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(Background: Up-frameshift (Upf) factors eliminate aberrant mRNAs that contain a premature termination codon (PTC).
Results: The Upf complex was recruited to a PTC product and promoted the degradation of a model unfolded protein.
Conclusion: Upf factors facilitate the ubiquitin-dependent degradation of products derived from mRNA containing specific

Significance: The findings reveal a mechanism of quality control that prevents the production of aberrant products derived
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Up-frameshift (Upf) factors eliminate aberrant mRNAs con-
taining a specific premature termination codon (PTC). Here, we
show that Upf complex facilitates the ubiquitin-dependent deg-
radation of products derived from mRNA containing specific
PTCsin Saccharomyces cerevisiae. The efficiency of recruitment
of the Upf complex to a PTC product was correlated with the
decay of the PTC product. Upf factors promoted the degrada-
tion of the human von Hippel-Lindau (VHL) protein, which is an
unfolded protein in yeast cells, in a manner that depends on the
presence of a faux 3’'-UTR. Mass spectrometric analysis and
Western blot analysis revealed that Hsp70 was associated with
the PTC product. These findings suggest that the Upf complex
may be recruited to ribosomes in a faux 3’-UTR-dependent
manner and then associates with aberrant products to facilitate
their degradation by the proteasome.

To ensure the fidelity of gene expression, prokaryotic and
eukaryotic cells have evolved several mRNA surveillance mech-
anisms that degrade aberrant mRNA (1, 2). The mRNA surveil-
lance systems not only contribute to the maintenance of cellu-
lar homeostasis, but are also implicated in certain diseases (3,
4). One of the best characterized mRNA surveillance pathways
is nonsense-mediated mRNA decay (NMD),? in which the Up-
frameshift (Upf) complex composed of Upf protein 1 (Upfl),
Upf2, and Upf3 recognizes and eliminates mRNAs containing a
PTC. Translation termination at a PTC leads to the assembly of
the Upf complex, which couples premature translation termi-
nation to mRNA decay by interacting with both eukaryotic
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translation termination factors (i.e. eRF1 and eRF3) and mRNA
degradation enzymes (1, 2, 5, 6).

In mammalian cells, translation termination codons and
exon-exon junctions are cis-acting elements that allow the rec-
ognition of PTCs (1, 2). The exon junction complex, which is
assembled 20 —24 nucleotides upstream of a splice junction (7,
8), marks upstream stop codons as premature. In yeast, flies,
worms, and plants, PTC recognition can occur independently
of a downstream exon boundary, and exon junction complex
protein components are not required for NMD (9 —13). There-
fore, other determinants must present the downstream signal
required for NMD substrate recognition. The “faux 3’-UTR”
model proposes that premature translation termination is
intrinsically aberrant because the stop codon is not in the
appropriate context (14, 15). In this model, ribosomes termi-
nating at a PTC cannot interact with a specific set of proteins,
and consequently, the termination reaction is impaired or too
slow. Impaired translation termination at a PTC results in the
assembly of the Upf complex and the rapid degradation of
the mRNA (14, 15). The faux 3’-UTR model is supported by the
observation that NMD targets mRNAs with extended 3'-UTRs
in yeast, flies, worms, plants, and mammalian cells (11, 12,
16 —18). These findings indicate that in eukaryotes, the distance
between a termination codon and its downstream messenger
ribonucleoprotein context provides important positional infor-
mation that facilitates the recognition of aberrant translation
termination events.

Translation repression and co-translational protein degrada-
tion by the proteasome also play crucial roles as quality control
systems that target aberrant mRNAs (19-24). Various prod-
ucts derived from PTC-containing mRNAs show the same
decay rates in wild-type and upfIA cells (17). However, we have
shown that the Upf complex facilitates the degradation of an
aberrant protein derived from mRNAs containing a PTC at
specific positions in a manner consistent with the faux 3'-UTR
model (25). How the Upf complex recognizes the specific PTC
products and stimulates their degradation by the proteasome
remains to be elucidated.
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Upf1 interacts with E2 ubiquitin ligase Ubc3 with its the Cys-
His-rich repeated N terminus (CH domain) and serves as sub-
strate for the in vitro self-ubiquitination activity (26). The mod-
ification of Upf1 is required for the binding to Upf3 and NMD
in vivo (26). These findings suggest that Upfl may act as an E3
ubiquitin ligase on its association with Upf3 and play a crucial
role in signaling to the NMD pathway. The role of ubiquitina-
tion activity of Upfl in the degradation of the PTC product
remains to be elucidated.

In this study, we investigated the mechanism of the recogni-
tion and degradation of the specific PTC product Pgk1-300 by
the Upf complex. The efficiency of ubiquitination of Pgk1-300
was not affected by the deletion of Upfl, suggesting that Upf1l
may play a minor role in the ubiquitination of Pgk1-300. Upfl
did not facilitate the degradation of Pgk1-300(K0), which con-
tains no Lys residue, suggesting that Upf1 stimulates degrada-
tion of the PTC products by the proteasome in a ubiquitina-
tion-dependent manner. Immunoprecipitation experiments
showed that the Upf complex associates with this PTC product
and that the efficiency of co-purification of the PTC product with
Upfl correlated with the rate of decay of the PTC product. Upfl
also promoted the degradation of the human von Hippel-Lindau
(VHL) protein, a model unfolded protein in yeast cells, in a manner
that depended on a faux 3'-UTR, but not when the VHL chaper-
one human elongin BC was co-expressed in yeast. Immunopre-
cipitation and mass spectrometric analysis revealed that the Pgk1-
300 protein interacts with Hsp70 that plays a crucial role in the
degradation of misfolded protein (27, 28). These results indicate
that the Upf factors may form the complex containing Hsp70 with
the PTC products and stimulate their ubiquitination-dependent
proteasomal degradation.

EXPERIMENTAL PROCEDURES

Strains and Other Methods—Yeast strains and plasmids are
listed in Table 1. Information about the oligonucleotides used
in this study is listed in Table 2. Polysome analysis was per-
formed as described (20).

Determination of the Half-life of the Reporter Proteins by
Western Blotting—To determine the stabilities of the reporter
proteins, cells were harvested at the indicated times after the
addition of cycloheximide (0.1 mg/ml). Proteins encoded by the
reporter genes were detected by Western blotting and visual-
ized with horseradish peroxidase-conjugated secondary anti-
body (Amersham Biosciences). Band intensities were quanti-
tated on an LAS3000 mini using MultiGauge version 3.0
(Fujifilm Co. Ltd.), and the relative levels of products were
determined based on comparison with a standard curve. When
the intensity of a band was outside the range of the standard
curve, a series of dilutions of the sample was prepared. The
intensities of the bands of the diluted samples were compared
with those of the standard curve, and the relative level of the
product in the sample as compared with the control product
was determined.

Immunoprecipitation—Yeast strains were grown in 1 liter of
selective medium containing 2% glucose (w/v) to an A, 0of 0.8
and harvested by centrifugation. The cell pellet was snap-fro-
zen in liquid nitrogen and then ground in liquid nitrogen using
amortar and a pestle. The resulting cell powder was then resus-
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pended on ice in 3 ml of lysis buffer (20 mm HEPES-KOH, pH
7.4, 2 mMm, Mg(OAc)2, 100 mm KOAc, 1 mm DTT, 1 mm PMSF)
supplemented with a protease inhibitor mixture (Complete
tablets; Roche Applied Science). Extracts were then transferred
to 1.5-ml tubes and clarified by centrifugation at 4 °C for 10 min
at 10,000 rpm. Supernatant was recovered and centrifuged at
4 °C for 10 min at 10,000 rpm to remove membranes and insol-
uble material. Extracts were kept in aliquots at —80 °C until
ready to use. Cell extracts were incubated with anti-DTKD-
DDDK tag antibody beads (Wako) in IXA-100 buffer (29) and
then washed three times and eluted with 0.5 mg/ml FLAG
peptide.

Plasmid Construction—Plasmids expressing VHL proteins
were constructed as follows. To construct pKK244 (pCRR4Blunt-
TOPOR-VHL), total RNA was extracted from HEK293 cells
with TRIzol (Invitrogen) based on the manufacturer’s protocol.
First-strand cDNA synthesized from the HEK293 total RNA
was PCR-amplified using the primers OIT1859 (5'-ATGCCC-
CGGAGGGCGGAGAACTGGGACGAGGCCGAGGTAGGC-
GCGGAGGAGGCAGGCGTCGAAGAGTACGGCCCTGAA-
GAAGACGGCGGGGAGGAGTCGG-3') and OIT1811 (5'-
GCTACGGGATCCTCAATCTCCCATCCGTTGATGTGC-
AATGCGCTCCTGTGTC-3’). Cloning of PCR products in
vector pCR4Blunt-TOPO was performed using Zero Blunt
TOPO PCR cloning kit for sequencing (Invitrogen) and carried
out according to the manufacturer’s instructions. To construct
pKK246 (pGPDp-FLAG-VHL-WUTR), Spel-BamHI fragment
of FLAG-VHL was amplified in a PCR using two primers
OIT1810 (5'-GCTACGACTAGTATGGACTACAAGGACG-
ACGATGACAAGCCCCGGAGGGCGGAGAACTGGGAC-
GAGGCCGAGGT-3') and OIT1811 with pKK244 as the tem-
plate, and was replaced with a corresponding fragment of
pIT2044 (Kuroha et al. (25)). pKK247 (pGPDp-FLAG-VHL-
LUTR) was constructed by replacing the pKK246 BamHI-Xhol
fragment with a fragment amplified by PCR using primers
OIT1021 (5'-ACTTCGGTAAGGCTTTGGAGTAAGGATC-
CCAACCAGACCATTCTTGGCC-3") and OIT1017 (5'-
CCGCTCGAGATTGACCAATATATGTCTCTGAATGCC-
3') with pIT2044 as the template. pKK276 (pGPDp-VHL-
LUTR) was constructed by replacing the pKK247 Spel-BamHI
fragment with a fragment amplified by PCR using primers
OIT2180 (5'-GCTACGACTAGTATGCCCCGGAGGGCGG-
AGAACTGGGACGAGGCCGAG-3') and OIT1811 with
pKK244 as the template. To construct pKK273 (pGPDp-HA-
pgk1-300 (K0)), lysine codons in PGKI gene were replaced by
arginine codons by site-directed mutagenesis with the primers
shown in Table 1. To construct pKK278 (p414GPDp-Myc-
elongin B) and pKK279 (p415GPDp-Myc-elongin C), Spel-
BamHI fragment of elongin B or C were amplified in a PCR
using the primer sets, OIT2371 (5'-GCTACGACTAGTATGGA-
ACAGAAGTTGATTTCCGAAGAAGACCTCGACGTGTTC-
CTCATGATCCGGCGCCACAAGACCAC-3') and OIT2372
(5"-GCTACGGGATCCTCACTGCACGGCTTGTTCATTGG-
CACTGCTTCCCG-3'),0or OIT2373 (5'-GCTACGACTAGTA-
TGGAACAGAAGTTGATTTCCGAAGAAGACCTCGATG-
GAGAGGAGAAAACCTATGGTGGCTGTGAAGG-3') and
OIT2374 (5'-GCTACGGGATCCTTAACAATCTAAGAAG-
TTCGCAGCCATCAGCAGTT-3'), respectively, with elongin
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TABLE 1
Yeast strains and plasmids used in this study

Strain/plasmids Genotype[plasmid](plasmid number) Source
Strains

W303-1a MATa ade? his3 leu?2 trpl ura3 canl Lab stock
YIT2004 W303-1a upfIA: :kanMX (25)
YIT2005 W303-1a upf2A::hygMX (25)
YIT2006 W303-1a upf3A::natMX (25)
YKK127 W303-1a UPF2-HA-kanMX This study
YKK129 W303-1a UPF3-HA-kanMX This study
plasmids

pIT912 pGPD-FLAG-HIS3 CEN URA (25)
pIT2035 pGPDp-FLAG-his3-100 CEN URA (25)
plT2044 pGPD-FLAG-PGKI CEN URA (25)
pIT2045 pGPD-FLAG-pgkl-300 CEN URA (25)
pIT2046 pGPDp-FLAG-PGKI1-L300 CEN URA (25)
plT2047 pGPDp-FLAG-pgkl-300-WUTR CEN URA (25)
pKK43 pGALIp-tUBG6 2u TRP (19)
pKK244 pCRR4Blunl—TOPOR- VHL This study
pKK246 pGPD-FLAG-VHL-WUTR CEN URA This study
pKK247 pGPD-FLAG-VHL-LUTR CEN URA This study
pKK273 pGPD-HA-pgkl-300 (KO) CEN URA This study
pKK69 pGPD-HA-pgkl-300 (K29) CEN URA This study
pKK276 pGPD-VHL-LUTR CEN URA This study
pKK278 pGPD-Myc -elonginB CEN TRP This study
pKK279 pGPD-Myc -elonginC CEN LEU This study
pMKO088 pCUPI1-Myc-Ubi-CYCI 2u HIS3 (35)
pMKO089 pCUPI-Ubi-CYCI 2u HIS3 (35)
pKK225 pCUPI-Myc-Ubi-CYCI 2u TRP1 This study

B cDNA (provided by Open Biosystems) and elongin C cDNA
(provided by Kazusa DNA Research Institute) as the template,
and were cloned into p414GPD or p415GPD respectively.

RESULTS

Upf1 Stimulates Degradation of the PTC Products by the Pro-
teasome in a Ubiquitination-dependent Manner—We previ-
ously reported that truncated protein derived from FLAG-
pgkl-300 or FLAG-his3-100 mRNA is rapidly degraded in a Upf
complex-dependent manner (25). Another study showed that
Upfl may act as an E3 ubiquitin ligase through its association
with Upf3 in yeast, and mutations that affect this activity affect
RNA degradation by NMD (26). Therefore, Upfl may function
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as an E3 ubiquitin ligase that targets PTC products for rapid
degradation by the proteasome. To test this possibility, we
examined the role of Upfl in the ubiquitination of PTC prod-
ucts derived from the reporter genes listed in Fig. 1A. Myc-
tagged ubiquitin (Myc-Ubi) was transiently overproduced in
wild-type or upfIA mutant cells expressing the PTC product,
FLAG-Pgkl1-300. Affinity-purified FLAG-Pgkl-300 protein
was analyzed by SDS-PAGE followed by immunoblotting with
anti-Myc antibodies to detect ubiquitinated proteins (Fig. 1B,
upper panel). The signals corresponding to higher molecular
weight PTC products were detected only in the presence of
Myc-Ubi, but not in the presence of untagged ubiquitin (Ubi)
(Fig. 1B, lanes 5-8). The intensity of signals corresponding to
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TABLE 2
List of oligonucleotides primers used for plasmid construction

Name Sequence Notes

OIT1666 5’-CTTCAAGGTTGTCTGTCCAAGATTTGGACTTGAGGG K6, 15,17, 32,33R
ACAGGCGTGTCTTCATCAGAGTTGACTTCAACGTCCCA
TTGGACGGTAGGAGGATCACTTC-3’

OIT1667 5’-GAAGTGATCCTCCTACCGTCCAATGGGACGTTGAAG Ke, 15,17,32,33R
TCAACTCTGATGAAGACACGCCTGTCCCTCAAGTCCAA
ATCTTGGACAGACAACCTTGAAG-3’

OIT1668 5’-CCATCAGGTACGTTTTGGAACACCACCCAAGATACG K48, 74R
TTGTCTTGGCTTCTCACTTGGGTAGACCAAACGGTGAA
AGAAACGAAAGATACTCTTTGGC-3’

OIT1669 5’-GCCAAAGAGTATCTTTCGTTTCTTTCACCGTTTGGTC K48, 74R
TACCCAAGTGAGAAGCCAAGACAACGTATCTTGGGTGG
TGTTCCAAAACGTACCTGATGG-3’

OIT1670 5’-CCAGTTGCTAGGGAATTGCAATCATTGTTGGGTAGGG K82, 90, 108R
ATGTCACCTTCTTGAACGACTGTGTCGGTCCAGAAGTTG
AAGCCGCTGTCAGGGCTTCTG-3’

OIT1671 5’-CAGAAGCCCTGACAGCGGCTTCAACTTCTGGACCGAC K82, 90, 108R
ACAGTCGTTCAAGAAGGTGACATCCCTACCCAACAATGA
TTGCAATTCCCTAGCAACTGG-3’

OIT1672 5’-GGTTCCAGAAGGGTCGATGGTCAAAGGGTCAGGGCTT  K132,137, 139, 142, 147R
CCAGGGAAGATGTTCAAAGGTTCAGACACG-3’

OIT1673 5’-CGTGTCTGAACCTTTGAACATCTTCCCTGGAAGCCCTG  K132,137, 139, 142, 147R
ACCCTTTGACCATCGACCCTTCTGGAACC-3’

OIT1674 5’-CCGGTTTCTTGTTGGAAAGGGAATTGAGGTACTTCGGT K190, 193, 197R
AGGGCTTTGGAGAACCC-3’

OIT1675 5’-GGGTTCTCCAAAGCCCTACCGAAGTACCTCAATTCCCT K190, 193, 197R
TTCCAACAAGAAACCGG-3’

OIT1676 5’-GGCCATCTTAGGTGGTGCCAGGGTTGCTGACAGGATTC K214, 218, 228R
AATTGATTGACAACTTGTTGGACAGGGTCGACTCTATC-3’

OIT1677 5’-GATAGAGTCGACCCTGTCCAACAAGTTGTCAATCAATT K214, 218, 228R
GAATCCTGTCAGCAACCCTGGCACCACCTAAGATGGCC-3’

OIT1678 5’-GGCTTTCACCTTCAGGAGGGTTTTGGAAAACACTGAA K243, 244, 258, 266R

ATCGGTGACTCCATCTTCGACAGGGCTGGTGCTGAAATC
GTTCCAAGGTTGATGG-3’

OIT1679 5’-CCATCAACCTTGGAACGATTTCAGCACCAGCCCTGTCG K243, 244, 258, 266R
AAGATGGAGTCACCGATTTCAGTGTTTTCCAAAACCCTCC
TGAAGGTGAAAGCC-3’

OIT1680 5’-GATGGAAAGGGCCAGGGCCAGGGGTGTCGAAGTCGTC K270, 272,274,297R
TTGCCAGTCGACTTCATCATTGCTGATGCTTTCTCTGCTGA
TGCCAACACCAGGACTG-3’

OIT1681 5’-CAGTCCTGGTGTTGGCATCAGCAGAGAAAGCATCAGC K270, 272,274, 297R
AATGATGAAGTCGACTGGCAAGACGACTTCGACACCCCT
GGCCCTGGCCCTTTCCATC-3’
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FIGURE 1. Upf1 stimulates degradation of the PTC products by the proteasome in a ubiquitination-dependent manner. A, schematic drawing of the
mRNA derived from FLAG-PGK1 reporter genes. The open boxes indicate the open reading frame, filled boxes indicate FLAG tag, lines represent UTRs, and AAAA
denotes the poly(A) tail. B, the Pgk1-300 PTC product was ubiquitinated even in the absence of Upf1. W303 and W303upfTA cells with pGPDp-FLAG-PGK1 or
pGPDp-FLAG-pgk1-300 containing pCUP1p-Myc-Ubi or pCUP1p-Ubi were grown until Ag,, = 0.6. For the expression of Myc-Ubi from the CUPT promoter, cells
were incubated with 0.1 mm CuSO4 for 2 h before the addition of cycloheximide (0.1 mg/ml). W303 cells and W303upf1A cells harboring an indicated plasmid
were harvested at the indicated times after the addition of cycloheximide. Cell extracts were prepared by Y-PER reagent (Pierce) and subjected to anti-FLAG
immunoprecipitation followed by Western blotting (WB) with anti-Myc (top panel) or anti-FLAG antibodies (bottom panel). The band intensities of the samples
were compared with a standard curve by using a series of dilutions of samples in lane 8. Asterisks indicate the endogenous products that are recognized with
antibodies. C, lysine-less Pgk1-300 was not ubiquitinated. W303upf1A cells with the reporters indicated above the panel were transformed with pCUP1p-Myc-
Ubi. Samples were prepared and subjected to anti-HA immunoprecipitation followed by Western blotting with anti-Myc (top panel) or anti-HA antibodies
(bottom panel). The asterisk indicates the antibody heavy chain band. D, Upf1 did not stimulate the degradation of HA-Pgk1-300 containing no lysine residues.
W303 and W303upfT1A cells with pGPDp-HA-pgk1-300 or pGPDp-HA-pgk1-300 (KO) were grown in selective medium. After the addition of cycloheximide (CHX)
as described under “Experimental Procedures,” cells were harvested at the indicated times, and samples were analyzed by Western blotting with anti-HA
antibodies. For Western blot of W303 cells with pGPDp-HA-pgk1-300, 5-fold samples were also used. When indicated, cells were grown in the presence of 0.2
mm MG132. E, the relative levels of remaining HA-Pgk1-300 and HA-Pgk1-300(K0) protein after inhibition of translation are plotted. Error bars indicate S.D.

higher molecular weight PTC products derived from affinity-
purified wild-type FLAG-Pgkl in wild type was slightly
decreased as compared with those of FLAG-Pgk1-300 (Fig. 1B,
upper panel, lanes 5 and 7). The levels of affinity-purified
FLAG-Pgkl are 40-fold higher than those of FLAG-pgk1-300
(Fig. 1B, lower panel, lanes 5 and 8). These results indicate that
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FLAG-Pgk1-300 was more efficiently ubiquitinated than wild-
type FLAG-Pgkl. The amount of ubiquitinated FLAG-Pgk1-
300 in upfIA mutant cells was higher as compared with that in
wild-type cells (Fig. 1B, upper panel, lanes 5 and 8). The level
of immunoprecipitated FLAG-Pgkl-300 protein was also
increased 4-fold in upfIA mutant cells as compared with that in
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wild-type cells (Fig. 1B, lower panel, lanes 5 and 8). We esti-
mated the efficiency of ubiquitination of FALG-Pgk1-300 pro-
tein in wild type and upfI mutant as a ratio between the levels of
affinity-purified protein and ubiquitinated protein that are rec-
ognized by anti-Myc antibody. The efficiency of ubiquitination
of FLAG-Pgk1-300 products was almost the same in wild-type
and upfIA cells (Fig. 1B, compare lanes 7 and 8). These results
strongly suggest that Upf1 plays only a minor role in the ubig-
uitination of the FLAG-Pgk1-300 protein. Similar results were
obtained when ubiquitination of FLAG-His3-100 was analyzed
in wild-type and upfIA mutant cells (data not shown).

To evaluate the role of ubiquitination in the Upfl-dependent
degradation of PTC products, we constructed the HA-pgkI-
300(K0) reporter gene, which contains no lysine residues.
Because FLAG tag sequence contains Lys residues, we utilized
HA tag to detect the products. We observed no ubiquitination
when HA-Pgk1-300(K0) was co-expressed with Myc-Ubi (Fig.
1C), and HA-Pgk1-300(KO0) was significantly stabilized both in
wild type and in upfIA cells (Fig. 1D, middle panel, and Fig. 1E).
We also confirmed that the proteasome inhibitor MG132 dras-
tically stabilized HA-Pgk1-300 both in wild type and in upfIA
cells (Fig. 1D, bottom panel). These results indicate that Upfl
facilitates the degradation of the ubiquitinated forms of the
PTC products.

PTC Product Associates with Upf Complex in RNA-indepen-
dent Manner—The mechanisms underlying the recognition
and degradation of PTC products mediated by Upf factors
remain unclear. We therefore examined the association
between Upf factors and the PTC product by co-immunopre-
cipitation (co-IP) analysis. Extracts from wild-type cells
expressing FLAG-Pgkl, FLAG-Pgk1-300, or Pgkl-300 were
immunoprecipitated using an anti-FLAG resin, and the precip-
itates were analyzed by Western blotting with anti-FLAG or
anti-Upfl antibodies. Upfl was more efficiently co-immuno-
precipitated with FLAG-Pgk1-300 protein than with FLAG-
Pgkl protein (Fig. 24, lanes 6 and 8). FLAG-pgk1-300-WUTR
contains a short ORF flanked by the wild-type 3’-UTR, and
mRNA derived from this reporter gene was not subjected to
NMD (25). Although this reporter gene encodes a protein that
is identical to the one produced from FLAG-pgkI-300-LUTR,
Upf1 does not significantly promote the proteasomal degrada-
tion of the FLAG-Pgk1-300 protein (25). Here, Upfl was co-
immunoprecipitated with FLAG-Pgkl-300 derived from
FLAG-pgk1-300-WUTR, but less efficiently than with the same
protein derived from FLAG-pgkI-300 (Fig. 2A, lanes 8, 9, 13,
and 14). FLAG-PGK1-L300 mRNA contains an intact ORF
flanked by a long 3'-UTR and is degraded by NMD in accord-
ance with the faux 3'-UTR model (25). However, Upfl does not
stimulate the degradation of FLAG-Pgk1 protein derived from
FLAG-PGKI-L300 (25). Here, the presence of a long 3'-UTR
promoted the interaction between Upfl and the product (Fig.
24, lanes 6 and 7), but this interaction was largely dependent on
RNA (Fig. 24, lanes 11 and 12). These results indicate that both
a faux 3’-UTR and a truncated ORF are required for the RNA-
independent interaction of Upfl with a PTC product and that
the co-IP efficiency of Upfl and the FLAG-Pgk1-300 protein is
highly correlated with the decay rates of the PTC product.
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To examine the complex containing FLAG-Pgk1-300 and
Upf factors, we analyzed polysomes isolated by sucrose density
gradient centrifugation followed by Western blotting. Affinity-
purified FLAG-Pgkl-300 and co-immunoprecipitated Upfl
were distributed in the ribosome-free fractions (Fig. 2B, lanes 1,
2, 18, and 19), indicating that Upfl associates with the PTC
product that is released from the ribosome. Because Upf1 stably
interacts with PTC product expressed from the reporter mRNA
that contain a 3'-UTR, we investigated the association of Upf2
and Upf3 with the PTC products by immunoprecipitation of
FLAG-Pgkl or FLAG-Pgk1-300 from extracts of UUPF2-HA and
UPF3-HA cells. Upfl, Upf2-HA, and Upf3-HA were more effi-
ciently co-immunoprecipitated with FLAG-Pgkl-300 than
with FLAG-Pgk1 (Fig. 2C). Moreover, the levels of Upf1 co-pu-
rified with FLAG-Pgk1-300 were greatly reduced in upf2A and
upf3A mutant cells (Fig. 2D, lanes 6 —8). These findings sug-
gested that the FLAG-Pgkl-300 protein interacts with the
Upf1-Upf2-Upf3 complex, and both Upf2 and Upf3 are
required for the efficient interaction between Upfl and the PTC
product. Taken together, our results suggest that Upf factors
may transiently form a complex with the nascent FLAG-Pgkl-
300 polypeptide on the ribosome at a PTC, and this complex
may remain intact after the release of polypeptide from the
ribosome (see Fig. 5).

Upf1 Facilitates the Degradation of Unfolded VHL Protein—We
previously showed that Upfl stimulates the degradation of
truncated proteins in a manner that depends on the presence of
a faux 3’-UTR (25). In this study, we found that the truncated
PTC product Pgk1-300 could interact with Upf factors, whereas
intact Pgkl protein could not (Fig. 2C). These results strongly
suggest that truncated Pgk1-300 proteins have specific molec-
ular characteristics that promote proteolysis. In particular,
PTC products that are truncated may not fold properly. To
determine whether the unfolded conformation of a PTC prod-
uct is important for its Upf factor-mediated proteasomal deg-
radation, we investigated the degradation of human VHL
tumor suppressor protein expressed in yeast, which is a typical
unfolded protein in yeast (28, 30, 31). In the presence of cofac-
tor elongin B/C protein, VHL folding is coupled to its assembly
into a ternary complex. In the absence of elongin B/C, two dis-
tinct chaperon pathways mediate VHL folding and quality con-
trol (28). Newly synthesized VHL is folded by Hsp70 and TRiC,
whereas misfolded VHL is associated with the Hsp90 complex
containing Hsp70, Stil, and Seel and is degraded by the ubigq-
uitin-proteasome pathway (28). We used VHL protein as a
model unfolded protein to determine whether protein folding is
crucial for the stimulation of proteasomal degradation by Upf1.

To investigate whether the Upf complex promoted the
degradation of folded and unfolded VHL proteins in a faux
3'-UTR-dependent manner, we constructed two reporter
genes, FLAG-VHL-WUTR (WUTR) and FLAG-VHL-LUTR
(LUTR) (Fig. 3B), and examined the stability of the correspond-
ing protein products after inhibition of translation. We found
that VHL protein derived from the LUTR reporter gene was
more labile in wild-type cells (50% of the protein remaining
after cycloheximide addition, £, = 30 min) than in upf1A cells
(t1, = 85 min) in the absence of elongin B/C (Fig. 3C, left panels).
VHL protein derived from the WUTR reporter gene was more
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FIGURE 3. Upf1 facilitates the degradation of unfolded VHL protein depending on the presence of a faux 3’-UTR. A, the folding or unfolding pathways for VHL
protein expressed in yeast. In the presence of elongin BC, VHL folding is coupled to its assembly into a ternary complex, and VHL is stable. In the absence of elongin BC,
two distinct chaperon pathways mediate VHL folding and quality control. Newly synthesized VHL is folded by Hsp70 and TRiC, but misfolded VHL is associated with
Hsp90 in a complex containing Hsp70, Sti1, and Sse1 and is ultimately degraded by the ubiquitin-proteasome pathway. B, schematic representation of the FLAG-VHL
reporter mRNAs. The open boxes indicate the open reading frame, filled boxes indicate FLAG tag, lines represent UTRs, and AAAA denotes the poly(A) tail. C, Upf1
facilitates the proteasomal degradation of FLAG-VHL protein, dependent on the presence of a faux 3'-UTR. Samples were prepared of W303 and W303upf1A cells with
the indicated plasmids in the presence or absence of elongin B/C. To express elongin B/Cin yeast, we transformed strains with pKK278 (p414GPDp-Myc-elongin B) and
pKK279 (p415GPDp-Myc-elongin C). The stabilities of VHL proteins derived from FLAG-VHL-LUTR or FLAG-VHL-WUTR were determined by Western blotting with
anti-VHL antibodies (top and middle panels). CHX, cycloheximide. The relative levels of FLAG-VHL protein remaining after inhibition of translation are plotted (bottom
panels). Error bars indicate S.D. D, Upf1 facilitates the degradation of FLAG-VHL-LUTR mRNA. Northern blotting (NB) with a digoxigenin-labeled VHL probe was
performed. The relative levels for each mRNA were normalized to the FLAG-VHL-WUTR mRNA level in W303 cells in absence of elongin B/C, which was assigned a value
of 100, and SCRT mRNA levels were used as a loading control of RNA sampiles. £, Upf1 was more efficiently co-immunoprecipitated with unfolded VHL protein derived
from LUTR reporter than with folded VHL protein. W303 cells were transformed with pGPDp-FLAG-VHL-LUTR, pGPDp-FLAG-VHL-WUTR, or pGPDp-VHL-LUTR. FLAG-VHL
proteins were affinity-purified from cell extracts. Total extracts (Input; left panels) and immunoprecipitated samples (IP; right panels) were analyzed by Western blotting
with anti-Upf1 (top panel) or anti-FLAG antibodies (bottom panel).

stable in wild-type cells (£, = 75 min) than in upfIA cells (t, = VHL protein derived from the LUTR reporter gene but not
45 min) in the absence of elongin B/C (Fig. 3C, left panels). from the WUTR reporter gene. In addition, VHL proteins
These results indicate that Upfl facilitates the degradation of derived from all reporter genes were significantly stabilized in

FIGURE 2. A PTC product associates with Upf complex in an RNA-independent manner. A, Upf1 was more efficiently co-immunoprecipitated with FLAG-
Pgk1-300 than with FLAG-Pgk1. W303 cells were transformed with pGPDp-FLAG-PGK1, pGPDp-FLAG-PGK1-L300, pGPDp-FLAG-pgk1-300, pGPDp-FLAG-pgk1-
300-WUTR, or pGPDp-pgk1-300. FLAG-Pgk1 and FLAG-pgk1-300 proteins were affinity-purified from cell extracts. Where indicated (+RNase /), cell lysates were
immunoprecipitated with anti-FLAG resin under conditions of RNase | treatment. Co-IP efficiency was calculated by dividing the relative level of co-immuno-
precipitated (ColPed) protein (%) by the relative level of immunoprecipitated (/Ped) protein (%). WB, Western blotting. B, Upf1 was associated with the PTC
product in ribosome-free fractions. Extracts of wild-type cells containing pGPDp-FLAG-PGK1 and pGPDp-FLAG-pgk1-300 were fractionated by sucrose density
gradient (SDG) centrifugation, immunoprecipitated using anti-FLAG resin, and analyzed by Western blotting. The positions of ribosomes free (free), 80 S
ribosomes (80S), and polysomes are indicated. C, Upf2 and Upf3 were also efficiently co-immunoprecipitated with Pgk1-300. W303UPF2-HA or W303UPF3-HA
cells were transformed with pGPDp-FLAG-PGK1, pGPDp-FLAG-pgk1-300, or pGPDp-pgk1-300. FLAG-Pgk1 and FLAG-pgk1-300 proteins were affinity-purified
from cell extracts. Total extracts (Input; left panels) and immunoprecipitated samples (IP; right panels) were analyzed by Western blotting with anti-HA (top
panel), anti-Upf1 (middle panel), or anti-FLAG antibodies (bottom panel). D, both Upf2 and Upf3 were required for the association of Upf1 with the Pgk1-300 PTC
product. W303, W303upf2A, or W303upf3A cells were transformed with the indicated reporters, and FLAG-pgk1-300 was affinity-purified. Total extracts (Input;
left panels) and immunoprecipitated samples (IP; right panels) were analyzed by Western blotting as in C.
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FIGURE 4. FLAG-pgk1-300 protein is associated with Hsp70. A, identifica-
tion of the protein associated with FLAG-Pgk1-300. FLAG-Pgk1-300 proteins
were affinity-purified from cell extracts, and co-purified 70-kDa protein was
analyzed by mass spectrometry as shown previously (34). CBB stain, Coomas-
sie Brilliant Blue stain. B, immunoblots demonstrating that Hsp70 was co-
immunoprecipitated with FLAG-Pgk1-300. The total extracts (Input; top pan-
els) and immunoprecipitated samples (IP; bottom panels) were analyzed by
Western blotting (WB) with anti-Hsp70 monoclonal 3A3 antibodies (Abcam)
which recognizes yeast Ssa1, Ssa2, Ssa3, and Ssa4 (32).

both strains when elongin B/C was co-expressed (Fig. 3C right
panels). Because the LUTR reporter was subjected to NMD
even in the presence of elongin B/C (Fig. 3D), these results
suggest that VHL protein degradation induced by Upfl is
dependent on both a faux 3’-UTR and an unfolded conforma-
tion of VHL. Furthermore, Upf1 efficiently formed a complex
with VHL protein derived from the LUTR reporter gene, and
this interaction was suppressed by elongin B/C (Fig. 3E). These
results strongly suggest that Upf1 recognizes the unfolded con-
formation of the VHL protein, in a manner dependent upon the
presence of a faux 3'-UTR, and promotes the degradation of
VHL by the proteasome.

Pgk1-300 Protein Is Associated with Hsp70—Correct VHL
folding is mediated by TRiC/CCT and Hsp70, but misfolded
VHL is associated with the Hsp90 complex consisting of Hsp70,
Stil, and Ssel (28). Thus, both folding and degradation of VHL
requires Hsp70 in yeast. Because VHL protein derived from the
LUTR reporter gene was more labile in wild-type cells than in
upf1A cells (Fig. 3C), we suspected the Hsp70 might associate
with Pgk1-300. We identified the 70-kDa protein that is co-
immunoprecipitated with FLAG-Pgk1-300 but not with Pgkl
(Fig. 4A). Mass spectrometric analysis revealed that this protein
corresponds to Ssal and Ssa2. Furthermore, Western blot anal-
ysis of affinity-purified FLAG-Pgk1-300 and FLAG-Pgk1 using
an anti-Hsp70 antibody (3A3) that recognizes yeast Ssal, Ssa2,
Ssa3, and Ssa4 (32) revealed that Hsp70 proteins were specifi-
cally associated with FLAG-Pgk1-300 (Fig. 4B). These results
indicate that Hsp70 interacts with Pgkl-300 and may be
involved in the stimulation of proteasomal degradation of trun-
cated proteins derived from aberrant mRNAs.

DISCUSSION

Our previous study demonstrated that the Upf complex plays
critical roles not only in NMD, but also in the rapid degradation
of the PTC product by the proteasome (25). In this study, we
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demonstrated that the ubiquitination is required for the Upf1-
dependent degradation of the PTC product (Fig. 1). However,
the overall ubiquitination of FLAG-Pgk1-300 or FLAG-His3-
100 was not significantly stimulated by Upfl (Fig. 1B and data
not shown), suggesting that Upfl may not be involved in the
ubiquitination of Pgk1-300 (Fig. 1B). Alternatively, specific
ubiquitination by Upfl may be crucial for rapid degradation of
a truncated protein by the proteasome. Upfl has an E3 ubiqui-
tin ligase activity, and self-ubiquitination of Upf1 is required for
the interaction with Upf3 and NMD (26). The mutations in CH
domain of Upfl cause defects in self-ubiquitination and inter-
action with Upf3 (26). One possible explanation for these find-
ings is that Upfl may ubiquitinate Pgk1-300, thereby stimulat-
ing the degradation of the truncated protein. To test this
possibility, the Lys residue that is crucial for rapid degradation
by the proteasome must be identified.

We have also provided evidence that the Upf complex selec-
tively recognizes PTC products derived from mRNAs contain-
ing a specific premature termination codon (25). Our results
demonstrated that Upfl stimulates the degradation of VHL
protein in the absence of elongin B/C (Fig. 3). An important
question is how the Upf complex mediates the recognition of
the PTC products by the proteasome. Although certain chap-
erones specifically recognize unfolded proteins and facilitate
the proper folding of nascent peptides in eukaryotes, the spe-
cific chaperon facilitates the degradation of associated protein.
For example, the Hsp90 complex containing Ssel, Hsp70, Stil,
and Hsp90 facilitates the degradation of VHL protein by the
proteasome in the absence of cofactor elongin B/C (28). Inter-
estingly, comprehensive analysis of interactions between yeast
proteins revealed that Upfl could interact with Ssel protein
that is an ATP exchange factor of Hsp70 (33). Therefore, one
possibility is that the Upfl complex may interact with Ssel, a
component of the Hsp90 complex containing Ssel, Hsp70, Stil,
and Hsp90. Co-immunoprecipitation experiments revealed
that Upf complex directly or indirectly interacts with the trun-
cated proteins Pgk1-300 (Fig. 2) and the unfolded model pro-
tein human VHL (Fig. 3). Because Hsp70 interacts with trun-
cated Pgk1-300 protein (Fig. 4) and VHL (28), we suspect that
the truncated aberrant protein associates with a putative higher
order complex composed of Upf factors and the Hsp90 com-
plex. Because the folding of VHL by TRiC is inhibited by the
Hsp90 complex, the interaction between Upfl and Hsp90 com-
plex may facilitate the recognition and degradation of VHL by
the proteasome. To investigate this possibility, the roles of com-
ponents of Hsp90 complex in the Upf-dependent degradation
of proteins by the proteasome should be examined.

Alternatively, the Upf complex may recruit the proteasome
and facilitate the degradation of associated PTC product. Con-
sistent with this, a comprehensive two-hybrid analysis showed
that Upflp interacts with Rpnl1p, a 19 S subunit of the protea-
some (33); however, there is no further evidence that Upfl
interacts directly with the proteasome. Further experiments
will be necessary to investigate the possible interactions
between Upf1l and the proteasome.

Our results also demonstrated that Upf factors stimulate the
degradation of Pgk1-300 (Fig. 1) (25), as well as that of VHL
protein in the absence of elongin B/C (Fig. 3), only when these

VOLUME 288+-NUMBER 40-OCTOBER 4, 2013



a)The complex formation of Q
Upf1-Upf2-Upf3 depending on
‘Faux’ translation termination

b) Association of Upf complex
with the PTC-product

c) Release of PTC-product
associated with Upf complex

d) Protein degradation
by the proteasome

FIGURE 5. Model for rapid degradation of truncated aberrant protein
derived from aberrant mRNA containing a specific premature termina-
tion codon. g, premature translation termination leads to recruitment of
Upf1. b, when truncated polypeptide is unfolded, Upf complex forms a com-
plex with truncated polypeptide. ¢, the PTC product is released from ribo-
some but still associates with Upf complex. d, finally, Upf complex-truncated
polypeptide complex is rapidly degraded by the proteasome in a ubiquitina-
tion-independent manner.

proteins were expressed from aberrant mRNAs with long
3'-UTRs. In yeast, formation of the Upf complex has been pro-
posed to be dependent on the presence of a long 3'-UTR. Upf
complex formation might be crucial for rapid degradation of
aberrant mRNAs and the proteins they encode. We propose a
model in which yeast Upfl stimulates the proteasomal degra-
dation of a PTC product derived from an aberrant mRNA con-
taining a faux 3'UTR (Fig. 5). In this model, the Upf complex is
recruited to ribosomes at a PTC in a faux 3'-UTR-dependent
manner and then interacts with the unfolded PTC product via
the Hsp90 complex. The PTC product in the complex is main-
tained in the unfolded state and can therefore be efficiently
recognized and degraded by the proteasome. One important
question is how the Upf complex associates with the PTC prod-
uct during translation. Future studies will determine the impor-
tance of Upf complex-mediated rapid degradation of PTC
products in the processing of aberrant proteins.
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