amounts of capped and uncapped canl-100 mRNAs (Fig. 5)
that did not correlate with their respective suppression pheno-
types, it is unlikely that suppression is dependent on changes in
the fraction of capped canl-100 mRNA. We therefore con-
sider it likely that suppression caused by deletion of UPFI,
NMD?2, or UPF3 is due either to a loss in termination fidelity at
the premature nonsense codon or to additional rounds of
translational initiation on an mRNA with an inherent, low rate
of leaky termination. The demonstration of interactions be-
tween Upflp and the polypeptide release factors (11) suggests
that the former model is more likely.

Upflp plays a central role in regulating nonsense suppres-
sion. The finding that deletion of UPFI resulted in a greater
extent of suppression than deletion of NMD2 or UPF3 either
implicates Upflp as the most critical of the three factors for
the maintenance of termination fidelity or suggests that Upflp
and either Nmd2p (i.e., as in the upf3A strain) or Upf3p (i.e.,
as in the nmd2A strain) may enhance termination fidelity co-
operatively. To distinguish between these possibilities, strains
harboring double mutations were constructed, and nonsense
suppression by these strains was monitored. Any double mu-
tant harboring a deletion of UPF1 showed the highest levels of
suppression and, alternatively, the nmd2A upf3A mutant (the
only double mutant expressing UPFI) showed lower suppres-
sion levels. Therefore, the suppression phenotype mediated by
the deletion of UPFI supersedes an additional mutation of
NMD?2 or UPF3, suggesting that, of the three proteins, Upflp
is the central factor involved in regulating the translational
efficiency of nonsense-containing mRNAs. This conclusion was
significantly reinforced by analyses of the consequences of
UPF1 overexpression (see below). Interestingly, since deletion
of both NMD?2 and UPF3 does not have an additive effect on
suppression, it appears that Nmd2p and Upf3p may act in
concert, as opposed to independently, to regulate Upflp ac-
tivity.

Deletion of all three UPF/NMD genes resulted in signifi-
cantly lower levels of suppression than that seen in any of the
other mutants tested. This result was surprising, since this
mutant was expected to exhibit a phenotype characteristic of
upfIA strains. Since deletion of the genes encoding all three
factors enhances termination efficiency, either an alternate fi-
delity pathway may function in the absence of the UPF/NMD-
mediated mechanism or any one of the UPF/NMD factors
without the other two may act in a dominant-negative manner.

Overexpression of UPF1 restores termination fidelity with-
out affecting mRNA decay. As noted above, Weng et al. (58,



VoL. 20, 2000

NONSENSE DECAY FACTORS REGULATE SUPPRESSION 4601

FIG. 7. Model for functional relationships of Upflp, Nmd2p, and Upf3p in translation termination. Upflp is depicted as a positive regulator of the efficiency of
translation termination mediated by Sup35p and Sup45p. The activity of Upflp is postulated to be dependent on the function of both Nmd2p and Upf3p. Regulation
of Upflp by Upf3p and Nmd2p is postulated to occur as a consequence of either the combined or the sequential action of Upf3p and Nmd2p. The left and right
complexes depict translation termination with and without nonsense decay factors, respectively, with the breadth of the large arrows indicating the relative efficiencies
of the two events. E, P, and A represent the exit, peptidyl, and aminoacyl sites on the ribosome (dark gray ovals).

59) showed that specific upfI alleles could separate the trans-
lation and turnover functions of Upflp, i.e., some alleles
resulted in normal mRNA decay but impaired termination
fidelity, whereas others resulted in the opposite phenotype.
Curiously, these phenotypes are not reproduced in the canli-
100 system. Strains with upfI alleles shown to result in normal
decay but impaired fidelity (e.g., C84S) behaved like the wild-
type strain in the canl-100 system, and strains with alleles
resulting in inactive mRNA decay but functional fidelity (e.g.,
DES72AA) behaved just like upfIA strains (data not shown).
However, we have been able to obtain independent evidence
for the separation of the two putative functions of Upflp. In
analyses of the effects of overexpression of each of the UPF/
NMD genes in the different mutant backgrounds, we observed
that high-copy-number expression of UPFI led to substantial
decreases in canl-100 nonsense suppression without having

any significant effect on canl-100 mRNA levels. This finding
underscores the existence of a separate translational role for
Upflp, reinforces the notion of Upflp as the preeminent of the
three factors in regulating termination fidelity, and implies a
regulatory function for Nmd2p and Upf3p (since the overex-
pression of Upflp has the ability to enhance fidelity even in the
absence of Nmd2p or Upf3p).

The overexpression of NMD2 in a upf3A strain enhanced
nonsense suppression to an extent comparable to that ob-
served in strains harboring only a UPFI deletion. This result
suggests that Nmd2p may negatively regulate the activity of
Upflp, such that an excess of this negative regulator renders
Upflp inactive. Alternatively, since Nmd2p and Upflp interact
(21, 22), the overexpression of NMD2 may simply sequester
Upflp molecules and prevent their proper functioning by hin-
dering additional interactions. The latter hypothesis leaves
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open the possibility that Nmd2p and Upf3p are actually acti-
vators of Upflp activity, a model consistent with the decreases
in suppression observed when UPFI was overexpressed. If
Nmd2p and Upf3p are indeed such activators, then the results
of their respective overexpression would indicate that high
levels of either factor alone are not sufficient to promote such
activation.

Cellular concentrations of Upflp, Nmd2p, and Upf3p are
consistent with their apparent regulatory interactions. Earlier
studies recognized that the UPF/NMD factors were relatively
low in abundance (3, 37, 46), but their actual cellular concen-
trations were not determined previously. Here, using Western
blotting of crude cell extracts and purified proteins as stan-
dards, we found approximately 1,600, 160, and 80 molecules of
Upflp, Nmd2p, and Upf3p per cell, respectively. The abun-
dance of these factors is consistent with the proposed central
role of Upflp in regulating termination fidelity, as well as with
the hypothesis that Nmd2p and Upf3p regulate the activity of
Upflp. Although Upflp, Nmd2p, and Upf3p have all been
shown to be interacting proteins that associate with polyribo-
somes (3, 20-22, 38, 46, 58, 59), these data make it unlikely that
these proteins exist in a stable complex or that they associate
with all ribosomes. Rather, their interactions and ribosome
association must be transient, with the latter limited to ribo-
somes recognizing newly synthesized mRNAs or their termi-
nation codons. An association with ribosomes actively recog-
nizing termination codons would be consistent with recent
studies demonstrating that Upflp interacts with the peptide
release factors Sup35p and Sup45p (11).

Possible functions of Upflp, Nmd2p, and Upf3p in transla-
tion termination. Taken together, the findings presented are
consistent with Upflp playing an important role in regulating
the efficiency of translation termination, with Nmd2p and
Upf3p serving as codependent activators of Upflp function
(Fig. 7). The importance of UPF1I is highlighted by the obser-
vations that deletion of UPF1 results in the highest levels of
suppression, overexpression of UPFI can restore termination
fidelity, and Upflp is the most abundant of the three proteins
involved in NMD. Further, homologs of Upflp have been
identified in other organisms, including Caenorhabditis elegans
(44, 49) and humans (2, 48), indicating evolutionary conserva-
tion of this factor. It is possible that the role of Upflp in
translation termination simply involves stimulation of the ac-
tivity of the peptide release factors (K. Czaplinski et al., sub-
mitted for publication), such that efficient release allows for
enhanced fidelity. Alternatively, Upflp may play a more elab-
orate role in termination, including the regulation of ribosome
release and recycling and the stimulation of decapping concur-
rent with premature nonsense codon recognition. Experiments
to be described elsewhere suggest that these activities are also
within the realm of Upflp (R. Ganesan, F. He, and A. Jacob-
son, unpublished data; He and Jacobson, unpublished).
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