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Although it is essential for protein synthesis to be highly accurate, a number of cases of directed ribosomal
frameshifting have been reported in RNA viruses, as well as in procaryotic and eucaryotic genes. Changes in
the efficiency of ribosomal frameshifting can have major effects on the ability of cells to propagate viruses which
use this mechanism. Furthermore, studies of this process can illuminate the mechanisms involved in the
maintenance of the normal translation reading frame. The yeast Saccharomyces cerevisiae Killer virus system
uses programmed —1 ribosomal frameshifting to synthesize its gene products. Strains harboring the mof2-1
allele demonstrated a fivefold increase in frameshifting and prevented killer virus propagation. In this report,
we present the results of the cloning and characterization of the wild-type MOF2 gene. mof2-1 is a novel allele
of SUII, a gene previously shown to play a role in translation initiation start site selection. Strains harboring
the mof2-1 allele demonstrated a mutant start site selection phenotype and increased efficiency of programmed
—1 ribosomal frameshifting and conferred paromomycin sensitivity. The increased frameshifting observed in
vivo was reproduced in extracts prepared from mof2-1 cells. Addition of purified wild-type Mof2p/Suilp
reduced frameshifting efficiencies to wild-type levels. Expression of the human SUI1 homolog in yeast corrects
all of the mof2-1 phenotypes, demonstrating that the function of this protein is conserved throughout evolution.
Taken together, these results suggest that Mof2p/Suilp functions as a general modulator of accuracy at both

the initiation and elongation phases of translation.

The ability of ribosomes to maintain the correct transla-
tional reading frame is fundamental to the integrity of trans-
lation and, ultimately, to cell growth and viability. The protein
translational machinery has evolved to ensure that the intrinsic
error rate of reading frame maintenance is extremely low, with
error rates on the order of 1 misreading in 5,000 translational
events (14, 30, 41). Although it is essential for protein synthesis
to be highly accurate, in the last 10 years, a number of cases of
directed ribosomal frameshifting have been reported in vi-
ruses, including retroviruses, coronaviruses, the L-A double-
stranded RNA (dsRNA) virus and the Ty family of viruses in
the yeast Saccharomyces cerevisiae, the dsSRNA virus of Giardia
lamblia, positive-single-stranded RNA viruses of plants, and
bacteriophage T7. The efficiency of ribosomal frameshifting
determines the relative ratios of Gag to Gag-Pol fusion protein
available for viral particle morphogenesis, and changes in ri-
bosomal frameshift efficiencies have major effects on the ability
of cells to propagate viruses which use ribosomal frameshifting
(reviewed in reference 13). In addition, programmed frame-
shifting has been utilized by a number of bacterial transposons,
as well as in some bacterial cellular genes and the ornithine
decarboxylase antizyme gene in mammals (for reviews, see
references 9, 13, 20, and 22).

Frameshifting events in viruses typically produce fusion pro-
teins in which the N- and C-terminal domains are encoded by
two distinct, overlapping open reading frames. The two cis-
acting mRNA elements that are required to promote —1 ribo-
somal frameshifting have been well defined. A slippery site, X
XXY YYZ (the 0 frame is indicated by the spaces) (26), allows
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the simultaneous slippage of ribosome-bound A- and P-site
tRNAs by one base in the 5" direction (24, 25). A structural
element, usually an RNA pseudoknot, is located immediately
3’ to the slippery site (6, 14, 39). The mRNA pseudoknot
structure makes the ribosome pause over the slippery site and
is thought to increase the probability of 5’ ribosomal move-
ment (37, 42). These signals can direct elongating ribosomes to
shift the reading frame with a frequency of 2 to 10% (reviewed
in references 13 and 20). Thus, this naturally occurring molec-
ular mechanism provides a powerful experimental system for
probing how the maintenance of a translational reading frame
is governed.

The dsRNA L-A virus in the yeast S. cerevisiae has two open
reading frames. The 5’ gag gene encodes the Gag protein, and
the 3’ pol gene encodes a multifunctional protein domain re-
quired for viral RNA packaging and replication. A —1 ribo-
somal frameshift event is responsible for the production of the
Gag-Pol fusion protein. M, a satellite dSRNA virus of L-A
which encodes a secreted killer toxin, is encapsidated and rep-
licated by using the gene products synthesized by the L-A virus
(reviewed in reference 13). The combination of L-A and M,
constitutes the yeast “killer” virus system.

We are interested in identifying the trans-acting factors that
govern programmed —1 ribosomal frameshifting (16). Screens
for mutations that increased the programmed —1 ribosomal
frameshift efficiencies in yeast cells identified chromosomal
mutations that are called mof (for maintenance of frame; 13,
17, 18) and ifs (increased frameshifting; 29). The screen orig-
inally used to identify the mof mutants utilized a construct in
which the lacZ gene was inserted downstream of the L-A —1
ribosomal frameshift signal and in the —1 reading frame rela-
tive to a translational start site. Recent results demonstrated
that mof4-1 is a unique allele of the UPFI gene, which affects
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TABLE 1. Strains used in this study

Strain Genotype Reference or source

YGC106 MATa ade2,3 ura3 leu2 his7 canl sap3 upfl::hisG 11

742-9B MATa leu2-1::pJD8S his3 and/or his4 ura3 mof2-1 18

JD272 MATa leu?2 lysil ura3-52 trpl AK™ This study

JD758 MATa karl-1 leul [L-AHN M,] K* 17

5X47 MATa/MATo hisl/+ trpl/+ ura3/+ K~ R™ 17

Y218 MATo leu2 lys11 ura3-52 trpl A mof2::hisG pYcp22MOF2 K™ JD272 derivative; this study
Y219 MATo leu2 lysl1 ura3-52 trpl A mof2::hisG pYcp22mof2-1 K™ JD272 derivative; this study
Y220 MATo leu2 lys11 ura3-52 trpl A mof2::hisG pYcp22suil-1 K™ JD272 derivative; this study
Y221 MATo leu2 lys11 ura3-52 trpl A mof2::hisG pGhulSOSUI1 K~ JD272 derivative; this study
suil MATo leu2 his4-303(AUU) ura3-52 suil-1 43

sui2 MATa leu2 his4-303(AUU) ura3-52 sui2-1 43

SUI3 MATo leu2 his4-303(AUU) ura3-52 inol-13 SUI3-3 43

both the nonsense-mediated mRNA decay pathway and pro-
grammed —1 frameshifting (11).

Among the mof mutants, strains harboring the mof2-1 allele
demonstrated the greatest increase in programmed —1 ribo-
somal frameshifting efficiency and a temperature-sensitive (ts)
cell cycle arrest phenotype (18). In this report, we present the
results of the cloning of the wild-type MOF2 gene by comple-
mentation of the ts phenotype of mof2-1 strains. mof2-1 is a
novel allele of SUII, a gene previously shown to play a role in
translation initiation start site selection (43). The results pre-
sented here demonstrate that, in addition to possessing a mu-
tant start site selection phenotype, cells harboring the mof2-1
allele also promote increased efficiency of programmed —1
ribosomal frameshifting and paromomycin sensitivity in yeast
cells, indicative of a reduction in translation fidelity. Addition
of purified wild-type Mof2p/Suilp to translationally competent
extracts of mof2-1 cells is able to reduce —1 ribosomal frame-
shifting efficiencies back to wild-type levels, demonstrating that
the Suil/Mof2 protein is actively involved in both the initiation
and elongation phases of protein synthesis. Expression of the
human homolog of this protein in yeast was able to correct all
of the mof2-1 phenotypes, demonstrating that the function of
this protein is conserved throughout evolution. These results
suggest that Mof2p/Suilp may function as a general compo-
nent necessary for translational accuracy.

MATERIALS AND METHODS

Strains and media. The strains of S. cerevisiae used in this study are listed in
Table 1. YPAD, YPG, SD, synthetic complete medium (35), and 4.7 MB plates
for testing the killer phenotype were prepared as previously reported (18).
Strains Y218 to Y221 were constructed by plasmid shuffling (35). Briefly, strain
JD272 was transformed with plasmids carrying different alleles of the MOF2/
SUII gene, including wild-type MOF2, mof2-1, suil-1, and huISOSUII. The
chromosomal copy of the MOF2/SUII gene was then deleted and replaced with
the hisG-URA3-hisG cassette (1). These strains were subsequently plated on
media containing 5-fluoro-orotic acid, and ura mutant strains (mof2::hisG) were
isolated.

Molecular and genetic methods. Transformations of yeast and Escherichia coli
were performed as described previously (12). Cytoductions and the killer test
were performed as previously described (17). Genetic crosses, sporulation tetrad
analysis, and B-galactosidase activity assays were performed as previously de-
scribed (11, 18). Testing for drug sensitivity of the various strains was performed
as previously described (11). Northern blots for monitoring of the killer viruses
were performed as previously described (15).

Plasmid constructions. Plasmids p314-JD85-ter, p315-JD85-ter, p314-JD86-
ter, and p315-JD86-ter, used for frameshifting B-galactosidase assays, were con-
structed as described before (11). p314-JD85-ter and p315-JD85-ter are the lacZ
gene in the —1 reading frame relative to the initiation AUG and preceded by a
—1 ribosomal frameshifting sequence from the L-A virus. p314-JD86-ter and
p315-JD86-ter are the lacZ gene in the 0 reading frame relative to the initiation
AUG and lacking the —1 ribosomal frameshifting sequence. Plasmids pTI24 and
pJD115a, (see Fig. 1B) were described previously (16a, 18a).

The plasmids harboring HIS4#'Y“-lacZ or his4VV“-lacZ that were used for the
his4VYY suppression experiments were kindly provided by T. F. Donahue (43).

The two constructs are identical, except that a single base change in the his4YY-
lacZ allele alters the start codon from AUG to UUG.

Plasmids pYCp33suil-1 and pYCp22suil-1 were constructed as follows. The
1.2-kb BgIII-HindIIl fragment containing the suil-I allele was obtained from
PCRs using primers 1 (5'-[Bg/lI-GACAGATCTGAATCT ATTCTGG-3') and
2 (5'-[HindIII-GACAAGCTTGGGATTCCATGAT-3') (the underlined se-
quences are Bg/II and HindIII sites, respectively). Genomic DNA from a suil-1
strain was used as the template for the PCR. The 1.2-kb Bg/II-HindIII-digested
PCR products were cloned into vector pYCplac33 or pYCplac22. The presence
of the suil-1 mutation was confirmed by sequencing.

The FLAG-MOF2/SUII allele was constructed as follows. Primer a, containing
the sequence which encodes the FLAG epitope, was linked in frame with the N
terminus of Mof2p/Suilp. Primer b corresponds to the 3" end of the MOF2/SUI1
gene and contains a Sall site. The DNA fragment containing the FLAG epitope
at the N terminus of Mof2p/Suilp was generated from plasmid pY Cp22MOF2 by
PCR and cloned into E. coli expression vector pET-14b.

To delete the MOF2/SUII gene from the yeast chromosome, plasmid pKOM2
was prepared by first inserting the 1.2-kb BamHI-HindIII DNA fragment har-
boring the entire MOF2/SUII gene from YCpBH1.2 into a pUCI19 vector and
then replacing a 0.75-kb fragment of the MOF2 gene between the PstI and
BamHI sites (containing the MOF?2 transcription initiation site and part of the
MOF?2 coding region; see Fig. 3A) with a 3.0-kb DNA fragment harboring the
hisG-URA3-hisG cassette. To make the mof2A strain, the PvulII-Pvull fragment
from pKOM2 was used for transformation.

Plasmid pT7-LUC minus 3’ untranslated region A50 (referred to here as
pT7-LUCO; see Fig. 3) was used to produce synthetic 0-frame luciferase-encod-
ing mRNAs. The vector for production of the —1 ribosomal frameshift luciferase
reporter mRNA was constructed as previously described (15).

Isolation and characterization of the MOF2 gene. The MOF2 gene was cloned
from a pYCp50 yeast genomic library. Strain JD742-9B (mof2-1) was trans-
formed with this library, and transformants were screened by replica plating cells
and monitoring their growth at either 24 or 37°C for 5 to 7 days. Colonies that
grew at both temperatures were retested, and one strain harboring plasmid p18
was isolated. To confirm that the growth phenotype of the mof2-1 strain harbor-
ing the plasmid was a consequence of the plasmid, strains that lost the p18
plasmid were identified on 5-fluoro-orotic acid plates and reverted to a ts phe-
notype. The p18 plasmid was isolated and retransformed into a mof2-1 strain
(35). The p18 plasmid rescued the ts growth phenotype of the mof2-1 strain.
Subsequent subcloning and sequencing of the yeast genomic DNA fragment in
plasmid p18 were used to identify the sequences from the yeast genome bank
(see Fig. 1A). The following subclones, containing various DNA fragments, were
based on yeast centromere plasmid pYCplac33 (see restriction map of the yeast
genomic DNA fragment in Fig. 1): pYCpSLA2(HB) (2.4-kb HindIII-Bg/II DNA
fragment), pYCpHE3.2 (3.2-kb HindIII-EcoRT DNA fragment), pYCpES0.8
(0.8-kb EcoRI-Sall DNA fragment), pYCpKS1.8 (1.8-kb KpnI-Sall DNA frag-
ment), and pYCpBH1.2 (1.2-kb Bg/II-HindIII DNA fragment).

Identification of the mof2-1 mutation. A PCR strategy was used to identify the
mof2-1 allele by using primers 1 and 2 described above and primer 3 (5'-[EcoRI]-
GATTTAAAGAGAATTCTTAAGG-3’ [the underlined sequence is an EcoRI
site]). Genomic DNA (50 to 100 ng) was prepared (35) from the mof2-1 strain
and used as the template in a PCR. Primers 1 and 2 were used to synthesize the
1.2-kb DNA fragment to construct pmof2BH, and primers 2 and 3 were used to
synthesize the 0.4-kb DNA fragment to construct pmof2EH. Two PCR products
from two different PCRs were used in the cloning reaction to minimize artifacts
from the PCR. The PCR conditions used were as follows: 95°C for 5 min, 94°C
for 1 min, 45 or 50°C for 1 min, and 72°C for 1.5 min for 25 cycles. The DNA
fragments from the PCR were purified from a 1.5% agarose gel and used to
replace the corresponding DNA fragment of the wild-type MOF2 gene which was
on a YCplac33 vector as described above. Plasmids pmof2BH and pmof2EH
were transformed into a mof2-1 strain (JD742-9B, Table 1), and the ts phenotype
of the transformants was tested. The sequence of the plasmid that failed to
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rescue the ts phenotype of the mof2-1 allele was obtained to identify the muta-
tion site. A single point mutation was identified from pmof2BH and pmof2EH.
Hence, these two plasmids were both named pYCpmof2-1.

Isolation of the human homolog of the MOF2/SUII gene. The human homolog
of the MOF2/SUII gene (hulSOSUII) was obtained by a PCR approach. The
primers used in the PCR were 5'-(BamHI)-AGCCGGATCCACCGAGGAAA
AGGAACG-3" and 5'-(Sall)-GGGAAAGTCGACTCATTGCAAGGAAATC
C-3’ (the underlined sequences are BamHI and Sall sites, respectively). Four
different sources of human cDNA libraries were used as templates for the PCRs.
The conditions for the PCRs were the same as those described above. The
products of the PCRs were purified, restriction enzyme digested, and cloned into
low-copy yeast expression vector pG-1. All of the four cDNA library templates
produced the same size of DNA fragment, and all were cloned and subjected to
the functional tests.

Polysome analysis. Cytoplasmic extracts, prepared as described by Baim et al.
(3a), were fractionated on 15 to 50% sucrose gradients buffered with 50 mM
Tris-acetate (pH 7.4)-50 mM NH,CI-12 mM MgCl,~1 mM dithiothreitol. Gra-
dients were centrifuged in an SW41 rotor at 40,000 rpm for 135 min at 4°C,
fractionated, and analyzed by continuous monitoring of 4,5, (33a).

Purification of the Suilp/Mof2p. The MOF2/SUII allele was FLAG tagged at
its N terminus and expressed in E. coli cells. E. coli cells harboring FLAG-tagged
MOF2/SUII were grown at 20°C, and FLAG-Mof2p/Suilp expression was in-
duced by addition of 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG). A cy-
toplasmic extract was prepared and loaded onto a FLAG monoclonal antibody
column. Fractions eluted from the column by either the FLAG peptide or glycine
were analyzed by sodium dodecyl sulfate (SDS)-14% polyacrylamide gel elec-
trophoresis (PAGE) and either stained with Coomassie blue or immunoblotted
with an anti-FLAG monoclonal antibody. The function of purified wild-type
Mof2p was tested in an in vitro translation system as described below.

In vitro frameshifting assay. Plasmids pT7-LUCO and pT7-LUC-1 were lin-
earized with Dral, and a synthetic transcript containing a 7-Methyl-Gppp cap and
a poly(A) tail was made by using T7 RNA polymerase and a MessageMachine kit
(Ambion). The translation-competent yeast cell extracts were prepared from
strains Y218 (wild type) and Y219 (mof2-1), as described by Tarun and Sachs
(38), as follows. A yeast S30 cell extract was subjected to Sephadex G-25 super-
fine chromatography to remove low-molecular-weight translation inhibitors, and
the peak void volume fractions were collected and pooled. The endogenous
mRNAs were removed from the fractions by treatment with micrococcal nucle-
ase. The in vitro frameshifting reaction mixture contained translation buffer (22
mM HEPES-KOH [pH 7.4], 120 mM potassium acetate, 2 mM magnesium
acetate, 0.75 mM ATP, 0.1 mM GTP, 25 mM creatine phosphate, 0.04 mM
amino acids, 1.7 mM dithiothreitol), 0.27-mg/ml creatine phosphate kinase, 0.07
mM methionine, 0.07-U/ml RNasin, 1.3-ng/ml mRNA (LUCO or LUC-1
mRNA), and 70 pg of cell extract. The reactions were performed at 26°C for 1 h,
stopped on dry ice, and thawed on ice, and luciferase activities were determined
with a Turner 20/20 luminometer. The activity observed after addition of the
frameshifting signal-containing LUC mRNA (LUC-1) was normalized to that of
the 0-frame control (LUCO) and used to gauge frameshifting efficiencies in these
cell extracts. We added 0, 40, 76, or 112 ng of purified Mof2 protein or an equal
amount of protein storage buffer or 100 ng of bovine serum albumin (BSA) to the
in vitro translation reaction mixtures, and the frameshifting efficiencies were
calculated as described above. The functional half-lives of the transcripts (LUC-1
and LUCO) in the in vitro translation system in an individual cell extract, deter-
mined by measuring the luciferase activities at different time points after the
reaction started, were approximately 40 min.

RESULTS

Isolation of the MOF2 gene. A YCp50 yeast genomic library
was used to clone the wild-type MOF2 gene by complementa-
tion of the ts growth phenotype of a mof2-1 strain. Plasmid p18
enabled a mof2-1 strain to grow at 37°C (Fig. 1A). Sequence
data obtained from the insert of plasmid p18 confirmed that it
harbors the complete SUII gene, whose product was shown to
be involved in translation start codon selection (43), and all but
the 3'-terminal portion of the SLA2 gene, which encodes a
membrane cytoskeleton assembly protein (23; Fig. 1A). Fur-
ther subcloning of this DNA fragment demonstrated that only
plasmids containing the wild-type SUI1 gene complemented
the ts growth phenotype of mof2-1 cells (Fig. 1A). Following
sporulation and dissection of diploids resulting from a cross of
ts mof2-1 and suil-1 strains, analysis of 20 four-spore tetrads
demonstrated that all four spores were ts, confirming that
mof2-1 and suil-1 map to the same genetic locus (data not
shown).

Characterization of the MOF2/SUII gene. The effects of
expressing the MOF2/SUII gene in mof2-1 cells on pro-
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grammed —1 frameshifting and M, viral maintenance were
monitored. Programmed —1 ribosomal frameshifting efficiency
was determined in the mof2-1 strains harboring subclones of
plasmid p18. Cells were transformed with either a plasmid that
contains the lacZ coding region inserted downstream of a
programmed —1 ribosomal frameshifting signal from the yeast
L-A virus and in the —1 reading frame relative to a transla-
tional start site (—1 frameshift reporter) or a control plasmid
containing the lacZ gene that lacks the frameshifting signal
insertion and is in the 0 reading frame relative to the transla-
tional start codon (0-frame control; 14). The efficiencies of —1
ribosomal frameshifting were calculated by determining the
ratio of the B-galactosidase activities in cells harboring the —1
frameshift reporter plasmid to activities from cells harboring
the O-frame control plasmid (11, 14). The programmed —1
ribosomal frameshifting efficiency was approximately 10% in
a mof2-1 strain harboring only the YCplac33 vector or sub-
clones lacking the entire MOF2/SUII gene (Fig. 1A, plasmids
pYCpES0.8 and pYCpHE3.2). Programmed —1 ribosomal
frameshifting efficiencies, however, decreased to approxi-
mately 2% in a mof2-1 strain harboring the wild-type MOF2/
SUII gene. These levels are equivalent to those observed in
wild-type cells (Fig. 1A, plasmids p18, pYCpBH1.2, and pY-
CpKSL1.8).

Although programmed —1 ribosomal frameshifting appears
to be elevated in mof2-1 cells, it is possible that the increased
B-galactosidase activity was due to reasons other than changing
programmed frameshift efficiencies. For example, increased
B-galactosidase activity could be observed as a consequence of
an increased translation frameshift and/or termination sup-
pression or initiation of translation at a non-AUG or UUG
codon. To rule out these possibilities, we monitored B-galac-
tosidase activity by using reporter plasmids that did not contain
the L-A —1 frameshift signal. Plasmid pTI24 (16a) is identical
to O-frame control plasmid pTI25, except that the lacZ gene is
in the —1 frame with regard to the translational start site (Fig.
1B). Thus, the B-galactosidase activity generated from this
plasmid is a consequence of an unprogrammed —1 ribosomal
frameshift event. In addition, pJD115a (Fig. 1B) (18a) was
used to test termination suppression. Plasmid pJD115a is de-
rived from —1 frameshift plasmid pF8, except that a 0-frame
termination codon disrupts the ability of the slippery site to
promote efficient frameshifting. In addition, the lacZ gene is in
the 0 frame with respect to the translation start site (Fig. 1B).
Thus, the B-galactosidase activity generated from this plasmid
should be a consequence of suppression of the nonsense
codon. Isogenic wild-type and mof2-1 cells were transformed
with these plasmids, B-galactosidase activities were measured,
and the ratios of the two test plasmids to the O-frame control
(pTI25) were determined. The results demonstrated that the
ratios of nonsense or frameshift suppression to the O-frame
control in wild-type and mof2 strains were 50- to 200-fold lower
than the levels observed when the L-A programmed —1 frame-
shift site was present (Fig. 1B, compare pF8 to pTI24 and
pJD115a). Taken together, these results demonstrate that the
increase in B-galactosidase activity from the programmed —1
reporter plasmid observed in a mof2-1 strain (Fig. 1A) was
most likely not a consequence of promiscuous translation ini-
tiation or enhanced nonsense or nondirected frameshift sup-
pression (Fig. 1B).

The ability of cells to maintain the M, virus was determined
in a mof2-1 strain harboring subclones of the MOF2/SUII gene
on a centromere plasmid. L-A and M, were introduced into
cells by cytoplasmic mixing (cytoduction), and these cells were
replica plated onto a lawn of cells sensitive to the killer toxin.
Cells maintaining the M, virus secrete the killer toxin, creating
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FIG. 1. Molecular cloning of the MOF2 gene, characterization of the human homolog, and identification of the mof2-1 lesion. (A) At the top is a schematic
representation of the 4.0-kb insert isolated from the YCp50 plasmid library (p18). Below are the locations of the SUII and SLA2 coding sequences. The open reading
frame of SUII is indicated as an arrow and a shaded box within the 1.23-kb fragment. The subclones of plasmid p18 (left) and their effects on growth, —1 ribosomal
frameshifting efficiency, and the M, killer phenotype are shown on the right. ND, not done. (B) The elevated B-galactosidase activities observed in a mof2-1 strain were
a result of elevated programmed —1 frameshifting efficiencies. The 0-frame reporter plasmid (pTI25), the programmed —1 frameshift reporter plasmid (pF8), the
frameshift suppression reporter plasmid (pTI24), and the nonsense suppression plasmid (pJD115a) were transformed into either wild-type mof2-1 strains, and the
B-galactosidase activities were monitored. The ratio of the tester plasmids (pTI24 and pJD115a) to the 0-frame control (pTI125) was determined, and the results are
presented as percent pTI25). (C) The human homolog of the MOF2/SUII gene was obtained from a human cDNA library and cloned into the pG-1 vector harboring
the yeast glyceraldehyde-3-phosphate dehydrogenase (GPD) promoter and phosphatidylglycerol kinase 1 (PGK1) terminator sequences. Functional complementation
tests were performed in a mof2-1 strain. (D) Sequence alignment of human, mosquito, rice, yeast, and Methanococcus (methanol) Suilp/Mof2p homologs. The
conserved amino acids are in uppercase. The mutation site of the mof2-1 allele was determined by a PCR strategy described in Materials and Methods. It is localized
in the C terminus of the protein coding region and changes Gly, (s to Arg. The mutation sites of the suil alleles are also shown (43).
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TABLE 2. Characterization of frameshifting efficiencies in isogenic MOF2/SUII cells

B-Galactosidase activity”
Strain (genotype)

Frameshifting
efficiency (%)

Fold wild-type

frameshifting Maintenance or loss

of M, dsRNA”
0 -1 +1 -1 +1 -1 +1
Y218 (wild type) 43.18 0.91 1.39 2.1 32 1.0 1.0 +
Y219 (mof2-1) 45.46 4.86 1.64 10.7 3.6 5.1 12 —
Y220 (suil-I) 44.70 2.41 1.38 5.4 3.1 2.6 1.0 +
Y221 (huISOSUIN) 32.38 0.65 0.97 2.0 3.0 1.0 1.0 +

“These experiments were conducted with isogenic SUII/MOF2 strains. The values shown are average measurements of at least three individual colonies.
B-Galactosidase activity is presented as units of optical density at 420 nm per hour per unit of optical density at 600 nm, with variations of no more than 15%. The
—1 or +1 frameshifting efficiency was determined by measuring the ratio of B-galactosidase activity in a strain harboring either the —1 or +1 frameshifting reporter
plasmid to the activity in the same strain harboring the 0-frame control plasmid. The frameshifting increases (fold wild type) are mutant/wild-type frameshifting
efficiency ratios. In the last column, the M, killer phenotype was determined by cytoduction in which the donor strain was JD758.

® The maintenance (+) or loss (—) of M; dsRNA was analyzed by 1.5% agarose gel electrophoresis from nucleic acids extracted from the cytoductants.

a ring of growth inhibition (17). The results from these exper-
iments indicate that although a mof2-1 strain harboring non-
functional MOF2/SUII subclones cannot maintain M, (Fig.
1A, plasmids pYCpES0.8 and pYCpHE3.2), a mof2-1 strain
containing the wild-type MOF2/SUII gene is able to propagate
M, (Fig. 1A, plasmids p18, pYCpBH1.2, and pYCpKSL.8).
The presence of the M, virus was confirmed by determining
that the M; dsRNA was present in extracts of these cells (data
not shown). Taken together, these results demonstrated that
expression of the MOF2/SUII gene in a mof2-1 strain restored
growth at 37°C, lowered programmed —1 ribosomal frame-
shifting efficiency to levels observed in wild-type cells, and
restored the ability of cells to propagate the M, virus.

The human homolog of the MOF2/SUII gene functions in
yeast. A human homolog of the MOF2/SUII1 gene product
(huISOSUI1) has recently been identified by assembling
expressed sequence tags (21). Several polypeptide frag-
ments sequenced from rabbit reticulocyte eucaryotic initiation
factor 1 (eIF-1) were shown to be similar to yeast Suilp and
huISOSUI1 (27). Sequence alignment of the yeast, rice, mos-
quito, Methanococcus, and human Suil proteins shows high
levels of amino acid sequence similarity, suggesting that the
gene for Suil has been well conserved throughout a wide range
of organisms and during evolution (21; Fig. 1D).

Yeast Suilp and huISOSUI1 share 60% identity and 80%
similarity (21; Fig. 1D). To test whether mammalian eIF-1 can
substitute for its yeast counterpart, Suilp/Mof2p, in vivo, we
cloned the human homolog of the MOF2/SUII gene from a
human cDNA library by PCR and expressed it from a single-
copy plasmid containing the constitutive yeast glyceraldehyde-
3-phosphate dehydrogenase promoter and phosphatidylglyc-
erol kinase 1 terminator (see Materials and Methods). This
plasmid was transformed into a mof2-1 strain and introduced
into a mof2A/suil A strain by plasmid shuffling (see Materials
and Methods). The results from these experiments are sum-
marized in Fig. 1C and Table 2. The plasmid expressing
huISOSUI1 supported the growth of mof2A/suil A cells at both
permissive and nonpermissive temperatures, allowed cells to
exhibit wild-type phenotypes of —1 ribosomal frameshifting
efficiency, and enabled these cells to propagate the M, virus
(Table 2). These results indicate that mammalian eIF-1 can
function in yeast cells.

Identification and characterization of the mof2-1 lesion in
the SUII gene. The mutation responsible for the mof2-1 allele
was determined by PCR cloning as described previously (11).
DNA fragments containing different regions of the MOF2/
SUII gene were isolated by PCR from the genomic DNA of
mof2-1 cells, cloned into a yeast shuttle vector, and trans-
formed into mof2-1 cells (11; see Materials and Methods). The

DNA fragment containing the mutation was identified by de-
termining which fragment of the MOF2/SUII gene failed to
complement the mof2-1 ts growth phenotype. The mof2-1 mu-
tation is near the carboxyl terminus of the protein, converting
highly conserved Gly, s to Arg (Fig. 1D). As described below,
this mutation was confirmed to be responsible for all of the
mof2-1 defects. Interestingly, both the mof2-1 and sui alleles
were identified in screens that monitored translational fidelity
(18, 43). The mutations that affect either translation initiation
(suil alleles) or programmed —1 frameshifting (mof2-1 allele)
are both located very near the carboxyl terminus of the protein
in highly conserved amino acids Aspg, and Glng, within the
context LOGDQR (suil alleles) (21, 43) or Gly,,s (mof2-1
allele) within the conserved HGF motif, indicating a potential
functional domain in this region.

Strains harboring the mof2-1 allele allow translation initi-
ation at a non-AUG codon. Strains harboring the previously
identified suil alleles allow translation to begin at a UUG
codon in the absence of an AUG start codon (8, 43). We
examined whether a strain harboring the mof2-1 allele was also
able to initiate translation at a UUG codon by using a set of
isogenic strains constructed to eliminate possible differences in
the genetic background for the suil-1 and mof2-1 alleles. Since
the MOF2/SUII gene is essential for cell survival, the isogenic
mof2-1, suil-1, and wild-type (MOF2"/SUII") strains were
constructed by plasmid shuffling (35). Wild-type, suil-1 or
mof2-1 alleles on centromere-based plasmids were introduced
into a wild-type strain (JD272) to support cell viability when
the MOF2/SUII gene was deleted from the chromosome (see
Materials and Methods). mof2A/suil A strains carrying either
the plasmid-borne suil-1 or mof2-1 allele were ts for growth,
indicating that the plasmid-borne mutant alleles function anal-
ogously to their chromosomal counterparts. The strain con-
taining the wild-type MOF2/SUII gene was able to grow at
both 24 and 37°C.

The isogenic wild-type (MOF2"/SUI1™), mof2-1, and suil-1
cells were transformed with constructs containing either a nor-
mal AUG start codon in the HIS4 gene or one in which the
AUG codon was changed to a UUG codon and fused in frame
with the lacZ gene (HIS4-AUG-lacZ and his4-UUG-lacZ; 43).
The B-galactosidase activities were determined, and the ratios
of the activities from his4-UUG-lacZ and HIS4-AUG-lacZ
were calculated to represent the level of translation initiation
at a UUG codon. The results of these experiments are sum-
marized in Table 3. Similar to a suil-1 strain, mof2-1 cells were
able to initiate translation at a UUG codon at efficiencies
equivalent to that observed in suil-I cells. The basal levels of
the B-galactosidase expression from HIS4-AUG-lacZ were sim-
ilar in wild-type and mof2-1 cells (Table 3), indicating that
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TABLE 4. Assay of ribosomal frameshifting in sui suppressors

HIS#'VSdacZ  hisa"VS-lacz  UVS UUG

Strain a B-galactosi- B-galactosi- AU.G suppresgion
(genotype) dase activity dase activity re;tlo (fold wild
(%) type)
Y218 (wild type) 8.6 0.22 2.5 1.0
Y219 (mof2-1) 7.1 1.14 16.0 6.4
Y220 (suil-1) 4.6 0.68 15.6 6.2
Y221 (huISOSUI) 6.1 0.19 3.0 1.2

“ These experiments were performed with isogenic SUII/MOF?2 strains in
which the SUII/MOF2 gene was deleted from the chromosome and the specific
alleles were carried on centromere-based plasmids. Low-copy-number plasmids
containing either HIS4'Y“-lacZ or his4"Y“-lacZ were transformed into each
strain. The two constructs are identical, except that the start codon in his4VV¢-
lacZ is altered from AUG to UUG. The values shown are averages of two
independent experiments using three individual colonies from each strain for the
B-galactosidase assay. B-Galactosidase activity is presented as units of optical
density at 420 nm per hour per unit of optical density at 600 nm. The UUG/AUG
ratio was calculated by dividing the B-galactosidase activity in a strain harboring
his4"Y“lacZ by the B-galactosidase activity in the same strain harboring
HIS#'YY.lacZ. UUG suppression is expressed as the UUG/AUG ratio of the
mutant divided by the UUG/AUG ratio of the wild type.

there were no significant translation initiation defects in the
mof2-1 strain. The basal levels of B-galactosidase expression
from HIS4-AUG-lacZ in a suil-1 strain was reduced less than
twofold (Table 3). Further, strains harboring the huISOSUI1
allele did not utilize UUG efficiently as a translation start
codon, consistent with the phenotypes observed in cells har-
boring the yeast wild-type MOF2/SUII gene (Table 3).

The mof2-1 allele of SUII, but not the sui2-1 or SUI3-3 allele,
affects programmed ribosomal frameshifting. Since mutations
in the MOF2/SUII gene affect programmed —1 ribosomal
frameshifting, we investigated the possibility that these effects
are solely attributable to translation initiation defects. Strains
harboring sui2 and SUI3 alleles have the same levels of trans-
lation initiation at a UUG codon as those with suil alleles, as
monitored by using the his4-UUG-lacZ reporter construct (8).
Therefore, we asked whether the strains harboring the sui
alleles affect programmed —1 ribosomal frameshifting as well.
The —1 ribosomal frameshifting reporter constructs were in-
troduced into wild-type, mof2-1, suil-1, sui2-1, and SUI3-3
strains to determine the effect of these mutations on —1 ribo-
somal frameshifting efficiency. The results of these experi-
ments indicated that the —1 programmed frameshifting effi-
ciencies in wild-type or mof2-1 cells were 2.3 and 8.5%,
respectively, consistent with the results observed previously
(Fig. 1A). The suil-1 allele increased programmed —1 ribo-
somal frameshifting approximately twofold (Table 4). Al-
though sui2-1 and SUI3-3 have the same or even higher levels
of translation initiation at a UUG codon than suil-1 or mof2-1
(8), these alleles did not affect the efficiency of programmed
—1 ribosomal frameshifting significantly (Table 4).

The differences in —1 ribosomal frameshifting in mof2-1 and
suil-1 cells were further characterized in the isogenic mof2-1
and suil-1 strains (Y219 and Y220) to eliminate possible dif-
ference in the genetic background. The results of these exper-
iments demonstrated that the efficiencies of —1 ribosomal
frameshifting in mof2-1 and suil-1 strains were 10.7 and 5.4%,
equivalent to 5.1- and 2.6-fold increases, respectively, com-
pared to wild-type cells (Table 2). The steady-state levels of the
—1 frameshift reporter lacZ transcripts in all of these strains
were equivalent (data not shown), suggesting that the different
frameshifting efficiencies observed in these cells were not due
to differences in the stability of this mRNA. Further, the ability
of these strains to maintain the M, killer virus was monitored

B-Galactosidase

activity Frameshifting Fold wild-type

Strain® ﬁ efficiency (%) frameshifting
Wild type 24.8 0.57 2.3 1.0
mof2-1 29.7 2.54 8.5 3.7
suil-1 32.8 1.47 4.5 2.0
sui2-1 6.9 0.19 2.7 1.2
SUI3-3 46.8 1.30 2.8 1.2

“ The strains used in these experiments were either from the MOF2 isogenic
strain (the wild type and a mof2-1 mutant) or from isogenic sui strains (suil-1,
sui2-1, and SUI3-3 mutants; 43). The —1 frameshifting reporter or 0-frame
control plasmid was transformed into each strain, and three individual colonies
from each strain were tested for B-galactosidase activity. The results had varia-
tions of no more than 11%. The —1 frameshifting efficiency was determined by
the ratio of B-galactosidase activity in a strain harboring the —1 ribosomal
frameshifting reporter plasmid to the activity in the same strain harboring the
0-frame control plasmid. The frameshifting increase values (fold wild type) are
ratios of the frameshifting efficiency of mutant cells to that of wild-type cells.

as described above. The results demonstrated that cells har-
boring the wild-type (MOF2*/SUII ™) or suil-1 allele were able
to maintain the M; dsRNA virus, while strains harboring the
mof2-1 allele could not maintain the virus (Table 2, last col-
umn). These data are consistent with the large change in —1
ribosomal frameshifting efficiency observed in a mof2-1 strain,
an effect that promotes loss of the M, virus (17, 18). The higher
—1 frameshifting efficiency in mof2-1 cells compared to suil-1
cells suggests that the frameshifting defects in mof2-1 cells are
more severe. Given that the levels of translation initiation at a
UUG codon are equivalent for the mof2-1, suil-1, sui2-1, and
SUI3-3 mutants (8), their different effects on —1 ribosomal
frameshifting cannot be attributed to a general defect in trans-
lation initiation. Thus, the MOF2/SUII allele-specific effects
suggest the involvement of Mof2p/Suilp in both the initiation
and elongation phases of protein synthesis.

The mof2-1 and suil-1 mutants do not affect +1 ribosomal
frameshifting. The results described above indicate that pro-
grammed —1 ribosomal frameshifting is affected in mof2-1
cells. We next determined whether +1 programmed ribosomal
frameshifting is also affected by this mutation. Isogenic wild-
type (MOF2"/SUII"), suil-1, and mof2-1 strains were trans-
formed with a +1 frameshifting reporter construct which har-
bors the lacZ reporter gene inserted downstream of a
programmed +1 frameshifting signal from the yeast Tyl ret-
rotransposable element in the +1 reading frame relative to the
translational start site (4). The efficiencies of +1 ribosomal
frameshifting were measured by determining the ratio of the
B-galactosidase activities in cells harboring the +1 frameshift
reporter plasmid to the activities in cells harboring the O-frame
control plasmid. The results demonstrated that the +1 frame-
shifting efficiencies in mof2-1, suil-1, and wild-type cells were
all the same (Table 2), indicating that the increased frameshift-
ing efficiency in mof2-1 cells is specific for —1 programmed
ribosomal frameshifting rather than a consequence of a gen-
eral defect in translational fidelity.

The mof2-1 strain is sensitive to paromomycin. Strains har-
boring mutations that lower translational fidelity have been
shown to be hypersensitive to the aminoglycoside antibiotic
paromomycin, a drug that is thought to increase the frequency
of misreading in yeast (33, 36). The paromomycin sensitivities
of the isogenic mof2-1, suil-1, and wild-type strains were
tested. As shown in Fig. 2, drug sensitivity can be monitored by
determining the size of the zone of growth inhibition around a
drug-containing disc on a lawn of cells. The results demon-
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Paromomycin (2.5mg)

Y219 (mof2-1)

Y218 (WT) Y220 (suil-1)

FIG. 2. Drug sensitivity tests of isogenic MOF2/SUII strains. Cells were
grown in C-Trp medium to mid-log phase and diluted to an optical density at 600
nm of 0.4 to 0.5, and a 300-.I volume of cells was spread on the C-Trp plates. A
disc containing 2.5 mg of paromomycin was placed on the plate, and the ring of
cell growth inhibition around the disc was measured after incubation at 24°C for
4 to 5 days. These experiments were repeated with at least two independent
colonies and performed with different concentrations of drugs. WT, wild type.

strated that mof2-1 cells were more sensitive to paromomycin
than were suil-1 cells. Interestingly, suil-1 cells had an inter-
mediate level of sensitivity to the drug. This result mirrors our
observation that although a mof2-1 strain shows the highest
increases in —1 ribosomal frameshifting efficiency, pro-
grammed —1 ribosomal frameshifting efficiencies were slightly
increased in a suil-1 strain compared to wild-type cells. In-
creased paromomycin sensitivity is also consistent with our
previous findings which showed cells with the mof4-1 allele of
the UPFI gene to be paromomycin sensitive (11). Thus, the
paromomycin sensitivities of mof2-1 and suil-1 cells further
support the possible role of Mof2p/Suilp in controlling trans-
lational fidelity.

Strains harboring the mof2-1 allele do not demonstrate a
polysome defect. The results described above indicated that the
basal levels of B-galactosidase expression from HIS4-AUG-
lacZ were similar in wild-type and mof2-1 cells, indicating that
there were no significant translation initiation defects in the
mof2-1 strain (Table 3). To confirm and extend this result, we
analyzed the polysomes found in wild-type and mof2-1 cells.
Extracts from wild-type and mof2-1 cells were prepared, and
polysomes were analyzed on sucrose gradients (see Materials
and Methods). The results are shown in Fig. 3. Comparison of
the polysome profiles of wild-type and mof2-1 cells demon-
strated no dramatic polysome defect (Fig. 3).

The defect in —1 ribosomal frameshifting in mof2-1 cells can
be recapitulated in an in vitro translation system. To investi-
gate whether Mof2p is directly involved in modulating pro-
grammed —1 ribosomal frameshifting, translationally compe-
tent yeast cell extracts from wild-type and mof2-1 strains
lacking the killer virus were prepared (Materials and Methods;
38). Capped and polyadenylated transcripts containing the lu-
ciferase protein coding region either lacking (0-frame control,
pT7-LUCO; Fig. 4A) or containing the L-A —1 ribosomal
frameshift signal (—1 frameshift reporter, pT7-LUC-1; Fig.
4A) were synthesized in vitro (see Materials and Methods).
These mRNAs were added to the translation extract, and the
amount of luciferase synthesized was determined by a lucif-
erase activity assay (Fig. 4B). Programmed —1 ribosomal
frameshifting efficiencies were monitored in vitro by determin-
ing the ratio of luciferase activity from the —1 frameshift re-
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wild-type

408 608

mof2-1

408 60S

FIG. 3. Analysis of polysome profiles from wild-type and mof2-1 cells. Wild-
type (MOF2") and mof2-1 cells were grown and harvested, and cytoplasmic
extracts were prepared and fractionated on sucrose gradients as described in
Materials and Methods. The A4,s,s indicating the polysome profiles of wild-type
and mof2-1 cells are shown.

porter transcript (pT7-LUC-1) to that from the 0-frame con-
trol mRNA (pT7-LUCO). Consistent with the results observed
in vivo, extracts prepared from wild-type cells promoted a —1
ribosomal frameshifting efficiency of 2.3% and extracts pre-
pared from a mof2-1 strain had a —1 ribosomal frameshifting
efficiency of 9.3% (Fig. 4B). Thus, the increased —1 ribosomal
frameshifting observed in strains harboring the mof2-1 allele
can be recapitulated in an in vitro translation system. The
increase in programmed ribosomal frameshifting was not a
consequence of stabilizing the reporter transcripts in these
extracts, since the functional half-lives of the pT7-LUCO and
pT7-LUC-1 transcripts were the same in reaction mixtures
containing either wild-type or mof2-1 cell extracts (data not
shown).

Purified Mof2p restores wild-type levels of ribosomal frame-
shifting in extracts prepared from mof2-1 cells. We next ex-
amined whether purified Mof2p/Suilp can correct the pro-
grammed —1 ribosomal frameshifting defect in an extract
prepared from a mof2-1 strain. The FLAG-MOF2/SUII allele,
which harbors an epitope tag at the amino terminus of its
protein coding region, was constructed and utilized to detect
and purify Mof2p/Suilp. Cells harboring the FLAG-MOF2/
SUII allele had the same growth and frameshifting phenotypes
as cells harboring the wild-type MOF2/SUII gene (data not
shown). FLAG-MOF2/SUII was expressed in E. coli, and cy-
toplasmic extracts were prepared and applied to an anti-FLAG
immunoaffinity chromatography column. Mof2p/Suilp was
subsequently eluted from the antibody column with the FLAG
peptide. As shown in the Coomassie blue-stained SDS-PAGE
gel in Fig. SA, fractions eluted from the antibody column by
the FLAG peptide contained a single band with an apparent
molecular mass of approximately 17 kDa, consistent with pre-
vious reports that Suilp is 16 kDa (32). Furthermore, proteins
in the FLAG peptide-eluted fractions were able to react with
the anti-FLAG antibody, as detected by immunoblotting (Fig.
5B), indicating that the purified protein was encoded by the
FLAG-MOF2/SUI1 allele. Increasing amounts of purified
Mof2p/Suilp were added to the in vitro translation reaction
mixtures and programmed —1 ribosomal frameshifting effi-
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FIG. 4. In vitro frameshifting assay with yeast cell extracts. (A) The capped and polyadenylated in vitro-synthesized transcripts, used for in vitro translation
reactions, shown contain the luciferase protein coding region either lacking (0-frame control [LUCO]) or containing (LUC-1) a —1 ribosomal frameshift (RFS) site.
(B) Equal amounts (20 ng) of RNA were added to the in vitro translation system with an individual cell extract. The level of protein expression was measured by a
luciferase assay, and the efficiency of —1 frameshifting was determined by the ratio of luciferase activity from LUC-1 to that from LUCO. The values shown are averages

of at least three independent experiments done in triplicate. WT, wild type.

ciency was determined as described above (Fig. 5C). The re-
sults demonstrate that exogenously added Mof2p/Suilp can
reduce the efficiency of programmed —1 ribosomal frameshift-
ing in extracts of mof2-1 cells to the level observed in extracts
of wild-type cells (Fig. 5C). As a control, experiments were
performed in which 200 ng of BSA was added as a nonspecific
control. The results demonstrated that addition of BSA to the
reactions did not reduce programmed —1 frameshift efficien-
cies in a mof2 extract (data not shown). The added Suilp/
Mof2p had no apparent effect on the efficiency of frameshifting
in a wild-type cell extract (Fig. 5C). These results strongly
suggest that Mof2p/Suilp is directly involved in regulating the
efficiency of programmed —1 ribosomal frameshifting.

DISCUSSION

We previously identified a set of yeast chromosomal mutants
having increased efficiencies of programmed —1 ribosomal
frameshifting. We have been characterizing these trans-acting
factors to elucidate the role of the protein synthetic machinery
in this posttranscriptional regulatory mechanism. In this study,
we isolated the MOF2 gene and showed that it is isogenic with
SUII. Suilp was previously shown to be important in start site
selection in translation initiation (43). Our studies on the
mof2-1 allele of the SUII gene indicate that it is also required
to help maintain the appropriate reading frame during the
elongation phase of translation. Based on these observations,
we hypothesize that Mof2p/Suilp is a pivotal protein involved
in the accuracy of both the initiation and elongation phases of

the translation program. The role of the MOF2/SUII gene
product is probably not unique to yeast, since a human ho-
molog of this gene has been identified and can function in yeast
cells. Each of these points will be discussed below.

The human Suilp homolog, eIF-1, functions in yeast cells to
modulate programmed —1 ribosomal frameshifting. The wild-
type MOF2 gene was shown to be allelic to SUII (Fig. 1). A
human homolog of Suilp/Mof2p, called huISOSUI1 (eIF-1),
has recently been identified. huISOSUI1 shares 60% identity
and 80% similarity with Mof2p/Suilp (Fig. 1D) (21). eIF-1 is
one of the smallest translation initiation factors defined with an
in vitro translation system (40). In vitro studies have shown
that eIF-1 stimulates tRNA or mRNA binding to the 40S
ribosomal subunit and the 80S ribosomal complex (40). We
have shown that the huISOSUIl-encoding gene suppressed
the effects of the mof2-1 mutation. A mof2-1 strain harboring
the hulSOSUI1-encoding gene was viable at 37°C, showed an
efficiency of programmed —1 frameshifting equivalent to that
of wild-type MOF2/SUII cells, and was able to maintain the M,
killer virus (Fig. 1B and Table 2). Taken together, these results
demonstrate that the SUII/MOF?2 gene is conserved between
mammalian and yeast cells. Thus, understanding the mecha-
nism of how this conserved protein functions to monitor the
translational process in yeast will aid our understanding of the
underlying mechanisms governing translation in mammalian
systems.

Mof2p/Suilp is a general monitor of translational fidelity.
The mof2-1 allele resulted in elevated —1 ribosomal frame-
shifting efficiency (Table 2), loss of the M, killer virus (Table
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FIG. 5. Purification of Mof2p and in vitro frameshifting assay. (A and B) A cytoplasmic extract of E. coli cells expressing FLAG-MOF2/SUII was prepared and
loaded onto a FLAG monoclonal antibody column. Fractions eluted from the column were separated by SDS-PAGE and monitored by staining with Coomassie blue
(A) or immunoblotting with an anti-FLAG monoclonal antibody (B). (C) In vitro frameshifting assay using yeast cell extracts and purified FLAG-Mof2/Suil protein.
In vitro translation extracts and reactions were prepared as described by Tarun and Sachs (38), with strains Y218 (wild type [WT]) and Y219 (mof2-1 in Y218). Capped
and polyadenylated mRNA (LUC-1 and LUCO0) were used to program the in vitro translation reactions by using either the wild-type or mof2-1 extract. Zero, 40, 76,
or 112 ng of purified Mof2 protein was added to the in vitro translation reaction mixtures (from left to right), and the frameshifting efficiency is defined as the ratio
(percentage) of luciferase activity produced from the —1 ribosomal frameshift mRNA (LUC-1) to the luciferase activity produced from the 0-frame control (LUCO).
The luciferase activity from the O-frame control from extracts prepared from either wild-type or mof2 cells was varied between 20 and 30 U. Reactions were prepared
in triplicate, and the values shown are averages of two sets of independent experiments. The standard deviations from these experiments are shown. The values to the

left of A and B are molecular sizes in kilodaltons.

2), greater paromomycin sensitivity (Fig. 2), and altered trans-
lation initiation codon selection (Table 3). Isolation of the
wild-type MOF2 gene demonstrated that it is identical to the
previously isolated SUII gene. The sui mutants (i.e., suil, sui2,
and SUI3) were originally identified as mutations that allowed
an initiator Met-tRNA;M¢" to mismatch base pair with a UUG
codon in the absence of an AUG initiator codon (43). The
SUI2 and SUI3 genes were shown to encode yeast translation
initiation factors eIF-2a and eIF-2p, respectively (10, 19). The
SUII gene product is not part of the eIF-2 complex (43).
Recent results have demonstrated that 30% of Suilp is asso-
ciated with the eIF-3 complex (32). eIF-3 is thought to stabilize
the eIF-2-GTP-Met-tRNA;M*' complex on the 40S ribosomal

subunit and prevent 60S ribosomal subunit joining (31). How-
ever, 70% of Suilp is not associated with eIF-3 and thus may
function independently (3).

Our results suggest direct involvement of Suilp/Mof2p in
the regulation of programmed —1 ribosomal frameshifting ef-
ficiencies. The experiments using the sui2-1 and SUI3-3 mu-
tants demonstrate that general initiation defects cannot ac-
count for the extent of the observed increases in programmed
—1 ribosomal frameshifting and inability to propagate M, ob-
served in mof2-1 strains. The possibility that the increased
B-galactosidase activity observed in mof2-1 strains might be a
consequence of utilizing an internal UUG translation initiation
site can be eliminated since the ribosomal frameshift transcript
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sequence does not contain any UUG codons in frame with the
lacZ reporter gene. Although both the mof2-1 and suil-1 al-
leles are capable of promoting translation initiation at a UUG
codon, only mof2-1 strains lose the M, killer virus (Table 2),
demonstrating that the effect on programmed ribosomal
frameshifting is most pronounced with the mof2-1 allele. The
elevated programmed —1 ribosomal frameshifting efficiency
observed in mof2-1 cells can be recapitulated in an in vitro
frameshifting assay (Fig. 4B), and addition of purified wild-
type Mof2p can repair the defect in programmed —1 ribosomal
frameshifting in extracts prepared from mof2-1 cells (Fig. 5C).
This observation is particularly significant since it demon-
strates a direct effect of Mof2p/Suilp on translation elonga-
tion. Taken together, these results strongly indicate that Suilp/
Mof2p is directly involved in the monitoring of —1 ribosomal
frameshifting.

Interestingly, the effects of the mof2-1 allele were specific to
programmed —1 frameshifting but did not affect Tyl-pro-
grammed +1 ribosomal frameshifting (Table 2). Yeast cells
harbor two different viral systems that utilize programmed
ribosomal frameshifting. The frameshift site found in the Tyl
retrotransposons induces a +1 frameshift (5), while the L-A
site induces a —1 frameshift event (13). Both frameshift pro-
cesses require specific signals (or slippery sites) and a ribo-
somal pausing event. They differ, however, in their require-
ments for A- and P-site occupancy of the ribosome. The +1
frameshift event is favored by an empty A site occurring after
peptide bond formation and translocation (20). The —1 frame-
shift event, however, requires occupancy of both the A and P
sites (13). Thus, the specific effects observed in strains harbor-
ing a mof2-1 mutation on —1, but not +1, programmed frame-
shifting are consistent with a role of this protein in maintaining
fidelity at early ribosome-dependent proofreading steps such
as those modulated by EF-1a (15).

How is Suilp/Mof2p involved in monitoring the fidelity of
multiple steps in translation? Appropriate recognition of
RNA signals is necessary for proper regulation of RNA-medi-
ated posttranscriptional events. Altered recognition of RNA
signals can lead to inappropriate regulation of gene expression.
Mutations in the MOF2/SUII gene allow initiation of transla-
tion at non-AUG codons and also reduce a very specific aspect
of fidelity during translation elongation. We hypothesize that
Mof2p/Suilp is a key component of a complex that is required
to monitor translational fidelity and that mutations in the
MOF2/SUII gene alter this process by reducing translational
fidelity at the level of codon-anticodon recognition.

If this hypothesis is correct, then how does this small protein
monitor translational fidelity? Although the final answer still
has to be determined, the paradigm for fidelity in translation
initiation and elongation may give us a clue to this problem.
Initiation and elongation both utilize GTP hydrolysis as a key
component employed to regulate the accuracy of these pro-
cesses (7, 28, 31, 34). We hypothesize that Mof2p/Suilp is a
factor that regulates the proofreading activity and that muta-
tions in its gene can reduce fidelity by altering the kinetics of
ribosome-associated events. We hypothesize several models by
which the mof2-1 allele reduces the ability of ribosomes to
recognize near-cognate tRNA-mRNA interactions that are
normally rejected by both the 43S preinitiation complex and
the ribosome during the elongation phase of protein synthesis.

Mof2p/Suilp can be potentially involved in a number of
steps in the proofreading process. First, it is possible that
Mof2p/Suilp affects the GTP hydrolysis rate, so that the fidel-
ity of RNA recognition is reduced. Mutations in the MOF2/
SUII gene may alter the rate of GTP hydrolysis for eIF-2 or
elongation factor 1 (EF-1), leading to reduced fidelity during
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the initiation and elongation phases of translation. The MOF2/
SUII gene does not demonstrate any similarity to other known
genes harboring nucleoside triphosphate-binding motifs, sug-
gesting that this protein is not a GTP-hydrolyzing protein. It is
possible, however, that Suilp/Mof2p can alter GTP hydrolysis
by functioning as a GTPase-activating protein to enhance GTP
hydrolysis by other proteins. Potential targets of Mof2p/Suilp
include elF-2, EF-1a, and eEF-2. These are all known GTP-
hydrolyzing proteins involved in translation initiation and elon-
gation. We are currently examining whether purified Suilp/
Mof2p has GTPase activity or can modify the GTPase activities
of other proteins. If this is the case, regulation of GTP hydro-
lysis as a sensor of the accuracy of the cognate codon-antico-
don interactions would serve as a general modulator in trans-
lation (34).

Second, the Mof2p/Suilp mutation may affect the affinity of
the aa-tRNA or the aa-tRNA binding factor (eIF-2 or EF-1a)
for the ribosome P or A site, respectively. An enhanced affinity
would increase the residence time at the ribosome, even in the
absence of a noncognate interaction, such as between the
UUG codon and Met-tRNA;. This would increase the proba-
bility that the intrinsic GTPase activity would occur, depositing
an incorrect but near-cognate aa-tRNA. Similarly during elon-
gation, while the intrinsic rate of GTP hydrolysis is low, a
sufficient increase in residence time would allow hydrolysis to
occur spontaneously. This would provide the increased A-site
residency required by —1 programmed frameshifting (13).

Third, errors in translation may be sensed at the P site (2).
Reduced P-site editing may allow the ribosome to tolerate a
noncognate codon-anticodon pair. The initial binding of Met-
tRNA; at the initiating codon occurs at the P site. This mech-
anism would allow the ribosome to better retain the near
cognate tRNA both for the initial binding of Met-tRNA, at a
UUG codon and consequent to the ribosomal slippage after
programmed —1 frameshifting.

Mof2p/Suilp appears to be a general monitor of the fidelity
of RNA recognition that is actively involved in both the initi-
ation and elongation phases of protein synthesis. Thus, these
results suggest that Mof2p/Suilp is a key regulator that is
involved in the monitoring of at least two very important as-
pects of gene expression. Consequently, understanding how
Mof2p/Suilp functions will greatly contribute to our under-
standing of how fidelity of RNA recognition is regulated within
the cell.
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