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Rapid turnover of nonsense-containing mRNAs in yeast is dependent on the product of the UPF1 gene (Upflp). 
Mutations in UPF1 lead to the selective stabilization of mRNAs containing early nonsense mutations without 

affecting the decay rates of most other mRNAs. To identify other integral components of this decay pathway, 

we have employed a two-hybrid screen, seeking those cellular factors that specifically interact with Upflp. 
Screening of yeast genomic libraries identified six genes encoding potential Upflp-interacting proteins. These 

include four previously uncharacterized genes, NMD1-4 (nonsense-mediated mRNA decay), DBP2, a gene 

encoding a putative RNA helicase with homology to mammalian p68 RNA helicase, and SNP1, a gene 
encoding a U1 snRNP 70-kD protein homolog. In this paper we report the identification and characterization 

of NMD2, a yeast gene that encodes a specific Upflp-interacting protein. Disruption of NMD2 yields a 

nonsense-mediated mRNA decay phenotype identical to that obtained in UPFl-deletion strains, indicating 

that the NMD2 gene product (Nmd2p) is a new factor in the nonsense-mediated mRNA decay pathway. 
Deletion analysis demonstrated that the acidic carboxyl terminus of Nmd2p constituted the Upflp-interacting 
domain. High-level expression of a fragment of Nmd2p containing this domain had a dominant-negative effect 

on nonsense-mediated mRNA decay when the protein was localized to the cytoplasm but not when it was 
localized to the nucleus, indicating that this decay pathway has a cytoplasmic component. The association of 

a dominant-negative phenotype with a gene fragment identified in a two-hybrid screen suggests a generalized 

approach to confirming the function of genes identified in such screens. 
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In most genetic systems, 61 of the 64 possible codon 
triplets encode amino acids, and the triplets UAA, UAG, 

and UGA are noncoding and promote translational ter- 

mination (Osawa et al. 1992). Although the polypeptide 
chain-terminating effects of UAA, UAG, and UGA trip- 
lets have been amply documented and characterized 

(Craigen et al. 1990}, they are not the only consequences 

of the occurrence of nonsense codons. For example, in 
both prokaryotes and eukaryotes, nonsense mutations in 

a gene can enhance the decay rate of the mRNA tran- 
scribed from that gene, a phenomenon we describe as 

nonsense-mediated mRNA decay (for review, see Peltz et 
al. 1994). 

Nonsense-mediated mRNA decay has been studied ex- 
tensively in the yeast Saccharomyces cerevisiae where it 

has been shown that degradation of mRNA via this path- 

way is most likely to occur in the cytoplasm and is 
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linked to translation. Evidence in support of these con- 
clusions includes the following: (1) Unstable, nonsense- 

containing mRNAs are stabilized in a strain harboring an 
amber suppressor tRNA (Losson and Lacroute 1979; 

Gozalbo and Hohmann 1990); (2) nonsense-containing 
mRNAs are ribosome-associated (Leeds et al. 1991; He et 

al. 1993; S. Zhang, E.M. Welch, K. Hagan, A. Brown, A. 

Jacobson, and S. Peltz, in prep.}, and the number of ribo- 
somes associated with such mRNAs is a function of the 
relative positions of the respective nonsense codons (He 

et al. 1993); (3) treatment of cells with cycloheximide, an 
inhibitor of translational elongation, stabilizes non- 

sense-containing mRNAs yet removal of cycloheximide 

leads to the immediate restoration of rapid mRNA decay 
(Peltz et al. 1993; S. Zhang, E.M. Welch, K. Hagan, A. 

Brown, A. Jacobson, and S. Peltz, in prep.); and (4) decay 
of nonsense-containing mRNAs requires, in addition to a 
nonsense codon, downstream sequences that appear to 
be a site of translational reinitiation (Peltz et al. 1993, 

1994). 
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Previous studies of nonsense-mediated mRNA decay 
in yeast also showed that the products of the UPF1 and 
UPF3 genes (Upflp and Upf3p) are essential components 
of this degradative pathway. Mutations in these genes 
stabilize mRNAs containing premature nonsense codons 
without affecting the decay rates of most wild-type tran- 
scripts (Leeds et al. 1991, 1992; Peltz et al. 1993, 1994; 
He et al. 1993). The UPF1 gene has been cloned and 
sequenced and shown to be (1) nonessential for viability; 
(2) capable of encoding a 109-kD protein with zinc finger, 
nucleotide binding site, and RNA helicase motifs (Alta- 
mura et al. 1992; Koonin 1992; Leeds et al. 1992}; (3) 
identical to NAM7, a nuclear gene that was isolated as a 
high-copy suppressor of mitochondrial RNA-splicing 
mutations (Altamura et al. 1992); and (4) partially ho- 
mologous to the yeast SEN1 gene (Leeds et al. 1992). The 
latter encodes a noncatalytic subunit of the tRNA splic- 
ing endonuclease complex (Winey and Culbertson 1988; 
DeMarini et al. 1992), suggesting that the UPF1 protein 
(Upflp) may also be part of a nuclease complex targeted 
specifically to nonsense-containing mRNAs. 

To further understand this decay pathway and the 
function of Upflp, we sought to identify genes that en- 
code potential Upflp-interacting proteins. To this end, 
we have employed the two-hybrid system, which allows 
detection of protein-protein interactions via the recon- 
stitution of a functional GAL4 transcriptional activator 
in yeast (Fields and Song 1989; Chien et al. 1991; Fields 
and Stemglanz 1994). In this paper we report the identi- 
fication of NMD2 (nonsense-mediated decay), a yeast 
gene that encodes a specific Upflp-interacting protein. 
Disruption of NMD2 or overexpression of a carboxy-ter- 
minal fragment of the NMD2 protein yields a nonsense- 
mediated mRNA decay phenotype identical to that ob- 
tained in UPF1 deletion strains, indicating that the 
NMD2 gene product (Nmd2p) is a novel component of 
the nonsense-mediated mRNA decay pathway. 

Results 

Identification of genes encoding putative 

Upf lp-interacting proteins 

We have used the two-hybrid system to identify genes 
encoding putative Upflp-interacting proteins. This 
method of detecting protein-protein interactions in 
yeast is based on the observation that the DNA-binding 
and transcriptional activation functions of the GAL4 

protein (Gal4p) can reside on two distinct chimeric poly- 
peptides and still activate transcription from a GAL up- 
stream activating sequence (UAS), provided that the two 
polypeptides can interact with each other (Fields and 
Song 1989; Chien et al. 1991). As employed here, the first 
hybrid was encoded by a plasmid in which the entire 
UPFl-coding region was fused in-flame to the Gal4p 

DNA-binding domain (amino acids 1-147}; second hy- 
brids were encoded by genomic DNA libraries fused, in 
three separate frames, to sequences encoding the Gal4p 
transcriptional activation domain (amino acids 
768-881). Both were cotransformed into a Saccharomy- 

ces cerevisiae strain that contained an integrated GAL1- 

lacZ reporter construct, and colonies expressing detect- 
able ~-galactosidase activity were sought. 

We screened -400,000 transformants. Eighty-seven 
colonies that demonstrated [3-galactosidase activity (i.e., 
colonies pale blue to dark blue on X-gal plates) on the 
initial screen were isolated. Because the libraries were 
constructed with genomic DNA from a GAL4 wild-type 
strain, plasmids containing the GAL4 gene, or fragments 
thereof, are capable of activating transcription of the 
GALI- lacZ reporter gene. These false-positive colonies 
were eliminated by use of the polymerase chain reaction 
(PCR; White et al. 1989) with GAL4-specific primers. 
The library plasmids from the remaining colonies were 
rescued and tested for specificity by retransformation 
into the original strain with either (1) the GAL4-UPF1 

fusion; (2) the GAL4 DNA-binding domain vector only; 
(3) an unrelated fusion, GAL4-CEP1; or {4)an unrelated 
fusion, GAL4-LAM5 (Bartel et al. 1993). Forty-two plas- 
raids that yielded blue colonies only with the GAL4-- 

UPF1 fusion were characterized further by restriction 
mapping, Southern analysis, and partial DNA sequence 
analysis and yielded nine different genes. Six of these 
encode putative Upfl p-interacting proteins because their 
activity in the assay is dependent on fusion to the GAL4 

activation domain. The remaining three do not require 
the presence of the GAL4 activation domain and are 
likely to possess their own activation domains and nu- 
clear localization signals; whether these genes encode 
Upflp-interacting proteins remains to be established. 

Of the six genes encoding putative Upflp-interacting 
proteins, two are identical to previously characterized 
yeast genes, that is, DBP2, a gene encoding a putative 
RNA helicase with homology to the mammalian p68 
RNA helicase (Iggo et al. 1991), and SNP1, a gene encod- 
ing a U 1 small nuclear ribonucleoprotein (snRNP} 70-kD 
protein homolog (Smith and Barrell 1991 }. The other four 
have no apparent homologs in the available data bases, 
and we have named these genes NMD1-4. In this paper 
we have focused on the NMD2 gene; characterization of 
the other genes will be described elsewhere. 

Molecular cloning of the NMD2 gene 

As defined by a qualitative [3-galactosidase assay, Nmd2p 
showed a specific dependency on Upflp in the two-hy- 
brid system. Cells expressing a GAL4 activation do- 
main-NMD2 fusion demonstrated strong [3-galactosi- 
dase activity when simultaneously expressing a GAL4 

DNA-binding domain-UPF1 fusion but had no detect- 
able [3-galactosidase activity when cotransformed with 
plasmids encoding only the GAL4 DNA-binding do- 
main, a GAL4 DNA-binding domain-CEP1 fusion, or a 
GAL4 DNA-binding domain-LAM5 fusion (Fig. 1). Fur- 
ther evidence for the specificity of the interaction(s) was 
obtained by analysis of the effects of specific deletions 
within the UPF1 portion of the GAL4 DNA-binding do- 
main-UPF1 fusion: Deletions in all but one segment of 
the UPFl-coding region eliminated Nmd2p-Upflp inter- 
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Figure 1. The UPF1 protein interacts specifi- 
cally with the NMD2 protein. The S. cerevisiae 

tester strain GGYI::171 was cotransformed 
with the original library isolate pGAD2- 
NMD2 and one of the following plasmids: (1) 
pMA424-UPF1, a GAL4 DNA-binding do- 
main-UPFI fusion; (2) pMA424--CEPI, a 

GAL4 DNA-binding domain-CEPl fusion; (3) 
pMA424-LAM5, a GAL4 DNA-binding do- 
main-LAM5 fusion; or (4) pMA424, the GAL4 

DNA-binding domain vector. Individual Leu + 
His + transformants were selected and streaked 
on synthetic medium plates lacking histidine 
and leucine. ~3-Galactosidase activity assays 
were performed by replica-plating of the trans- 
formants onto SSX plates containing X-gal. 
Cells were incubated at 30~ for 24-48 hr for 
development of blue color. 

action in the two-hybrid assay iF. He, A. Brown, S.W. 

Peltz, and A. Jacobson, in prep.). 

The GAL4 activation domain-NMD2 plasmid recov- 

ered in the two-hybrid screen contains only a fragment of 

the NMD2 gene. To isolate the entire gene, a 1.2-kb 

ClaI-EcoRI fragment downstream of the GAL4 activa- 

tion domain in the fusion plasmid was used to screen a 

yeast YCp50 genomic DNA library (Fig. 2B; Rose et al. 

1987). Two independent clones wi th  identical restriction 

patterns were isolated. By restriction mapping, Southern 

analysis, and subsequent testing for complementat ion of 

an NMD2 chromosomal  deletion (Fig. 2C), we localized 

the NMD2 gene to a 5.2-kb XbaI-SalI DNA fragment 

(Fig. 2B). To obtain a physical map position for the 

NMD2 gene, the 1.7-kb XbaI-ClaI fragment was used to 

probe PrimeClone blots containing characterized frag- 

ments  of most  of the S. cerevisiae genome (Olson et al. 

1986; Link and Olson 1991). Hybridization was detected 

to only one fragment (ATCC no. 7155) known to lie on 

the right arm of chromosome VIII (data not shown). This 

fragment is located between the put2 and CUP1 loci at a 

map position - 2 6 0  kb from the left telomere (Riles et al. 

1993). Interestingly, s u p l l l ,  a recessive omnipotent  

nonsense suppressor, has been mapped genetically to the 

vicini ty of this position (Ono et al. 1986); we have not, 

however, tested whether  NMD2 and supl 11 are allelic. 

Primary sequence of the NMD2 gene 

The complete sequence of the NMD2 gene was deter- 

mined (GenBank accession no. U14974; Fig. 3). The 

NMD2-coding region is 3267 nucleotides in length, en- 

coding an acidic (predicted pi=4.8)  protein of 1089 

amino acid residues with a predicted molecular  mass of 

126 kD. This  interpretation of the NMD2 sequence relies 

on the prediction of a l l3-nucleotide intervening se- 

quence that commences  at position + 7 and divides the 

gene into two exons (Fig. 3). Four observations support 

the existence of this intron. First, the sequence contains 

all three of the standard consensus sequences expected of 

an intron [5' splice site (GUAUGU), branchpoint (UAC- 

UAAC), and 3' splice site (AG)] (Fig. 3). Second, as is true 

for most introns in yeast (Fink 1987), this intron is lo- 

cated at the 5' end of the NMD2 gene {six nucleotides 

downstream from the predicted initiator ATG; Fig. 3). 

Third, we could detect specific primer extension prod- 

ucts by use of two different oligonucleotide primers 

complementary to m R N A  sequences downstream of the 

predicted 3' splice site, but not by use of a primer com- 

plementary to sequences wi th in  the intron (data not 

shown). Finally, using the FLAG or c-MYC epitope tags 

IEvan et al. 1985; Hopp et al. 1988; Prickett et al. 1989) 

and epitope-specific monoclonal  antibodies, we could 

only detect the expression of a 126-kD polypeptide when  

the FLAG or c-MYC sequences were inserted adjacent to 

the putative initiator ATG (FLAG-2-NMD2 or c-MYC-  

NMD2 alleles) but not when the FLAG sequence was 

inserted adjacent to the second ATG {FLAG--1-NMD2 

allele; Fig. 4B). The second ATG is located wi th in  the 

putative intron, 37 nucleotides downstream of the pre- 

dicted intron branchpoint, and is in-frame wi th  the ma- 

jor downstream open reading frame (ORF) but not wi th  

the first ATG. It is important  to note that both the 

FLAG-1-NMD2 and FLAG-2-NMD2 alleles are func- 

tional in that they both show wild-type abil i ty to com- 

plement  a chromosomal deletion of NMD2 (Figs. 2C and 

4A). These results indicate that the FLAG-1 sequence 

inserted downstream of the second ATG has been re- 

moved by splicing, indirectly pointing to the existence of 

the intron in the NMD2 gene. 

Analysis of the NMD2 transcript was consistent wi th  

the predicted ORF. Northern analysis of total RNA iso- 

lated from cells harboring either single or mul t ip le  cop- 

ies of the NMD2 gene identified a transcript of -3 .6  kb 

in size (Fig. 5A). By primer extension, mul t ip le  transcrip- 

tion init iat ion sites were mapped to positions - 56, - 60, 
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Figure 2. DNA fragments associated with 

NMD2 function. (A) Restriction map of the 

nmd2::HIS3 allele. The XbaI-ClaI frag- 

ment of the NMD2 gene, including 444 bp 

of the promoter region and 1286 bp from 

the coding region, was deleted and replaced 

with the yeast HIS3 gene. The shaded ar- 

row represents the HIS3 gene and indicates 

the direction of transcription. The un- 

shaded arrow represents the NMD2 open 

reading frame. (B) Restriction map of the 

NMD2 gene. The NMD2 gene, cloned in 

YCp50, is located within a 5.2 kb XbaI-SalI 

fragment. The N M D 2 0 R F  and direction of 

transcription are indicated by an open ar- 

row interrupted by a shaded box that indi- 

cates the position of the intron. The box 

labeled probe indicates the DNA fragment 

used for screening the genomic DNA li- 

brary. In A and B, the solid box represents a 

segment from the cloning vector YCpS0, 
and the restriction site abbreviations are (B) 

BamHI; (C) ClaI; (E)EcoRI; (H)HindIII; (P) 

PstI; (S) SalI; (Xb) XbaI. (C) NMD2 comple- 

mentation analysis. Lines represent DNA 

fragments that were subcloned into 
pRS315. These constructs were trans- 

formed into the yeast strain HFY1300, 
which contains a partial chromosomal de- 
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letion of NMD2 (see Fig. 2A) and lacks nonsense-mediated mRNA decay activity lsee Fig. 6A-D). Total RNA was isolated from these 

transformants, and Northern analysis was performed with a radiolabeled probe derived from the CYH2 gene {He et al. 1993). Com- 

plementing activity was scored by measuring the relative abundance of the CYH2 pre-mRNA and mRNA in each strain (data not 

shown). ( + and - ) The ability or inability, respectively, to complement the NMD2 chromosomal deletion, i.e., to restore the CYH2 

pre-mRNA to the marginally detectable levels characteristic of wild-type cells (He et al. 1993). FLAG-2 and c-MYC epitope-tag 

sequences were inserted adjacent to the NMD2 initiator ATG codon and FLAG-1 was inserted adjacent to the ATG in the NMD2 

intron (see Fig. 3). 

-64, and - 6 7  (Fig. 5B). A putative TATA box, required 
for most RNA polymerase II transcription (Struhl 1987), 
lies at pos i t ions  - 2 1 9  to - 2 1 3  in the  N M D 2  promoter  

region and ano the r  regula tory  e lement ,  an Abfl  p-binding 

consensus  sequence  (Della Seta et al. 1990), is located 

w i t h i n  pos i t ions  - 198 to - 186 (Fig. 3). 

St ructura l  features of the N M D 2  prote in  (Nmd2p) in- 

ferred from the sequence  ana lys is  inc lude  a h igh ly  acidic 

in terval  (36.8% aspart ic  acid and 25.6% g lu tamic  acid) 

from residues 843 to 975 near  the carboxyl t e rminus  and 

a possible bipar t i te  nuclear  local iza t ion signal at the pro- 

te in ' s  amino  t e r m i n u s  (i.e., w i t h i n  residues 26-29 and 

42-46) (Fig. 3; D ingwal l  and Laskey 1991). Compar i son  

of the Nmd2p sequence with those in the SWISSPROT 
and PIR protein sequence data bases did not reveal any 
extensive identity with known protein sequences but did 
identify three Nmd2p domains with substantial similar- 
ity to regions of other proteins: The first, spanning 
Nmd2p  amino  acids 1-390, shows 47% s imi l a r i ty  w i t h  

t rans la t iona l  e longat ion  factor 2 (Eft l p and Ef t2p)f rom S. 

cerev is iae  (Perentesis et al. 1992); the second, f rom 

amino  acid 400 to 810 in Nmd2p,  shares 42.6% similar-  

i ty  w i t h  the S. cerev is iae  mi tochondr i a l  RNase  P prote in  

Rpm2p (Dang and Mar t in  1993); and the third, encom- 

passing the acidic s t re tch  from amino  acid 820 to 940, 

shows 63.2% s imi la r i ty  w i t h  h u m a n  and mouse  nucle-  

Figure 3. DNA sequence and deduced amino acid sequence of NMD2. Cloning of the NMD2 gene and determination of its DNA 
sequence are described in Materials and methods. The predicted amino acid sequence is indicated in single-letter code and shown 

below each line of DNA sequence. Position number 1 corresponds to the A of the ATG initiation codon. The N M D 2 0 R F  is interrupted 

by an intron of 113 nucleotides in which the conserved 5' splice site (GUAUGU), branchpoint (UACUAAC), and 3' splice site (AG) 
are underlined. Transcription initiation sites at nucleotides - 56, - 60, - 64, and - 67 (relative to the initiator ATG) were determined 

by primer extension analysis and are indicated by vertical arrows. The putative TATA box and Abflp-binding consensus sequence, 
located between positions -219  and -213 and - 198 and - 186 in the NMD2 promoter region are, respectively, underlined by dashed 

lines. Double underlined residues fit the consensus for a bipartite NLS iDingwall and Laskey 1991). The positions where FLAG- or 
MYC-epitope tag sequences were inserted are indicated by lollipops, and the position where the original G A L 4 - N M D 2  fusion begins 

is indicated by an arrow with a right angle stem. The GenBank accession number for this sequence is U14974. 
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olins (Lapeyre et al. 1987; Bourbon et al. 1988) and 65% 

similarity to the mammal ian  polymerase I transcrip- 

tional factors hUBF and mUBF (Jantzen et al. 1990; Hi- 

satake et al. 1991). 

Nmd2p promotes nonsense-mediated mRNA decay 

NMD2 is not essential for cell viabil i ty 

To determine whether the NMD2 gene is essential for 

cell viability, we performed a gene disruption experi- 
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7 6 3 K E Q P L P K E T E F R V S S T F K K Y E N I F G N T K F E R S E N L V E S A S  

2520A~~'Fr~AACGCAATAAA~AAAC, A ~ G T C ~ T L ~ ~ A ~ A ~ ~ T C ~ ~  

8 0 3 R L E S L L K S L N A I K S K D D R V K G S S A S I H N G K E S A V P I E S I T  

2640C, A ~ T C ~ v - ~ T C ~ C ~ - I ~ - I ~ ~ A ' ~ C ~ T A A ~ ~ C A C A G A G T C A C - ~ C A G ~ T C - A G G C ~  

8 4 3 E D D E D E D D E N D D G V D L L G E D E D A E I S T P N T E S A P G K H Q A K  

2 7 6 0 C ~ ~ ~ ~ C ~ A ~ ~ ~ A ~ ~ ~ G G C G A ~ ~ T U ,  A A G A ~ T  

8 8 3 Q D E S E D E D D E D D D E D D D D D D D D D D D D G E E G D E D D D E D D D D  

2 8 8 0 C . A G G A ~ ' / ~ ~ ~ C ~ q ' F ~ A T G G ~ T C ~ C C ~ C A C ~ T T C ,  AAATU, A A A C ~ ~ ~ ~  

9 2 3 E D D D D E E E E D S D S D L E Y G G D L D A ~ R D I E M K R M Y E E Y E R K L  

3000 AAGC, A ~AAC, AAGAATIDG~TVIV_AGAAAA TU~ ~F, CAAC, AA TCCA TAGA ~GGAAAAGCGA~q "i u-i" fuCCAGTAAAA~ ~ 

963 K D E E E R K A E E E L E R Q F Q K M M Q E S I D A R K S E K V V A S K I P V i 

3120 TL'~GCCAGTCAGt~C Cq'TTA T ~ ~  C C ~  CC'FA C C ~ A T C  C AAGC CAAAC, AAC, A T T G C A ~ ~  

1003 S K P V S V Q K P L L L K K S E E P S S S K E T Y E E L S K P K K I A F T F L T 

3240 AAA~AAC~C ACAATCAAGAA~'FI'FA CAATTACCAAC~GA~5"IV, AAA q-vrG TC~ "[V_,ATGTCC ~ ~ ~  ~ ~ ~  

1043 K S G K K T Q S R I L Q L P T D V K F V S D V L E E E E K L K T E R N K I K K I 

3360 G T T T T A A A A ~ ~ A ' I ' I ~  "I'F'IP-,CC~A TATAG'I" i t q ' l q ' ~ K A ' l "  [" I" i "i ~ C  'r'ATA TA ~-,CCCA C T r A ' I u - F  i" 1 ~ ~  ~ ~ ' l u - i  ~" l A ~ A C ~ T  

1083 V h K R S F D " 

3480 GAC~'I'ITI" u~I"ITACA CTC~ T'FFC CAG~ -it,- pIAG'ICAACTE "[V_AC G~CAACAA CAGTTATATC~ T ~  CAC CC, C'[G TA~-iTI;i~x uC CAGTrAG 

3 6 0 0  ~ T r ~ 2 4 & ~ A A ~ X - ~ I L ~ F ~ t ~ C C ' C A A A A A C A ~ ~ ~ A A A ~ C A A ~ A T ' I L ' ~ C A C ~ A A A % - ~ - ~ t - ~ ` ~ C ~ C ~ T A A ~ ~ ~ ~ ~  

Figure 3. ISee facing page for legend.) 
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Figure 4. Expression of epitope-tagged NMD2 al- 
leles. Strains expressing FLAG- or MYC-epitope- 
tagged NMD2 alleles were constructed as de- 
scribed in Materials and methods. (A) The 
epitope-tagged NMD2 alleles are fully functional. 
Total RNA was isolated from the following 
strains: (Lane 1) HFY2302 harboring pRS315- 
NMD2(X-S); (lane 2) HFY2303 harboring pRS315- 
F1-NMD2(X-S); (lane 3) HFY2304 harboring 
pRS315-F2-NMD2(X-S); (lane 4) HFY2305 
harboring pRS315-MYC-NMD2(X-S); (lane 5) 
HFY2301 containing pRS315 only. RNA was frac- 
tionated by gel electrophoresis and analyzed by Northern blotting with a probe from the CYH2 gene. (B) Immunoblot analysis. 
Whole-cell extracts were prepared from the yeast strains described above. Equivalent amounts of extract from each strain were 
fractionated by SDS-PAGE and transferred to Immobilon-P filters. Immunoblots were probed either with anti-FLAG monoclonal 
antibody (M5) (lanes 1-3) or anti-MYC monoclonal antibody (9El0} {lanes 4--5) as described in Materials and methods. The Nmd2p- 
specific band is indicated by an arrow. 

ment in which the 444-bp 5'-noncoding segment of the 

gene and the first 1286 bp of Nmd2p-coding sequence 

were deleted and replaced by the HIS3 gene (Fig. 2AI. The 

nmd2::HIS3 construct was targeted to the NMD2 chro- 

mosomal locus in the diploid W303 (Thomas and 

Rothstein 1989)by homologous recombination, and cor- 

rect integration was verified by Southern analysis of 

chromosomal DNA (Fig. 6A). Consistent with the re- 

placement of NMD2 by nmd2::HIS3, DNA from trans- 

formed strains contains EcoRI fragments of 7.0 and 1.2 

kb that are complementary to an NMD2 probe (Fig. 6A, 

lane P2), whereas the nontransformed strain contains 

only the 7.0-kb fragment {Fig. 6A, lane P1). ]The latter 

fragment most likely contains the only NMD2 se- 

quences in the genome, that is, the NMD2 gene is 

unique, because hybridization of another NMD2 probe to 

PrimeClone blots also identified only a single DNA frag- 

ment (see above)]. After sporulation and tetrad dissec- 

tion, the transformed diploid yielded four viable spores 

from each tetrad with two being prototrophic and two 

auxotrophic for histidine (data not shc~wn). Haploid 

strains containing the nmd2::HIS3 disruption (Fig. 6A, 

lanes 1C, D) were compared with isogenic NMD2 strains 

(Fig. 6A, lanes 1A, B) for their ability to grow on different 

carbon sources {glucose, galactose, and glycerol) at tem- 

peratures ranging from 18~ to 37~ and no differences 

in growth rates were detected between mutant  and wild- 

type strains (data not shown). These data indicate that 

NMD2 is nonessential for cell viability. 

NMD2 disruption selectively stabilizes nonsense- 

containing mRNAs  

Previously, we have shown that mutation or deletion of 

the UPF1 gene leads to a selective stabilization of a class 

of mRNAs in which translation has terminated prema- 

turely (Leeds et al. 1991; He et al. 1993; Peltz et al. 1993). 

This class includes mRNAs with early nonsense or 

frameshift mutations as well as intron-containing pre- 

mRNAs that have entered the cytoplasm (He et al. 1993). 

The latter group includes inefficiently spliced pre-mR- 

NAs (e.g., the transcripts of the CYH2 and RP51B genes) 

and pre-mRNAs whose splicing is regulated (e.g., the 

transcript of the MER2 gene). We expected that mutation 

of a gene encoding a bona fide Upflp-interacting protein 

would most likely lead to the same nonsense-mediated 

mRNA decay phenotype as mutation of the UPF1 gene. 

Because disruption of the NMD2 gene was not lethal, it 

was possible to compare the activity of the nonsense- 

mediated mRNA decay pathway in both NMD2 and 

nrnd2::HIS3 strains. 
Yeast centromere plasmids carrying six different 

PGK1 nonsense alleles were constructed previously 

(Peltz et al. 1993). These plasmids were transformed into 

NMD2 and nmd2::HIS3 strains, and the abundance of 

PGK1 nonsense-containing mRNAs was assessed by 

northern blotting. As was observed previously (Peltz et 

al. 1993), nonsense mutations in the first two-thirds of 

the PGKl-coding region reduced the abundance of the 

corresponding mRNAs 5- to 20-fold {Peltz et al. 1993). 

The abundance of PGK1 mRNAs with nonsense muta- 

tions beyond this point is unaffected. Disruption of the 

NMD2 gene restored wild-type levels to all four of the 

PGK1 transcripts normally subject to nonsense-medi- 

ated mRNA decay (Fig. 6C). As a control, the abundance 

of the wild-type PGK1 and ACT1 mRNAs and the half- 

life of the MAT(xl mRNA in the same cells was mea- 

sured and shown to be unaffected by the nmd2::HIS3 

disruption (data not shown). Northern analysis was also 

used to measure the relative abundance of the CYH2, 

RP51B, and MER2 pre-mRNAs in NMD2 (Fig. 6B, lanes 

1A, B) and nmd2::HIS3 strains (Fig. 6B, lanes 1C, D). We 

found that the abundance of the inefficiently spliced 

CYH2 and RP51B pre-mRNAs, and the MER2 pre- 

mRNA (whose splicing is regulated by MER1; Enge- 

bracht et al. 1991) was markedly increased in strains car- 

tying the nmd2::HIS3 disruption. That this increase in 

RNA abundance was attributable to a reduction of 

mRNA decay rates is shown in Figure 6D. Disruption of 

the NMD2 gene reduces the decay rate of the CYH2 pre- 

mRNA approximately fourfold, that is, from a half-life of 

1.5 min to a half-life of 6.0 min without a concomitant 

effect on the half-life of the CYH2 mRNA (Fig. 6D). 

These results are identical to those obtained in UPF1 
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Figure 5. Analysis of the NMD2 transcript. 
(A) Northern analysis of total RNA from yeast 
strains containing multiple copies of the 
NMD2 gene. tLane 1 } HFY1307 harboring YE- 
plac112; {lanes 2,3) HFY1308 harboring YE- 
placI12-NMD2(X-S}; {lanes 4,5) HFY1309 
harboring YEplac 112-F2-NMD2(X-S); {lane 6) 
HFY1310 harboring YEplacl 12-HA- 
NMD2(X-S). A radiolabeled probe derived 
from the 1.7-kb XbaI-ClaI fragment of NMD2 
was hybridized to the filter. The positions to 
which molecular weight markers migrated 
are indicated as is the position of the NMD2 
mRNA (arrow). The lower molecular weight 
band detected in several lanes [see asterisk) 
may be a product of alternative transcription 
initiation or termination. A 3.6-kb NMD2 
mRNA of significantly lower abundance than 
the mRNAs depicted here is also detected by 
Northern blotting of RNA from cells harbor- 
ing a single copy of the NMD2 gene (data not 
shown). (B) Primer extension analysis of the 
NMD2 transcript. Total RNAs were isolated 
from strains W303 {lane I) and HFY1300 (lane 
2). HFY1300 contains a partial chromosomal 
deletion of NMD2 (see Fig. 2A). A radiola- 
beled primer (NMD2-5) was annealed to total 
RNA and extended by AMV reverse tran- 
scriptase. NMD2 DNA sequence reactions 
with the same primer {run on lanes G,A,T,C) 
were used to determine the positions of the 
primer extension products. The transcription 
initiation sites {relative to the initiator ATG) 
are indicated. 

knockout strains {He et al. 1993) and indicate that 

NMD2 is a novel component of the nonsense-mediated 

mRNA decay pathway and that Nmd2p is most likely a 
bona fide Upflp-interacting protein. 

The acidic carboxyl terminus of Nmd2p interacts 

with Upflp 

DNA sequence analysis indicated that the original 

NMD2 isolate, the GAL4 activation domain-NMD2 fu- 

sion plasmid, encoded 764 amino acids from the car- 

boxy-terminal segment of Nmd2p (Figs. 3 and 7). To 

identify the region of Nmd2p that interacts with Upflp, 

we generated 5' and 3' deletions of the original NMD2 

fragment (see Materials and methods), fused them in- 

frame to the GAL4 activation domain, and assayed for 

interaction with Upflp by use of the two-hybrid system. 

Fusions encoding either 237 or 477 amino acids from the 

amino-terminal half of the original fragment demon- 

strated no detectable 13-galactosidase activity in the pres- 

ence of the GAL4 DNA-binding domain-Upflp fusion 

(Fig. 7, A3 and A4, respectively). However, fusions encod- 

ing either 526 or 286 amino acids from the carboxyl ter- 

minus of the original fragment demonstrated detectable 

13-galactosidase activity (Fig. 7, A1 and A2, respectively). 
These results indicate that the acidic carboxy-terminal 

domain of Nmd2p interacts with Upflp. 

A double mutant, containing disruptions of both 

the UPF 1 and NMD2 genes is phenotypically identical 

to either upfl or nmd2 single mutants 

The identification of Nmd2p as a Upflp-interacting pro- 

tein in a two-hybrid screen and the observation that dis- 

ruption of the NMD2 gene yielded a nonsense-mediated 

mRNA decay phenotype identical to that obtained in 

strains harboring upfl mutations strongly suggests that 

Upflp and Nmd2p interact with each other in vivo and 

that they perform different functions in the same decay 

pathway. This conclusion was strengthened by analysis 

of double mutants in which both the UPF1 and NMD2 

gene products are functionally absent. A upfl :: URA3 al- 

lele in which 1033 bp of the UPFl-coding region from 

nucleotides 1095-2128 was deleted and replaced by the 

URA3 gene was constructed (Leeds et al. 1992). The 

upfl::URA3 and nmd2::HIS3 double mutant  was con- 

structed by transformation of the upfl :: URA3 allele into 

the haploid strain HFY1300, which harbored an 

nmd2::HIS3 allele. Correct integration of upfl::URA3 

was verified by Southern analysis of chromosomal DNA 

(data not shown). The haploid strain containing both the 

upfl::URA3 and nmd2::HIS3 alleles was viable and did 

not demonstrate any growth defect in comparison to 

the haploid strains containing only single disruptions. 

Total RNA was isolated from strains carrying 

UPF1/NMD2, upfl :: URA3/NMD2, UPF1/nmd2::HIS3, 
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Figure 6. Phenotypes associated with disruption 
of the NMD2 gene. (A) Southern analysis of the 
NMD2 gene disruption. A SacI-SalI fragment car- 
rying the nmd2::HIS3 allele was isolated from 
plasmid Bs-nmd2::HIS3 and used to transform the 
yeast diploid strain W303. His + transformants 
were sporulated, and tetrads were individually 

dissected. Four viable spores were obtained from 
each tetrad analyzed. Genomic DNAs from paren- 
tal diploid and progeny haploid strains were iso- 

lated, digested with EcoRI, and analyzed by Southern blotting with a radiolabeled probe derived from the 1.2-kb ClaI-EcoRI fragment. 
(Lane P1) DNA isolated from the homozygous NMD2/NMD2 diploid strain W303; (lane P2) DNA isolated from a diploid His + 
transformant of W303 (HFY1000); (lanes 1A-1D1 DNA isolated from the progeny of four viable spores dissected from the same tetrad 
(HFY1100, HFY1200, HFY1300, and HFY1400). The 7.0- and 1.2-kb fragments represent the wild-type and disrupted alleles of NMD2, 

respectively. Other bands are not specific to NMD2. (B) Disruption of the NMD2 gene increases the relative abundance of intron- 
containing pre-mRNAs. Total RNA was isolated from each of the four progeny haploid strains derived from the same tetrad described 
in A. Northern blots were hybridized with DNA probes described previously tHe et al. 1993) that were specific for the CYH2, RB51B, 

or MER2 transcript. The corresponding mRNAs and pre-mRNAs are indicated. (C) Disruption of the NMD2 gene stabilizes PGK1 

mRNAs containing early nonsense mutations. The construction of isogenic NMD2 and nmd2::HIS3 haploid yeast strains haboring 
different nonsense-containing PGK1 alleles (HFY 1201 to HFY1206 and HFY 1301 to HFY1306) is described in Materials and methods. 

Total RNA was isolated from these strains and analyzed by Northern blotting with a radiolabeled oligonucleotide probe complemen- 
tary to the tag sequence located in the 3'-untranslated region of PGKI nonsense-containing mRNAs (Peltz et al. 1993). The location 
of the nonsense mutation in each PGK1 transcript is presented as a percentage of the PGK1 protein-coding region that is translated 
before the mutation is encountered (Peltz et al. 1993). (D) Disruption of the NMD2 gene reduces the decay rate of the CYH2 pre-mRNA. 
Decay rates of CYH2 pre-mRNA and mRNA were determined by Northern analysis of RNAs isolated at different time points after 
transcription was inhibited by shifting of cultures of isogenic NMD2 (HFY2206) and nmd2 (HFY2106) strains to 36~ Samples were 
taken for 36 min, and the blot was hydridized with a radiolableled CYH2 DNA probe. 

and up f l : :URA3 /nmd2::HIS3 alleles, respectively. 

Northern  analysis wi th  a fragment of the CYH2gene as a 

probe demonstrated that  the abundance of the CYH2 pre- 

mRNA was essentially identical in strains carrying ei- 

ther the single upf l : :URA3 or nmd2::HIS3 disruptions 

or the double disruption (Fig. 8A). These results indicate 

that Upflp  and Nmd2p must  funct ion in closely related 

steps of the nonsense-mediated mRNA decay pathway. 

Overexpression of truncated N m d 2 p  in the cytoplasm 

results in a dominant-negat ive nonsense-mediated 

m R N A  decay phenotype 

Nonsense-mediated mRNA decay in yeast appears to be 

cytoplasmic and is l inked to translat ion (see introduc- 

tory section). Moreover, recent experiments employing 

immunofluorescence microscopy and immunoelec t ron  

microscopy indicate that Upflp  is present predomi- 

nant ly in the cytoplasm, al though a subfraction is de- 

tectable in the nucleus (A.H. Brown, F. He., C. Powers, 

R. Singer, and A. Jacobson, unpubl.). To identify the 

functional  sites for Upflp in this decay pathway, we ex- 

pressed a truncated form of Nmd2p both in the nucleus 

and the cytoplasm. The original GAL4 act ivat ion do- 

m a i n - N M D 2  fusion plasmid encodes 764 amino acids 

from the carboxy-terminal segment of Nmd2p (Fig. 3). 

Transcription of this GAL4-activation d o m a i n - N M D 2  

fusion was driven by a cryptic promoter  in the ADH1 

terminator  present in the vector, and the fusion protein 

was targeted to the nucleus by the SV40 T antigen nu- 
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Figure 7. The acidic carboxyl terminus of 
Nmd2p interacts with Upflp. Deletions 
(5' and 3') of the original NMD2 fragment 
were generated by PCR and fused in-frame 
to the GAL4 activation domain in 
pGAD1F, resulting in pGAD1F-NMD2- 
dxl, -A2, -A3, and-A4 as described in Ma- 
terials and methods. The yeast tester 
strain GGY 1 :: 171 was cotransformed with 
pMA424- UPF1 and pGAD 1F-NMD2-A 1, 
-A2,-A3, and-A4, respectively. [3-Galac- 
tosidase activity was assayed as described 
in the legend to Fig. 1. Fusions encoding 
either 526 amino acids (pGAD1F-NMD2- 

A1) or 286 amino acids (pGAD1F-NMD2- 
h2) from the carboxyl terminus of the original fragment demonstrated detectable [3-galactosidase activity. Fusions encoding either 237 
amino acids (pGAD1F-NMD2-A3) or 477 amino acids (pGAD 1F-NMD2-A4) from the amino-terminal half of the original fragment 
demonstrated no detectable [3-galactosidase activity in the presence of the GAL4 DNA-binding domain-Upflp fusion. 

clear localization signal (Chien et al. 1991). The 6.0-kb 

HindIII fragment encoding this fusion protein was also 

subcloned into pGAD2F so that transcription of the fu- 

sion protein was driven by the more potent ADH1 pro- 

moter. Because the SV40 T antigen nuclear localization 

signal (NLS) of the fusion protein is in a 36-bp EcoRI 

fragment (Benton et al. 1990), we also generated dele- 

tions of the NLS in the respective constructs. Plasmids 

expressing the different fusion proteins were trans- 

formed into the haploid strain HFY1200, which is wild- 

type for both UPF1 and NMD2. Control experiments, 

carried out by use of the two-hybrid assay, showed that 

when NMD2 plasmids lacking the T antigen NLS were 

cotransformed with the original plasmid encoding the 

GAL4 DNA-binding domain-UPF1 fusion, no [3-galac- 

tosidase activity was detectable, that is, nuclear local- 

ization had been eliminated (Fig. 8C). Total RNA was 

isolated from transformants, and Northern analysis was 

carried out with a fragment of the CYH2 gene as a probe 

(Fig. 8B). Overexpression of truncated NMD2 fusion pro- 

tein localized to the nucleus had no effect on the accu- 

mulation of the CYH2 pre-mRNA (Fig. 8B, lanes 2,3). 

Expression of the cytoplasmically localized fusion pro- 

tein caused an accumulation of CYH2 pre-mRNA in a 

dosage-dependent manner, that is, expression of the fu- 

sion protein from the stronger promoter led to a greater 

accumulation of the CYH2 pre-mRNA than expression 

from the weaker promoter (Fig. 8B, lanes 5,6). This result 

demonstrates that at least one function of Upflp is cy- 

toplasmic. Moreover, the success of this approach in cre- 

ating a dominant-negative phenotype establishes overex- 

pression as a means to evaluating whether genes identi- 

fied in two-hybrid screens are bona fide components of 
the pathway under investigation. 

D i s c u s s i o n  

The NMD2 gene encodes a new  factor in the nonsense- 

mediated mRNA decay pathway 

Nonsense-mediated mRNA decay is the rapid turnover 

of an otherwise stable mRNA that ensues when a ribo- 

some encounters a premature translational termination 

codon (for reviews, see Peltz and Jacobson 1993; Peltz et 

al. 1994}. In S. cerevisiae, this decay pathway is depen- 

dent on the UPF1 and UPF3 gene products (Leeds et al. 

1991, 1992; He et al. 1993; Peltz et al. 1993). To identify 

other integral components of this pathway, we have uti- 

lized a two-hybrid screen, seeking those cellular factors 

that potentially interact with Upflp. Here we show that 

at least one gene identified in this screen, NMD2, en- 

codes a novel factor specifically required for nonsense- 

mediated mRNA decay. This conclusion follows from 

the observation that deletion of NMD2 restores wild- 

type levels and decay rates to nonsense-containing PGK1 

mRNAs and to the intron-containing CYH2, MER2, and 

RP51B pre-mRNAs but has no effect on the levels or 

decay rates of inherently unstable mRNAs. These effects 

are analogous to those observed in upflA strains (He et 

al. 1993; Peltz et al. 1993). Like the UPF1 and UPF3 gene 

products (Leeds et al. 1991, 1992), that encoded by 

NMD2 is not essential for viability and does not appear 

to discriminate among the different nonsense codons 

(e.g., the terminator in the RP51B pre-mRNA is UGA 

and that in the CYH2 and MER2 pre-mRNAs is UAG; He 

et al. 1993). 
Mutants in the UPF1 and UPF3 genes were originally 

identified on the basis of their ability to act as allosup- 

pressors of the his4-38 frameshift mutation. In the same 

selection that identified those mutants, Culbertson et al. 

(1980) reported the characterization of two additional al- 

losuppressors, upf2-1 and UPF4-2. upf2 mutants  have 

also been shown to selectively stabilize nonsense-con- 

taining mRNAs without concomitant effects on the de- 

cay rates of most other mRNAs (S.W. Peltz, P. Leeds, and 

A. Jacobson, unpubl.). Cui et al. (this issue) describe the 

cloning and sequencing of UPF2. A comparison of the 

the NMD2 and UPF2 sequences indicates that they are 

the same gene. Collectively, the studies of UPF1, 

NMD2/UPF2, and UPF3 indicate that a potent mode of 

nonsense suppression in yeast involves the restoration of 

wild-type mRNA levels from which even a modest 

amount of read-through translation is sufficient to pro- 

vide minimum levels of a specific protein. 
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Figure 8. Phenotypes associated with disruption of both the NMD2 and UPF1 genes or overexpression of Nmd2p fragments. (A) A 
double mutant containing both upfl::URA3 and nmd2::HIS3 disruptions is phenotypically identical to either upfl or nmd2 single 
mutants. Total RNAs were isolated from each of the following strains: HFY3002 (UPF1/NMD2); HFY3005 (upflA/NMD2); HFY3008 
(UPF1/nmd2A) and HFY3001 (upfA1/nmd2A). RNAs were analyzed by Northern blotting with a radiolabeled CYH2 fragment as probe. 
(B) Overexpression of truncated Nmd2p in the cytoplasm results in a dominant-negative nonsense-mediated mRNA decay phenotype. 
The yeast strain HFY1200, which is wild-type for both UPF1 and NMD2, was transformed with pGAD2F-NMD2-ADHt, pGAD2F- 
NMD2-ADHp, pGAD2F, pGAD2F-NMD2-ADHt-ANLS , and pGAD2F-NMD2-ADHp-ANLS, respectively (see Plasmids and Materi- 
als and methods). Total RNA was isolated from these transformants and analyzed by Northern blotting with a CYH2 DNA fragment 
as probe. Lane 1 contained RNA isolated from HFY1300 (control); RNA in other lanes was from transformants of HFY1200 harboring 
the following plasmids: (lane 2) pGAD2F-NMD2-ADHt; (lane 3) pGAD2F-NMD2-ADHp; (lane 4) pGAD2F; (lane 5) pGAD2F-NMD2- 
ADHt-ANLS; {lane 6) pGAD2F-NMD2-ADHp-ANLS. (C) Deletion of the SV40 NLS from the GAL4 activation domain-NMD2 fusion 
abolishes Upflp--Nmd2p interactions in the two-hybrid assay. The yeast strain GGYI:: 171 was cotransformed with pMA424--UPF1 
and one of the following plasmids: (Row 1 ) pGAD2F-NMD2-ADHt; (row 2) pGAD2F-NMD2-ADHt-ANLS; (row 3) pGAD2F-NMD2- 
ADHp; (row 4) pGAD2F-NMD2-ADHp-ANLS. B-Galactosidase activity was assayed as described in the legend to Fig. 1. 

NMD2 encodes a 126-kD polypeptide wi th  l imited but 

provocative homologies to previously characterized pro- 

teins. These include a homology wi th in  the amino-ter- 

mina l  third of the protein to translational elongation fac- 

tor 2 (Eftlp and Eft2p), a homology wi th in  the middle 

third of the molecule to the yeast RNase P protein, 

Rpm2p, and a homology wi th in  the acidic carboxyl ter- 

minus  of Nmd2p to m a m m a l i a n  nucleolins and up- 

stream binding factor (UBF) transcription factors. Al- 

though it is premature to ascribe any functions to these 

Nmd2p domains, we speculate that the region encom- 

passing the elongation factor 2 homology may interact 

wi th  components  of the translational apparatus and that 

the region homologous to Rpm2p may, in a manner  anal- 

ogous to the funct ion of Rpm2p itself, bind directly to 

RNA, perhaps main ta in ing  m R N A  substrates in confor- 

mations suitable for degradation. The acidic carboxyl 

terminus  of Nmd2p is, as discussed below, required for 

interaction wi th  Upflp.  

Upflp and Nmd2p are likely to be interacting proteins 

Two-hybrid screens have been used previously to iden- 

tify numerous  pairs of potentially interacting proteins in 

several different biochemical  pathways (for review, see 

Fields 1993; Fields and Stemglanz 1994). To maximize  

the possibility that genes identified in such screens ac- 

tually encode bona fide interactors, several genetic cri- 

teria that ensure the specificity of the putative interac- 

tion are applied. In particular, it has been important  to 

demonstrate that the library plasmids isolated in such 

screens score positively for interaction only when paired 

with a plasmid encoding the fusion protein of interest 

and not any other proteins (Bartel et al. 1993). As shown 

in Figure 1, NMD2 fulfills such criteria in that it shows 

a positive response ([3-galactosidase expression) only 

with a GAL4-UPF1 fusion, but not wi th  GAL4-CEP1 or 

GAL4-LAM5 fusions or wi th  the GAL4 DNA-binding 

domain alone. Subsequent tests for specificity rely on 

demonstrat ion of one or more of the following: (1) that 

specific mutat ions  in the gene used as bait inactivate the 

putative interaction; (2) that muta t ion  of the gene iden- 

tified in the screen yields a phenotype consistent with 

the pathway under study; or (3) direct physical interac- 

tion. As shown in Figure 6, B--D, NMD2 must  be a com- 

ponent of the nonsense-mediated decay pathway because 

disruption of the gene inactivates the pathway. Further 

evidence that Upf lp  and Nmd2p are interacting proteins 
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is provided by the observation that cells containing dis- 

ruptions of both the NMD2 and UPF1 genes are pheno- 

typically identical to cells containing either single mu- 
tation (Fig. 8A) and the demonstration that overexpres- 

sion of an Nmd2p fragment targeted to the cytoplasm 
has a dominant-negative effect on nonsense-mediated 

mRNA decay (Fig. 8B). It remains to be established 
whether Nmd2p and Upflp interact directly or are 

bridged by yet another factor. We consider it unlikely 

that a bridging factor exists because such a factor would 
have to be localized to nuclei and present at concentra- 

tions high enough to compensate for the overexpression 

of both genes in the screen and because preliminary ex- 

periments indicate that Upflp and Nmd2p can be coim- 

munoprecipitated (F. He and A. Jacobson, unpubl.}. 

Proof that a previously uncharacterized gene identified 
in a two-hybrid screen is a bona fide component of the 

pathway under study is often difficult to obtain and gen- 
erally involves cloning and sequencing of the entire gene 
as well as additional manipulations, for example, muta- 

tion of the gene. These steps are time consuming and, at 

times, are futile because direct evidence implicating the 
gene's involvement in the pathway is not always ob- 

tained. The association of a dominant-negative pheno- 

type with the overexpression of an Nmd2p fragment sug- 

gests an additional and more rapid approach to assessing 
the importance of genes identified in these screens. We 

consider it likely that overexpression of other gene fu- 

sions identified in two-hybrid screens will have compa- 
rable dominant-negative effects and that such effects 

will be particularly informative about the role of the 
gene product in question. A similar rationale was used 

by Ramer and co-workers (1992) in their demonstration 

that a conditional expression library could be used to 
identify genes whose products were toxic when ex- 

pressed at high levels. 

Degradation of nonsense-containing mRNAs in yeast 

must occur in the cytoplasm 

In mammalian cells several recent reports suggest that 

nonsense-containing mRNAs are associated with the nu- 
clear fraction when they are degraded (Urlaub et al. 1989; 

Baserga and Benz 1992; Naeger et al. 1992; Cheng and 
Maquat 1993; Belgrader and Maquat 1994; Cheng et al. 

1994). In Xenopus and yeast, however, the available data 

suggest that nonsense-mediated mRNA decay occurs in 
the cytoplasm. In Xenopus, nonsense-containing mR- 

NAs are rapidly and specifically degraded after microin- 

jection into oocytes and embryos (Whitfield et al. 1994) 
and, in yeast, nonsense-containing mRNAs are (1) found 

on polysomes in which the extent of ribosome loading 

varies as a function of nonsense codon position (Leeds et 

al. 1991; He et al. 1993), (2) dependent on an apparent 
translational reinitiation site for rapid decay (Peltz et al. 
1993, 1994; E. Welch and A. Jacobson, in prep.), (3) sta- 
bilized in strains containing a nonsense suppressor 

tRNA (Losson and Lacroute 1979), (4) stabilized and fully 

loaded onto polysomes in cells treated with cyclohexi- 

mide (Peltz et al. 1993, 1994; S. Zhang, E.M. Welch, K. 

Hagan, A. Brown, A. Jacobson, and S.W. Peltz, in prep.), 
and (5) rapidly degraded in cycloheximide-treated cells 

immediately after removal of the drug (S. Zhang, E.M. 

Welch, K. Hagan, A. Brown, A. Jacobson, and S.W. Peltz, 
in prep.). These observations are underscored by the re- 

sults shown in Figure 8B, which demonstrate that over- 

expression of a segment of Nmd2p encoding the Upflp- 

interacting domain inhibits nonsense-mediated mRNA 
decay when that polypeptide is targeted to the cytoplasm 
but not when it is targeted to the nucleus. We interpret 

this result to indicate that the Nmd2p fragment is a com- 
petitive inhibitor of the activity of a cytoplasmic factor 

required for mRNA decay, possibly Upflp. This interpre- 

tation does not exclude the possibility that important 

components in the pathway are added to the mRNP dur- 

ing assembly in the nucleus. 

mRNA surveillance and the possible functions of Upflp 

and Nmd2p 

The existence of trans-acting factors that promote rapid 

decay of nonsense-containing mRNAs raised the ques- 
tion of whether such mRNAs are the sole substrates of 

these factors, that is, whether the cell has an apparatus 

to specifically degrade nonsense-containing mRNAs. As 
discussed above, we have shown recently that the non- 

sense-mediated mRNA decay pathway is involved in 
controlling the abundance of pre-mRNAs that enter the 

cytoplasm (He et al. 1993), an observation consistent 
with the general absence of contiguous ORFs within in- 

trons and with their preferred location (at least in yeast) 

at the 5' ends of genes (Fink 1987). The UPF1 and NMD2 

gene products thus function as part of an mRNA surveil- 

lance system that degrades nonsense-containing tran- 
scripts, possibly to ensure that aberrant proteins do not 

accumulate in the cell. A similar conclusion has been 
drawn about the C. elegans smg gene products (Pulak 

and Anderson 1993). Other experiments have shown 

these gene products are also involved in the regulation of 

decay rates in transcripts with upstream ORFs, the reg- 
ulation of translational frameshifting, and the suppres- 
sion of out-of-frame ATG insertions upstream of normal 

translational initiation sites (Cui et al., this issue; Peltz 
et al. 1994; Y. Weng, K. Czaplinski, and S. Peltz, in 

prep.). What, then, is the likely function of these factors? 

A working model of the decay mechanism, based on 
work in several laboratories (Hsu and Stevens 1993; 

Peltz and Jacobson 1993; Peltz et al. 1993, 1994; Muhlrad 
and Parker 1994; E. Welch and A. Jacobson, in prep.) 
suggests that, after termination at a nonsense codon, the 

small ribosomal subunit scans downstream until it en- 

counters a sequence favorable for translational reinitia- 
tion and that the reinitiation event triggers entry into 

the mRNA decapping and 5' ~ 3' exonucleolytic decay 
pathway. Taking into account the fact that mutations in 
UPF1 and NMD2 have no effects on normal mRNAs, 

such a model suggests that Nmd2p and Upflp could be 

factors that are involved in determining the efficiency of 
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t rans la t ional  t e r m i n a t i o n  or re in i t ia t ion  or factors in- 

volved in the  ini t ia l  assembly  of an ini t ia t ion-  and ter- 

m i n a t i o n - c o m p e t e n t  mRNP.  Muta t iona l  analyses of 

these  two gene products,  current ly  in progress, are l ikely 

to provide addi t ional  ins ight  in to  their  respect ive func- 

tions. 

M a t e r i a l s  and  m e t h o d s  

Yeast strains, growth conditions, and cell manipulation 

procedures 

Yeast strains used in this study are listed in Table 1. GGY 1 :: 171 

(Gill and Ptashne 1987) and W303 (Thomas and Rothstein 1989) 

have been described previously. HFY1000, a diploid strain het- 

erozygous for NMD2, was constructed by transformation of 

W303 with a SacI-SalI fragment of the deletion-disruption 

nmd2::HIS3 allele from Bs-nmd2::HIS3 (see Plasmids). 

HFYll00, HFY1200, HFY1300, and HFY1400 are haploid prog- 

eny strains from one tetrad of HFY1000. HFY1201-1206 and 

HFY1301-1306 were constructed by transformation of 

HFY1200 and HFY1300 with each of the six plasmids harboring 

the nonsense-containing PGK1 alleles described previously 

(Peltz et al. 1993). HFY2000 is the same as HFY1300 except that 

it also contains the temperature-sensitive rpbl-1 allele (Nonet 

et al. 1987). HFY2000 was constructed by integrative transfor- 

mation of HFY1300 {YIp5-RPB1-1 U containing the rpbl-1 allele 

on a 5.8-kb EcoRI-HindIII fragment was linearized with XbaI 

within the insert and targeted to the RPB1 locus). Ura + trans- 

formants were selected, grown in rich medium, and then plated 

on media containing 5-fluoro-orotic acid {5-FOA) to select for 

recombinant events leading to excision of the duplicated DNA 

sequences (Boeke et al. 1987). Temperature-sensitive colonies 

were identified and tested for transcriptonal inhibition of RNA 

polymerse II at 36~ by Northern analysis. HFY2106 and 

HFY2206 were constructed by cotransformation of HFY2000 

with either pRS315 or pRS315-NMD2(X-S) and a plasmid har- 

boring a PGK1 allele with a nonsense mutation at the BglII site 

(Peltz et al. 1993). HFY2301-2305 plasmids were constructed 

by transformation of pRS315, pRS315-NMD2(X-S), pRS315- 

F1-NMD2(X-S), pRS31S-F2-NMD2(X-S), or pRS31S-MYC- 

Table 1. Yeast strains 

Strain Genotype Source 

GGYI::171 

W303 

HFYIO00 

HFY1100 

HFY1200 

HFY1300 

HFY1400 

HFY1201 

HFY1202 

HFY1203 

HFY1204 

HFY1205 

HFY1206 

HFY1301 

HFY1302 

HFY1303 

HFY1304 

HFY1305 

HFY1306 

HFY1307 

HFY1308 

HFY1309 

HFY1310 

HFY2000 

HFY2106 

HFY2206 

HFY2301 

HFY2302 

HFY2303 

HFY2304 

HFY2305 

HFY3000 

HFY3001 

HFY3002 

HFY3005 

HFY3008 

&gal4 Agal80 URA3::GALI-lacZ his3 leu2 

MA Ta/MAToc ade2-1/ade2-1 his3-1 I, 15/his3-I 1,15 leu2-3,112/Ieu2-3,112 trpl-1/trpl- 1 

ura3-1/ura3-1 can I- 1 O0/can 1-1 O0 

MATa/MATo~ ade2-1/ade2-1 his3-11,15~his3-11,15 leu2-3,112/leu2-3,I12 trpl-1/trpl-1 this study 

ura3-1/ura3-1 can 1- I O0/can 1-1 O0 nm d2::HIS3/NMD2 

MATer ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-I canl-lO0 NMD2 this study 

MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-lO0 NMD2 this study 

MATot ade2-1 his3-11,15 Ieu2-3,112 trpl-I ura3-1 canl-lO0 nmd2::HIS3 this study 

MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ttra3-I canl-lO0 nmd2::HIS3 this study 

same as HFY1200 but containing [pRIPPGKH2 (31 UAG] 

same as HFY1200 but containing 

same as HFY1200 but containing 

same as HFY1200 but containing 

same as HFY1200 but containing 

same as HFY1200 but containing 

same as HFY1300 but containing 

same as HFY1300 but containing 

same as HFY1300 but containing 

same as HFY1300 but containing 

same as HFY1300 but containing 

same as HFY1300 but containing 

same as HFY1300 but containing 

same as HFY1300 but containing 

same as HFY1300 but containing 

[pRIPPGKAsp UAG] 

[pRIPPGKH2 (2)UAGI 

[pRIPPGKH2 {1) UAG] 

[pRIPPGKXba UAG] 

[pRIPPGKBgl UAG] 

[pRIPPGKH2 (3)UAG] 

[pRIPPGKAsp UAG] 

[pRIPPGKH2 {21 UAG] 

[pRIPPGKH2 (1) UAG] 

[pRIPPGKXba UAG] 

[pRIPPGKBgl UAGI 

[YEplac 112] 

[YEplac112-NMD2 (X-S)I 

[YEplac112-F2-NMD2 (X-S)I 

same as HFY1300 but containing [YEplac112-HA-NMD2 (X-S)] 

MATot ade2-1 his3-11,15 Ieu2-3,112 trpl-1 ura3-1 canl-lO0 rpbl-1 nmd2::HIS3 

same as HFY2000 but containing [pRS315] [pRIPPGKBgl UAG] 

same as HFY2000 but containing [pRS315-NMD2 (X-S)] [pRIPPGKBgl UAG] 

same as HFY2000 but containing [pRS315] 

same as HFY2000 but containing [pRS315-NMD2 (X-S)] 

same as HFY2000 but containing [pRS315-F1-NMD2 IX-S)] 

same as HFY2000 but containing [pRS315-F2-NMD2 (X-S)] 

same as HFY2000 but containing [pRS315-MYC-NMD2 (X-S)] 

MAT~ ade2-1 his3-11,15 Ieu2-3,112 trpl-1 ura3-1 canl-lO0 nmd2::HIS3 upfl::URA3 

same as HFY3000 but containing [pRS315] [pRS314] 
same as HFY3000 but containing [pRS315-NMD2 (X-S1] [pRS314-UPF1] 

same as HFY2000 but containing [pRS315-NMD2 (X-S1] [pRS314] 

same as HFY2000 but containing [pRS3151 [pRS314-UPFll 

Stanley Fields 

Duane Ienness 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 

this study 
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NMD2(X-S) into HFY2000. HFY3000, an nmd2::HIS3 and 

upfl::URA3 double mutant, was constructed by transforming 
HFY1300 with an EcoRI-BamHI fragment of the deletion-dis- 

ruption upfl :: URA3 allele from pGEM-upfl :: URA3. 

Preparation of standard yeast media, cell culture, sporulation, 

and tetrad analysis were carried out according to Rose et al. 

(1990). Transformation with plasmid-borne cloned genes was 

performed by the method of Schiestl and Gietz (1989). ~-Galac- 

tosidase activity was assayed by replica-plating on SSX plates 

(Chien et al. 1991). SSX medium contained 6.7 grams of yeast 

nitrogen base, 30 grams of agar, 40 mg of ~-D-4-chloro-3-indolyl- 

D-8-galactosidase (X-gal), 100 ml of 1 M potassium phosphate 

{pH 7.0), 100 ml of 20% (wt/vol} sucrose, 100 ml of 10x amino 
acids minus leucine and histidine, and H20 to 1 liter. 

Plasmids 

Plasmid libraries containing yeast genomic DNA fragments 

fused to the GAL4 transcriptional activation domain (Chien et 

al. 1991) and plasmids pGAD 1 F, pGAD2F, and pMA424--LAM5 

were generous gifts from Stanley Fields and Paul Barrel (State 

University of New York, Stony Brook). The plasmid pMA424- 

CEP1 was obtained from Richard Baker (University of Massa- 
chusetts Medical Center, Worcester). pRPBI-1 U, which harbors 

the rpbl-I temperature-sensitive allele, was obtained from 

Richard Young (Whitehead Institute, Massachusetts Institute of 

Technology, Cambridge). The following plasmids were also 

used in this study: Bluescript KS( + ), an Escherichia coli cloning 

vector (Stratagene); YIp5, a yeast integrative plasmid containing 

the URA3 gene (Botstein and Davis 1982); pRS314 and pRS315, 

yeast shuttle plasmids containing ARS4 and CEN6 and either 

the TRP1 gene (314) or the LEU2 gene (315) (Sikorski and Hieter 

1989); and YEplacll2, a yeast 2~ vector containing the TRP1 

gene (Gietz and Sugino 1988). The names and genotypes of plas- 
mids constructed in this study are listed in Table 2. pMA424- 

UPF1, the GAL4 DNA-binding domain-UPF1 fusion plasmid, 

was constructed by a three-fragment ligation. A fragment of 144 
bp from the initial ATG codon to the forty-eighth codon of 

UPF1 was amplified by PCR using UPF1-TH-5' and UPF1-TH-3' 

as oligonucleotide primers (amplification with these primers 

led to the introduction of an EcoRI site adjacent to the initiator 

ATG). The PCR-amplified fragment was digested with EcoRI 

and BstXI and ligated with a BstXI-BamHI fragment [including 

the rest of the UPFl-coding region and -1  kb 3' distal to the 

translational termination site including the entire 3'-untrans- 

lated region (UTR)] into plasmid pMA424 digested by EcoRI and 

BamHI. DNA sequence analysis was used to confirm the pri- 

mary structure of the construct. Bs-F1-NMD2(Bg-H) was also 

constructed by a three-fragment ligation. A 635-bp PCR-derived 

BglII-NcoI fragment containing the promoter and 5'-UTR of 

NMD2 and a 386-bp PCR-derived NcoI-HindIII fragment (from 

the ATG in the intron to the unique HindIII site in the coding 
region of NMD2) were ligated into Bluescript digested previ- 

ously by BamHI and HindIII. The oligonucleotide primers 

NMD2-1 and NMD2-10, NMD2-F1, and NMD2-7 were used for 

PCR amplification of both fragments, respectively. Amplifica- 
tion with these primers led to the creation of an NcoI site at the 

position of the ATG in the intron and the introduction of the 
FLAG-epitope sequence immediately downstream. DNA se- 

quencing was used to confirm the structure of the construct. 
Bs-F2-NMD2(Bg-H) was constructed in the same way as Bs-F1- 

NMD2{Bg-HI except that the NcoI site and FLAG-epitope se- 

quence were introduced at the site of the initial ATG codon of 

NMD2. The NcoI and FLAG-epitope tag containing primers 
used were NMD2-15 and NMD2-F2. Bs-MYC-NMD2(Bg-H) was 

constructed in the same way as Bs-F2-NMD2(Bg-H) except that 

the c-myc-epitope sequence was used. The NcoI and c-myc- 

epitope tag containing primer was NMD2-MYC. Bs-HA- 

NMD2(Xh-H) was constructed as follows: First, a 119-bp XbaI/ 

NcoI-XhoI/EcoRI fragment containing a triple repeat of the HA 

epitope (Field et al. 1988) was cloned into pBluescript in which 

the XhoI site had been eliminated by filling in with Klenow 

enzyme {the sequence of this fragment is 5'-TCTAGACCATG- 

GAGTACCCATACGATGTTCCTGACTATGCGGGCTATC- 

CCTATGACGTCCCGGACTATGCAGGATCCTATCCAT- 
ATGACGTTCCAGATTACGCTAGCCTCGAGGAATCC-3'). 

Subsequently, a 473-bp XhoI-HindIII fragment, from the second 

codon of NMD2 to the unique HindIII site in the NMD2-coding 

region, was amplified by PCR (with oligonucleotide primers 

NMD2-HA and NMD2-7) and cloned into the XhoI and HindIII 

sites downstream of the HA epitope sequences. Plasmids used 

to assess the consequences of Nmd2p overexpression were de- 

rived from pGAD2-NMD2. The 6.0-kb HindIII fragment of this 
plasmid encodes the first five amino acids of SV40 T antigen, 

the 12 amino acid NLS from T antigen, amino acids 11-34 from 

T7 RNA polymerase, amino acids 768-881 from the GAL4 ac- 

tivation domain, and a segment of Nmd2p that extends from 

amino acid 326 to the carboxyl terminus of the protein. To 

generate the NLS deletion of this protein, the HindIII fragment 

was subcloned into pBluescript in which the EcoRI site had 
been destroyed by filling in with Klenow enzyme. The resulting 

plasmid was cut with EcoRI, generating a 36-bp fragment (en- 

coding the NLS), a 1.9-kb fragment (sequences encoding T7 

RNA polymerase, GAL4 activation domain, and part of 

Nmd2p), and a 7.0-kb fragment (encoding the rest of Nmd2p, 

vector, and SV40 sequences). The latter two fragments were 

religated, recreating the original fusion protein gene lacking the 

sequences encoding the NLS. The original, and the NLS-de- 

leted, 6.0-kb HindlII fragments were then used to replace the 

0.6-kb HindIII fragment of pGAD2F in both orientations such 

that transcription of one pair of constructs was driven by the 
ADHI promoter (pGAD2F-NMD2-ADHp and pGAD2F- 

NMD2-ADHp-ANLS) and transcription of the other pair was 

driven by sequences within the ADH1 terminator (pGAD2F- 

NMD2-ADHt and pGAD2F-NMD2-ADHt-ANLS). 

Oligon ucleotides 

The oligonucleotides used in this study were obtained from 

Operon, Inc. and are listed in Table 3. 

Two-hybrid screening 

The yeast strain GGYI::171 was cotransformed with both 

pMA424-UPF1 and one of the libraries containing genomic 

DNA fragments fused to the GAL4 activation domain. After 3--4 
days growth on SD--His--Leu plates at 30~ His + Leu + transfor- 

mants were replica-plated to SSX plates and were incubated 

until blue colonies appeared. False-positive colonies resulting 

from cloning of the GAL4 gene into the pGAD vectors were 

eliminated by PCR of yeast cells with the GAL4-specific prim- 

ers GAL4-5' (from nucleotide 1206 to 1229) and GAL4-3' (from 

nucleotide 2552 to 2528} (Laughon and Gesteland 1984). Cells 

from the remaining blue colonies were grown in SD--Leu me- 

dium, and plasmids were recovered and transformed into the E. 

coli strain MH6 by electroporation. The activation domain 
(pGAD} plasmids from the library were identified by their abil- 

ity to complement an E. coli leuB mutation as a result of the 

presence of the plasmid-borne LEU2 gene. To confirm that tran- 
scriptional activation was dependent on the presence of both 
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Table 2. Plasmids 

Plasmids Relevant yeast sequences 

pMA424-UPF1 

pRS314-- UPF1 

pGEM-upf l :: URA3 

Yip5-RPB1-1 U 

pGAD2-NMD2 

Ycp50--NMD2 

Bs-F1-NMD2(Bg-H) 

Bs-F2-NMD2(Bg-H) 

Bs-MYC-NMD2(Bg-H) 

Bs-HA-NMD2(Xh-H) 

Bs-nmd2::HIS3 

pRS315-NMD2(C5'-C3') 

pRS315-NMD2-1 (C3'-S) 

pRS315-NMD2( CS'-P) 

pRS315-NMD2(X-P) 

pRS315-NMD2-2(C5'-S) 

pRS315-NMD2(X-S) 

pRS315-F 1-NMD2(X-S ) 

pRS315-F2-NMD2{X-S) 

pRS315-MYC-NMD2(X-S) 

pRS315-HA-NMD2(X- S) 

YEplac112-NMD2(X-S) 

YEplac 112-F2NMD2(X-S) 

YEplac 112-HA-NMD S(X- S) 

pGADIF-NMD2-A1 

pGAD 1F-NMD2-A2 

pGAD 1 F-NMD2-A3 

pGAD 1F-NMD2-A4 

pGAD2F-NMD2-ADHp 

pGAD2F-NMD2-ADHt 

pGAD2F-NMD2-ADHp-ANLS 

pGAD2F-NMD2-ADHt-ANLS 

3.6-kb EcoRI-BamHI fragment containing the entire UPFl-coding region and -1.O-kb 

downstream sequences cloned into the EcoRI-BamHI sites of pMA424 

4.2-kb EoRI-BamHI fragment containing the entire UPF1 in pRS314 
UPF1 disruption plasmid containing a 1.1-kb EcoRI-EcoRV fragment from the 5' end of UPF1, 

a 1.2-kb SmaI-HindlII fragment of URA3, and a 2.0-kb HindIII-BamHI fragment from the 3' 

end of UPF1 in pGEM-4Z 

5.8-kb EcoRI-HindIII fragment containing rpbl-1 allele cloned into YIp5 

5.3-kb genomic DNA fragment fused to GAL4 activation domain in pGAD2, the fusion begins 

at codon 326 in the NMD2-coding region 

12-kb genomic DNA insert containing the entire NMD2 gene in YCp50 
998-bp BglII-HindlII fragment containing the NMD2 promoter region and 5'-coding region 

cloned into BamHI and HindIII of Bluescript with FLAG-epitope sequence introduced 

adjacent to the ATG in the NMD2 intron 

998-bp BgllI-HindIII fragment containing the NMD2 promoter region and 5'-coding region 

cloned into the BamHI and HindIII of Bluescript with the FLAG-epitope sequence was 

introduced adjacent to the initial ATG codon of NMD2 

998-bp BgllI-HindIII fragment containing the NMD2 promoter region and 5'-coding region 
cloned into the BamHI and HindIII of Bluescript with the MYC-epitope sequence introduced 

adjacent to the initial ATG codon of NMD2 

574-bp NcoI-HindlII fragment containing a triple HA-epitope tag and NMD2 sequences from 

the second codon to the unique HindlII site 

NMD2 disruption plasmid containing a 0.6-kb ClaI-XbaI fragment in the 5' end of NMD2, a 

1.7-kb XbaI-ClaI fragment of HIS3 and a 1.2-kb ClaI-EcoRI fragment in the NMD2-coding 

region in Bluescript 
2.3-kb ClaI{5'~-ClaI(3') fragment of the 5' end of NMD2 in pRS315 

3.5-kb ClaI(3')-SalI fragment of the 3' end of NMD2 in pRS315 

3.4-kb ClaI(5'~PstI fragment of the 5' end of NMD2 in pRS315 

2.8-kb XbaI-PstI fragment of the 5' end of NMD2 in pRS315 

5.8-kb ClaI(5')-SalI fragment of NMD2 in pRS315 

5.2-kb XbaI-SalI fragment of NMD2 in pRS315 
same as pRS315-NMD2{X-S} except that a FLAG-epitope tag sequence was inserted 

downstream of the ATG in the intron of NMD2 

same as pRS315-NMD2{X-S) except that FLAG-epitope tag sequence was inserted downstream 

of the initial ATG codon of NMD2 

same as pRS315-NMD2{X-S) except that MYC-epitope tag sequence was inserted downstream 

of the initial ATG codon of NMD2 

same as pRS315-NMD2(X-S) except that the triple HA-epitope tag sequence was inserted 

downstream of the initial ATG codon of NMD2 

NMD2 XbaI-SalI fragment from pRS315-NMD2{X-S) cloned into YEplac112 
F2-NMD2 XbaI-SalI fragment from pRS315-F2-NMD2{X-S) cloned into YEplac112 

HA-NMD2 XbaI-SalI fragment from pRS315-HA-NMD2{X-S) cloned into YEplac112 

1872-bp PCR-derived BamHI-BglII fragment encoding carboxy-terminal 526 amino acids and 

183 bp of 3'-untranslated region of NMD2 cloned into the BamHI site of pGAD1F 

1041-bp PCR-derived BamHI-BglII fragment encoding carboxy-terminal 286 amino acids and 

183 bp of 3'-untranslated region of NMD2 cloned into the BamHI site of pGADIF 
711-bp PCR-derived BamHI-BgllI fragment encoding 237 amino acids from codon 326 to 563 of 

NMD2 cloned into the BamHI site of pGAD 1F 
1434-bp PCR-derived BamHI-BglII fragment encoding 477 amino acids from codon 326 to 803 

of NMD2 cloned into the BamHI site of pGAD1F 
6.0-kb HindIII-HindlII fragment from pGAD2-NMD2 replaced the 0.6-kb HindIII-HindIII 

fragment of pGAD2F such that the expression of the GAL4 activation domain-NMD2 fusion 

was driven by the ADH1 promoter 
6.0-kb HindIII-HindlII fragment from pGAD2-NMD2 replaced the 0.6-kb HindIII-HindIII 

fragment of pGAD2F such that the expression of the GAL4 activation domain-NMD2 fusion 

was driven by the ADHI terminator 
same as pGAD2F-NMD2-ADHp except that the SV40 nuclear localization signal of the fusion 

protein was deleted 
same as pGAD2F-NMD2-ADHt except that the SV40 nuclear localization signal of the fusion 

protein was deleted 
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Table 3. Oligonucleotides 

Name Sequences 

UPF 1-TH-5' 

UPF 1-TH-3' 

GAL4-5' 

GAL4-3' 

NMD2-1 

NMD2-5 

NMD2-7 

NMD2-10 

NMD2-13 

NMD2-14 

NMD2-15 

NMD2-HA 

NMD2-F1 

NMD2-F2 

NMD2-MYC 

5 ' -CCGGAATTCATGGTCGGTTCCGGTTCT-3 '  

5 ' -AGTGACTTGAGCCTC-3'  

5 ' -GCCCTATCGTGCACTCACCGACGC-3'  

5 ' -GTGAAGGCCCTACTGAGCCAGGAG-3'  

5 ' -ATGATTGCAGTCAGAGGCCACAC-3'  

5 ' -ACTTTTCAGGGGAAAGACTTC-3 '  

5 ' -AACAGAGGGGTTCTCAAAAGC-3'  

5 ' -GACTCCATGGTTGTTACCGTAGTTTACA-3 '  

5 ' -CTGTTGATACATAATTGTTAC-3 '  

5 ' -CAATTCTTTTTTCGTCCATC-3 '  

5 ' -GACTCCATGGTTTCTGTCCAATGTATTATCAATG-3 '  

5 ' -GCCGCTCGAGGACGTATGTTTGATTTATCTT-3 '  

5 ' -GACTCCATGGATTACAAGGACGACGATGACAAGATGTATCAACAGGATGGACGGAKA-3'  

5 ' -GACTCCATGGATTACAAGGACGACGATGACAAGATGGACGTATGTTTGATTTATCTT-3 '  

5 ' -GACTCCATGGAGCAGAAGCTGATTAGCGAGGAAGATCTGAATATGGACGTATGTTTGATI'TAT 

CTT-3' 

gene fusions, the isolated library plasmids were retransformed 

into the original GGY1 :: 171 strain with either (1) the pMA424- 

UPFI fusion, (2) pMA424, the GAL4 DNA-binding domain vec- 

tor only, (3) an unrelated fusion, pMA424-CEP1, or (4) an un- 

related pMA424-LAM5 fusion. Plasmids that yielded blue col- 

onies only with the pMA424-UPFI fusion were characterized 

further by restriction mapping, Southern blotting, and sequence 

analysis. DNA sequences were compared to existing sequence 

databases using the FASTA program (Devereux et al. 1984). 

DNA sequencing 

DNA sequences were determined by the method of Sanger et al. 

(1977). Overlapping fragments of the NMD2 gene were sub- 

cloned in Bluescript and sequenced by annealing of oligonucle- 

otide primers specific to the T3 or T7 promoter regions of the 

plasmid or by use of oligonucleotide primers that annealed 

within the subcloned inserts. 

Transcript mapping 

Primer extension analysis was performed according to the pro- 

cedure described by Boorstein and Craig I1989}. Total RNAs 

from W303 (wild-type, NMD2/NMD2) and HFY1300 (deletion- 

disruption, nmd2::HIS3) were hybridized to oligonucleotide 

primers complementary to the NMD2 sense strand at the fol- 

lowing positions: 99-119 (oligonucleotide NMD2-13); 120-140 

(oligonucleotide NMD2-14); and 174-194 (oligonucleotide 

NMD2-5), respectively. 

Southern blot analysis 

Total yeast genomic DNA was extracted according to the 

method of Holm et al. (1986). After restriction digestion, DNA 

was electrophoresed on 0.8% agarose gels, transferred, and 

cross-linked to Zetaprobe membranes as described in Sambrook 

et al. (1991). Filters were prehybridized 2-3 hr at 42~ in 5x 

SSPE, 40% formamide, 5 x Denhardt's solution, 0.1% SDS, and 

4 mg/ml of salmon sperm DNA. A radiolabeled NMD2 probe 

(1.2-kb ClaI-EcoRI fragmentl, generated by random priming, 

was added and filters were hybridized overnight at 42~ Filters 

were washed twice in 1 x SSC, 0.1% SDS, at room temperature 

and once in 0.1x SSC, 0.1% SDS, at 58~ before analysis on a 

Betagen Blot Analyzer. 

Isolation of the NMD2 genomic DNA clone and disruption 

of the chromosomal NMD2 and UPF1 genes 

A S. cerevisiae genomic DNA library of Sau3A partial fragments 

constructed in YCpS0 was provided by M. Rose (Rose et al. 

1987). Colony hybridization was performed as described in Sam- 

brook et al. (1991) under the same conditions described for the 

genomic DNA Southern hybridization. Approximately three ge- 

nomic equivalents were screened. Disruption of the NMD2 

gene (Rothstein 1991) was performed by transformation of the 

diploid strain W303 with a SacI-SalI fragment from Bs-- 

nmd2::HIS3 (the SacI and SalI sites are in the Bluescript poly- 

linker; see Plasmids) and selecting His + transformants. The 

disruption event was confirmed by Southern analysis. Sporula- 

tion and tetrad analysis yielded haploid strains containing 

nmd2::HIS3 disruptions. The UPF1 gene disruption was per- 

formed by tranforming the haploid strain HFY1300 with a 

EcoRI-BamHI fragment from the plasmid pGEM-upfl ::URA3. 

Ura § transformants were selected, and the disruption event was 

confirmed by Southern analysis. 

Mapping of the NMD2 locus 

The 12-kb insert of yeast DNA in YCp50-NMD2 was mapped 

with different restriction enzymes, and the location of the 

NMD2 gene was determined by comparison of the restriction 

map of this insert with that of pGAD2-NMD2. To obtain the 

smallest functional clone, different fragments from the NMD2 

region were isolated, subcloned into the pRS315 vector, trans- 

formed into HFY1300 (which contains a partial deletion of the 

chromosomal NMD2 gene), and suppression of nonsense-medi- 

ated mRNA decay was assessed by measurement of the abun- 

dance of the CYH2 pre-mRNA by Northern analysis (see Fig. 

2C). To obtain a physical map position for the chromosomal 

NMD2 gene, a 1.7-kb XbaI-ClaI fragment of NMD2 was hybrid- 

ized to filters containing DNA from a set of mapped and char- 

acterized PrimeClones (from ATCC) from the genome of S. cer- 

evisiae AB972 (ATCC 76269}. The conditions of hybridization 
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and washing were the same as described for Southern hybrid- 

ization. 

mRNA decay measurements, RNA preparation, and Northern 

analysis 

mRNA decay rates were measured as described previously (Her- 

rick et al. 1990; Parker et al. 1991; Peltz et al. 1993). For mea- 

surement of mRNA abundance, yeast cells (20 ml) were grown 

to an OD6o o of 0.5-0.7 at 24~ spun down, resuspended in 4 ml 

of the same medium, and incubated at 24~ for 30 min. An 

aliquot (2 ml) of concentrated cell culture was collected and 

frozen quickly on dry ice. Total yeast RNA was isolated as 

described previously (Herrick et al. 1991). For both decay rate 

measurements and abundance measurements equal amounts 

(usually 20 ~g) of total RNA from each sample were analyzed by 

Northern blotting, generally with probes labeled in random 

priming reactions. Hybridization conditions for such blots were 

as described for genomic Southern hybridization. When oligo- 

nucleotide probes were used, the hybridization conditions were 

those described by Peltz et al. (1993). Northern blots were quan- 

titated with a Betagen Blot Analyzer (Herrick et al. 1990). 

mRNA decay data are expressed as the log~o of the percentage of 

each RNA remaining versus time at 36~ 

Western blot analysis 

Yeast whole-cell extracts were prepared by resuspension of cells 

at 30D6o O equivalents/lO0 ~1 in blue-urea mix buffer (1 ml of 

17.5 mM Tris-HCl at pH 6.8, 1.75% SDS, 100 gl of [3-mercap- 

toethanol, 1 gram of urea, and 0.01% bromophenol blue), vor- 

texing with glass beads for 2 min at 4~ and clarification by 

brief centrihagation. After SDS-PAGE, proteins were transferred 

electrophoretically to Immobilon-P membranes (Millipore). An- 

tibody incubation was carried out in PBS (80 mM Na2HPO 4, 20 

mM NaH2PO4, 100 mM NaC1) and 1% dried milk at room tem- 

perature for 60 min. Anti-FLAG monoclonal antibody (M5; 1.2 

mg/ml; a generous gift from Immunex Research and Develop- 

ment Corp., Seattle, WA) and anti-MYC monoclonal antibody 

(9El0; 0.1 mg/ml; Santa Cruz Biotechnologyl were diluted 1: 

1000 and 1:1000, respectively. Horseradish peroxidase-conju- 

gated goat anti-mouse IgG +IgM(H+ L) was diluted 1 : 1000. 

Bound antibodies were detected with the ECL system (Amer- 

sham) used according to the manufacturer's instructions. 
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