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ABSTRACT

Translation of the mitochondrially coded COX2 mRNA within the organelle in yeast produces the precursor of Cox2p (pre-
Cox2p), which is processed and assembled into cytochrome c oxidase. The mRNA sequence of the first 14 COX2 codons,
specifying the pre-Cox2p leader peptide, was previously shown to contain a positively acting element required for translation
of a mitochondrial reporter gene, ARG8m, fused to the 91st codon of COX2. Here we show that three relatively short sequences
within the COX2 mRNA coding sequence, or structures they form in vivo, inhibit translation of the reporter in the absence of
the positive element. One negative element was localized within codons 15 to 25 and shown to function at the level of the
mRNA sequence, whereas two others are within predicted stem-loop structures formed by codons 22–44 and by codons 46–74.
All three of these inhibitory elements are antagonized in a sequence-specific manner by reintroduction of the upstream
positive-acting sequence. These interactions appear to be independent of 5�- and 3�-untranslated leader sequences, as they are
also observed when the same reporter constructs are expressed from the COX3 locus. Overexpression ofMRS2, which encodes
a mitochondrial magnesium carrier, partially suppresses translational inhibition by each isolated negatively acting element, but
does not suppress them in combination. We hypothesize that interplay among these signals during translation in vivo may ensure
proper timing of pre-Cox2p synthesis and assembly into cytochrome c oxidase.
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INTRODUCTION

Cytochrome c oxidase is an integral membrane complex

consisting of eight nuclear and three mitochondrially en-

coded subunits in Saccharomyces cerevisiae (Geier et al.

1995). The mitochondrially encoded subunits, Cox1p,

Cox2p, and Cox3p, form the enzymatic core. Translation of

the three mitochondrial subunits depends upon mRNA-

specific activators (Fox 1996a, 1996b), which appear to lo-

calize translation within the organelle (Sanchirico et al.

1998). Interactions among these translational activators

may facilitate assembly of the enzymatic core by coordinat-

ing Cox1p, Cox2p, and Cox3p synthesis (Naithani et al.

2003).

Translation of the COX2 mRNA encoding subunit II of

cytochrome c oxidase is controlled by the rate-limiting ac-

tivator Pet111p, which interacts with the 54-nt 5�-untrans-
lated leader of the mRNA (Fox 1996a; Green-Willms et al.

2001). Translation of COX2 yields pre-Cox2p, a precursor

protein with a 15-residue leader peptide (Sevarino and Poy-

ton 1980) that is cleaved during or following Cox2p assem-

bly in the inner membrane (Pratje et al. 1983). Although the

leader peptide does not function strictly as a signal sequence

directing translocation of a reporter protein fused down-

stream, it is sufficient to cause association of the fusion

protein with the inner membrane (He and Fox 1997). Fur-

ther, the leader peptide is essential for accumulation of

functional Cox2p, as deletion of the leader peptide coding

sequence inhibits respiration (Torello et al. 1997). Interest-

ingly, however, mammalian Cox2p is synthesized without a

leader peptide (Steffens and Buse 1979; Anderson et al.

1982), and the leader peptide sequences of pre-Cox2p or

other mitochondrial precursor proteins in other fungi

(Hardy and Clark-Walker 1990; Hoeben et al. 1993) and in

plants (Lu and Hanson 1994) show little similarity to each

other.

In addition to a possible role for the leader peptide poly-
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peptide in pre-Cox2p targeting, the mRNA sequence en-

coding the leader peptide is required for expression of the

reporter ARG8m (Steele et al. 1996) when it is translationally

fused to the 91st codon of COX2 (Bonnefoy et al. 2001).

Partial deletions of leader peptide codons from this cox2(1–

91)::ARG8m reporter inhibit its translation (Bonnefoy et al.

2001), despite the fact that the Cox2p leader peptide is not

required for expression of ARG8m inserted at the COX2

locus in the absence of any COX2 codons (Bonnefoy and

Fox 2000). Thus, the leader peptide codons appear to in-

fluence translation positively by antagonizing one or more

inhibitory sequences within COX2 codons 15 to 91 (Bon-

nefoy et al. 2001). Characterization of this positive regula-

tory sequence showed that codons 2 to 6 are most impor-

tant for activity and that the positive element is embedded

within the mRNA sequence, rather than the polypeptide

sequence (Bonnefoy et al. 2001).

Here we present the identification and characterization of

three inhibitory sequence elements within the Cox2p cod-

ing sequence that inhibit translation in the absence of the

positive element embedded in the leader peptide coding

sequence. At least one of these elements also appears to be

embedded in the nucleotide sequence of the mRNA rather

than in the polypeptide sequence it encodes.

RESULTS

COX2 codons 15–25 are sufficient to inhibit
translation of the ARG8m reporter at COX2

Although ARG8m fused to the first 91 COX2 codons

(cox2(1–91)::ARG8m) is expressed robustly (Bonnefoy and

Fox 2000), deletion of COX2 codons 2–14 (cox2(1,15–

91)::ARG8m) prevents its expression, apparently due to an

inhibitory sequence or sequences within the downstream

COX2 codons (Bonnefoy et al. 2001). Because the primary

translation product coded by this and all other fusion genes

used in this study contains the pre-Arg8p matrix protease

processing site, mutations introduced upstream of the pro-

cessing site (within the COX2 codons) do not affect pro-

duction of mature, processed Arg8p (Bonnefoy and Fox

2000; Bonnefoy et al. 2001), so arginine prototrophy serves

as a reliable measure of translational efficiency. To delineate

the COX2-encoded inhibitory sequence(s) within cox2(1–

91)::ARG8m, we made a series of deletions involving COX2

codons 15–88 in the context of the codon 2 to 14 deletion

and assayed for arginine prototrophy due to restored

ARG8m translation.

An almost complete deletion of the COX2 codons, re-

taining only the COX2 initiation codon and codons 89–91

(cox2(1,89–91)::ARG8m), produces an Arg+ phenotype, as

expected. (Codons 89–91 were included in all alleles for

cloning purposes.) Seven other mutants retaining variable

numbers of codons between 15 and 88 are tightly Arg− (Fig.

1A) and lack detectable Arg8p (Fig. 2 and data not shown),

but all accumulate reporter mRNA to levels approximately

equal to that of the Arg+ cox2(1,89–91)::ARG8m mutant

(Fig. 2 and data not shown), consistent with a defect in

translation. Based on these data, codons 15–25, which

specify the leader peptide cleavage site and the first 10 resi-

dues of mature Cox2p, are sufficient to inhibit reporter

translation.

An inhibitory sequence is largely contained within
codons 15–20

To delineate further the inhibitory sequence within codons

15–25, we deleted single codons sequentially from the N-

terminal region (Fig. 1B). All mutants accumulate approxi-

mately equal levels of reporter mRNA, and steady-state

Arg8p accumulation closely mirrors the observed growth

phenotypes on medium lacking arginine (Fig. 2). Overall,

these data suggest that an inhibitory sequence lies at the

start of the codon 15–25 region, as deletion of codons 15–20

largely restores Arg8p accumulation and arginine prototro-

phy (Figs. 1B, 2).

The phenotypes of two mutants from the N-to-C dele-

tion series (cox2(1,22–25,89–91)::ARG8m and cox2(1,23–

25,89–91)::ARG8m) appear inconsistent with the others in

the N-to-C deletion series. Furthermore, analysis of single

codon deletions from the C- to the N-terminus indicates

that nothing but a complete deletion removes the inhibitory

sequence in this region (Fig. 1C). To test whether some

deletions generate artifactual inhibitory structures and to

identify the sequences responsible for translational inhibi-

tion, we attempted to isolate spontaneous, mitochondrially

encoded suppressors of nearly all of the auxotrophic or

weakly prototrophic strains shown in Figure 1, B and C

(Materials and Methods).

Interestingly, only strains bearing alleles cox2(1,15–17,

89–91), cox2(1,15–16,89–91), cox2(1,15,89–91), cox2(1,22–

25,89–91), and cox2(1,23–25,89–91)::ARG8m readily yielded

Arg+ mitochondrial suppressors, as indicated by asterisks in

Figure 1. Each suppressor contains a single point mutation,

and four out of five of these strains yielded multiple, inde-

pendent suppressor mutations within a single codon. Ad-

ditionally, several of the suppressor mutations are silent,

implicating the mRNA sequence as the source of transla-

tional inhibition. For example, suppressors of cox2(1,15,89–

91)::ARG8m all alter the asparagine codon corresponding to

COX2 codon 15 (Fig. 3A). In the context of predicted

mRNA structures, each cox2(1,15,89–91)::ARG8m suppres-

sor destroys a base pair within a novel predicted stem-

loop structure for that allele (Fig. 3B) that is not predicted

for wild type. We obtained similar results from analysis of

suppressors of the other suppressible deletions (data not

shown). None of the mRNA structures predicted for the five

suppressible alleles are similar to structures predicted either

for wild-type COX2 or the cox2(1–91)::ARG8m reporter

mRNA. We propose that these novel, inhibitory structures

Williams and Fox

420 RNA, Vol. 9, No. 4



represent artifacts, and that weakening them is sufficient to

restore translation. Reconsidering the N-to-C and C-to-N

deletion data in light of the suppressor data, both deletion

series indicate that an inhibitory sequence lies largely within

codons 15–20 and that removal of these codons is sufficient

to restore reporter expression (Fig. 1B,C).

FIGURE 1. Deletions delineate COX2 coding sequence capable of inhibiting translation of downstream ARG8m in the absence of COX2 codons
2–14. (A) Deletion constructs consist of variable numbers of COX2 codons 15–88 (light gray boxes), COX2 codons 89–91 (gray boxes), and
ARG8m (dark gray boxes). Dashed lines represent deleted regions. The growth phenotypes of these strains when streaked on medium lacking
arginine are shown, with full prototrophy as “+++.” All strains grow equally well on medium containing arginine (data not shown). Strains shown,
from top to bottom: NB43, NB120, and EHW161–EHW154 (Table 1). (B and C) ARG8m, COX2 codons 89–91, and deleted regions are depicted
as in A. Cox2p residues coded by each allele within the codon 15–25 region are as written. Strains marked with an asterisk revert to full arginine
prototrophy (“+++”) by mutation of a single nucleotide. Strains shown from top to bottom in B: EHW155, EHW195–EHW204, and EHW154;
and in C: EHW155, EHW185–EHW194, and EHW154 (Table 1).
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The inhibitory element in codons 15–25 is embedded
in the mRNA sequence

We used frameshift mutations and silent substitutions to

determine whether the codon 15–25 inhibitory element

functions as an mRNA or peptide sequence. First, we altered

the peptide sequence dramatically while leaving the mRNA

sequence largely unchanged by inserting and deleting single

nucleotides flanking codons 15–25 (cox2–230::ARG8m and

cox2–231::ARG8m). Arg+ growth is not restored by the

−1,+1 frameshift mutation (cox2–231), indicating that the

inhibitory element remains intact despite the dramatically

changed peptide sequence (Fig. 4). The +1,−1 mutation

(cox2–230) produces a leaky phenotype, suggesting that the

element is weakened by this alteration (Fig. 4). Next, we

altered the mRNA while maintaining the encoded peptide

sequence by making multiple silent nucleotide substitutions

within the codon 15–25 region (cox2–232::ARG8m). Arg+

growth is largely restored by this alteration, suggesting that

mutating the nucleotide sequence weakens the inhibitory

element (Fig. 4). All three mutants accumulate reporter

mRNA to approximately the same level as the translation-

ally competent allele cox2(1,89–91)::ARG8m (data not

shown). The tightly Arg− −1,+1 frameshift mutant accumu-

lates no detectable steady-state Arg8p (data not shown),

consistent with retention of inhibitory element function.

However, the leaky +1,−1 frameshift mutant does accumu-

late detectable Arg8p, to a level actually two- to threefold

higher than that of the partially prototrophic recoded mu-

tant. Thus, in contrast to the −1,+1 frameshift, the +1,−1

frameshift substantially weakens the element. We believe

the discrepancy between Arg8p level and growth phenotype

for the +1,−1 mutant may reflect a defect in a posttransla-

tional step in Arg8p maturation due to the unnatural N-

terminal sequence encoded by this allele. Despite this

anomaly, the consistency of the phenotypes for the −1,+1

frameshift and recoded mutants strongly suggests that the

codon 15–25 element functions at the level of the mRNA

sequence, rather than the peptide sequence.

Elevated dosage of MRS2, which encodes a
mitochondrial Mg++ carrier, promotes translation
through the codon 15–25 inhibitory element

To characterize further the mechanism by which the codon

15–25 inhibitory sequence reduces translation, we screened

for genes that, when overexpressed, allowed a cox2(1,15–

25,89–91)::ARG8m strain to grow in the absence of arginine

(Materials and Methods). Three genes were recovered—

MRS2, TIF3, and CAR2 (Fig. 5 and data not shown).

MRS2 encodes a mitochondrial inner membrane protein

that functions as a magnesium transporter (Bui et al. 1999;

Gregan et al. 2001) and is required for splicing of mito-
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FIGURE 3. Translational inhibition by a single COX2 codon is ap-
parently due to an artifactual secondary structure created by the de-
letion mutation. (A) ARG8m, COX2 codons 89–91, and deleted regions
of cox2(1,15,89–91)::ARG8m are diagrammed as in Figure 1. Three
unique suppressors of this strain, which all fall within codon 15, are
shown, as well as the resulting residue encoded. (B) One predicted
mRNA structure for a portion of the fully prototrophic cox2(1–
91)::ARG8m allele is shown, as is a predicted structure for cox2(1,15,
89–91)::ARG8m. Each initiation codon is shown in bold. Nucleotides
mutated in the cox2(1,15,89–91)::ARG8m suppressors are boxed, and
the resulting nucleotides are shown to the right.
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FIGURE 2. Mutations that alter levels of Arg8p reporter protein do
not alter steady-state mRNA levels. The top two panels show the
results of sequential probing of a Northern blot containing 10 µg of
total RNA per sample. The blot was probed first with a radioactively
labeled probe against ARG8m (top) and then with a probe against the
mitochondrial 15S rRNA (middle) as a loading control. The third
panel shows the results of probing a Western blot containing 75 µg of
total protein per sample with an antibody against Arg8p. The COX2
negative control or cox2::ARG8m alleles (shown according to the COX2
codons present in the fusion construct) are as written above the top
panel, and the respective growth phenotypes are as shown at the
bottom of the figure. Strains shown, from left to right: EHW154, NB80,
EHW155, and EHW195–EHW204 (Table 1).
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chondrial group II introns (Wiesenberger et al. 1992; Wald-

herr et al. 1993; Schmidt et al. 1998). cox2(1,15–25,89–

91)::ARG8m contains no introns, so suppression likely is not

due to an effect on splicing. Interestingly, however, MRS2

overproduction has been shown to increase mitochondrial

magnesium concentration (Bui et al. 1999; Gregan et al.

2001), which could dramatically alter mRNA folding and/or

ribosomal function, and thereby improve translation of the

mutant mRNA.

TIF3 encodes cytoplasmic initiation factor eIF4B, which

facilitates unfolding of complex mRNA structures in con-

cert with eIF4A both in vitro and in cytoplasmic translation

in vivo (Altmann et al. 1995; Bi et al. 2000; Rogers et al.

2001). TIF3 dosage suppression in this system could be

either direct or indirect: eIF4B/eIF4A imported into mito-

chondria may facilitate reporter translation directly, or cy-

toplasmic eIF4B/eIF4A may increase reporter translation

through quantitative effects on the expression of unknown

cytoplasmic factors. To address this uncertainty, we targeted

eIF4B to the mitochondrial matrix by fusing it to the matrix

localization signal of pre-Cox4p (Materials and Methods;

Pinkham et al. 1994). Neither single copy nor high copy

genes encoding mitochondrially targeted eIF4B suppress

(data not shown), arguing against a direct effect of eIF4B on

mitochondrial translation.

CAR2 encodes ornithine oxo-acid aminotransferase, an

enzyme normally responsible for degradation of arginine,

ornithine, and citrulline (Jauniaux et al. 1978). The seem-

ingly contradictory Arg+ phenotype observed here may be

due to misregulation of the enzyme under overexpression

conditions. Because Arg+ growth in the presence of CAR2

does not require the presence of mitochondrial DNA (data

not shown), suppression must be due to a metabolic rather

than translational mechanism.

We also asked whether increased dosage of the gene

encoding the rate-limiting COX2

mRNA-specific translational acti-

vator Pet111p (Green-Willms et

al. 2001) could overcome trans-

lational inhibition by the codon

15–25 element. Neither wild-type

PET111 nor the dominant allele

PET111–20 (Mulero and Fox 1993),

which has enhanced translational

activation capacity, yielded Arg+

growth when transformed on a

high copy vector into the cox2(1,15–

25,89–91)::ARG8mmutant (data not

shown). This result suggests that in-

creasing the frequency of translation

initiation is not sufficient to detect-

ably overcome inhibition by the

codon 15–25 element.

The positive regulatory element encoded within
codons 2–6 specifically overcomes inhibition by the
codon 15–25 inhibitory sequence

To study interaction between the codon 15–25 element in

cox2(1,15–25,89–91)::ARG8m and the upstream positive el-

ement (Bonnefoy et al. 2001), we tested whether reintro-

duction of the leader peptide coding sequence (codons

2–14) into cox2(1,15–25,89–91)::ARG8m allowed reporter

translation, as evidenced by arginine prototrophy. We

found that it did (Fig. 6). To ask whether Arg+ growth is

due to specific action of the positive element or simply due

to insertion of a spacer element between the initiation

codon and the inhibitory sequence, we introduced wild-

type codons 2–6, which encode much of the positive ele-

ment within the leader peptide (Bonnefoy et al. 2001), and

a version of codons 2–6 containing multiple silent muta-

tions that inactivate the positive element (Bonnefoy et al.

2001). Only the five codons containing a functional positive

element restore growth (Fig. 6), strongly suggesting that the

positive element actively antagonizes translational inhibi-

tion caused by codons 15–25.

cox2
(1,15-25,89-91)

cox2
(1,89-91)

-Arg +Arg

cox2-230

cox2-231

cox2-232

fM VAP
ATG CCGGCCGTA

N D V P T P Y A C Y FfM VAP
ATGAACGACGTTCCTACTCCATACGCTTGCTACTTCCCGGCCGTA

+1-1
M M Y Q H T M H V I FfM VAP

ATGATGATGTACCAACACCTTATGCATGTTATTTTTCCGGCCGTA

1 15 25
N D V P T P Y A C Y FfM VAP

ATGAATGATGTACCAACACCTTATGCATGTTATTTTCCGGCCGTA

-1+1
K W C T N T L C M L FfM VAP

ATGAAATGATGTACCAACACCTTATGCATGTTATTTCCGGCCGTA

FIGURE 4. Inhibition of translation by codons 15–25 is more dependent upon the mRNA sequence
than the encoded peptide sequence. Nucleotide and peptide sequences for the COX2 portions of
cox2(1,15–25,89–91)::ARG8m and three derivative alleles, as well as for the prototrophic allele
cox2(1,89–91)::ARG8m, and phenotypes are shown. cox2–230::ARG8m and cox2–231::ARG8m shift the
reading frame for codons 15–25 into the +1 and −1 frames, respectively. Inserted nucleotides are
shown in bold, and the positions of insertions and deletions are denoted as “+1” and “−1.” The third
allele, cox2–232::ARG8m, introduces silent third nucleotide substitutions (underlined) into each codon
in this region. Strains shown, from top to bottom: EHW155, EHW328–EHW330, and EHW154
(Table 1).

-Arg +Arg

YEp351

MRS2

TIF3

FIGURE 5. Elevated dosage of MRS2 and TIF3 allows translation of
the cox2(1,15–25,89–91)::ARG8m reporter and Arg+ growth. The
empty vector Yep351 serves as a negative control.
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The codon 15–25 inhibitory element can act
independently of other COX2 regulatory sequences

To ask whether translational inhibition by codons 15–25

depends upon COX2 regulatory sequences, such as the 5�-
UTL of the mRNA, we created three chimeric alleles in

which derivatives of the cox2::ARG8m reporter were placed

into the COX3 locus and therefore under the control of

COX3 untranslated sequences. Mutants containing a com-

plete replacement of COX3 coding sequences with ARG8m

or with cox2(1,89–91)::ARG8m (cox3�::ARG8m and cox3–41,

respectively) are strongly Arg+ (Fig. 7). However, inclusion

of codons 15–25 upstream of the reporter (cox3–42) dra-

matically inhibits translation, as for the analogous allele at

COX2, which confirms that no sequence outside of codons

15–25 is required for inhibitory element function. Reporter

mRNA levels are equivalent for all three constructs, and

steady-state Arg8p accumulation is consistent with the ob-

served growth phenotypes (data not shown).

To test whether translational inhibition of cox2(1,15–

25,89–91)::ARG8m at COX2 and COX3 was due to the same

mechanism, we assayed whether the COX3-derived allele

responds to MRS2 and TIF3 overexpression and whether

the COX2 leader peptide coding sequence can antagonize

translational inhibition at COX3. As shown in Figure 7, high

copy plasmids bearing TIF3 and MRS2 and functional

forms of the leader peptide-encoded positive element re-

store Arg+ growth, whereas the nonfunctional leader pep-

tide allele does not. Therefore, translational inhibition by

codons 15–25 at COX2 and COX3 appears to occur through

a similar mechanism and does not require COX2 mRNA

untranslated sequences.

cox2(1,15-25,89-91)

-Arg +Arg1 15 Arg8pCox2p(15-91)25

X

X

+2-14

+2-6

+2-6*

cox2(1,15-91)

FIGURE 6. The positive element encoded within the mRNA specifying the pre-Cox2p leader peptide antagonizes translational inhibition by
codons 15–25. Starting with cox2(1,15–91)::ARG8m (Bonnefoy et al. 2001) and cox2(1,15–25,89–91)::ARG8m, as diagrammed at the top of the
figure, alleles were created that reintroduce codons 2–14, which encode the full leader peptide (“+2–14”); codons 2–6, which encode much of the
positive element (“+2–6”; Bonnefoy et al. 2001); or a derivative of codons 2–6 in which the mRNA sequence has been altered, which leaves the
positive element nonfunctional (“+2–6*”; Bonnefoy et al. 2001). ARG8m, COX2 codons, and deleted regions are diagrammed as in Figure 1. Strains
shown, from top to bottom: NB120, EHW155, NB43, EHW380, NB135, EHW383, NB179, and EHW384 (Table 1).

+Arg-Arg
COX3 5' COX3 3'

Arg8p
cox3 ∆ ::ARG8m

cox3-41

15-25

+ YEp351

+ TIF3cox3-42

+ MRS2

+ 2-14

+ 2-6cox3-42

X+ 2-6*

cox3-42

1 15 25

FIGURE 7. Codons 15–25 inhibit translation independently of COX2 mRNA untranslated sequences. Codons 15–25 were introduced with the
ARG8m reporter at the COX3 locus. cox3�::ARG8m completely replaces COX3 coding sequences with those of ARG8m; cox3–41 inserts only the
COX2 codon 89–91 linker between the initiation codon and the ARG8m reporter; and cox3–42 is like cox3–41 plus the insertion of COX2 codons
15–25. ARG8m, COX2 codons, and deleted regions are diagrammed as in Figure 1. Suppression of translational inhibition by codons 15–25 at
COX3 was assayed in strains overexpressing TIF3 or MRS2 (“+TIF3” and “+MRS2”) compared to a strain transformed with empty vector alone
(“+YEp351”). Suppression of translational inhibition at the COX3 locus also was assayed by introduction of the full COX2 leader peptide
(“+2–14”), of much of the positive element within codons 2–6 (“+2–6”; Bonnefoy et al. 2001), or of five altered codons (“+2–6*”; Bonnefoy et
al. 2001). Strains shown, from top to bottom: EHW334–EHW336 and EHW391–EHW393 (Table 1).
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Additional inhibitory sequences are encoded
downstream from the codon 15–25 element

We predicted that deleting both the positive-acting and in-

hibitory elements within COX2 codons 1–91 would allow

reporter translation, as ARG8m is expressed efficiently in the

absence of any COX2 codons (Bonnefoy and Fox 2000).

However, a mutant deleted for both the positive element

within the leader peptide coding region and for the codon

15–25 element (cox2[1,26–91]::ARG8m) is Arg−, which sug-

gested the existence of additional inhibitory sequence(s)

within codons 26–91. Consistent with the idea that multiple

inhibitory sequences lie within codons 15–91, elevated dos-

age of MRS2 and TIF3 does not yield Arg+ growth in a

mutant lacking the positive element but containing codons

15–91 (cox2[1,15–91]::ARG8m; Bonnefoy et al. 2001; data

not shown). We investigated the downstream element(s),

guided largely by mRNA structure predictions (mfold 3.0 at

http://bioinfo.math.rpi.edu/∼mfold/rna/form1–2.3.cgi). These

predictions suggest the presence of two large stem-loop

structures in the region: one encompassing codon 22

through the first nucleotide of codon 45, and the other

encompassing codon 46 through the upstream 2 nt of

codon 74. These will be referred to as the codon 22–44 and

46–74 inhibitory elements.

In analogous experiments to those described for analyz-

ing the codon 15–25 sequence, the codon 22–44 and 46–74

elements were tested for dependence on COX2 coding or

regulatory sequences for function, for dosage suppression

by MRS2 and TIF3, and for suppression by reintroduction

of the positive element. The codon 22–44 and codon 46–74

sequence elements are each sufficient to inhibit translation

of ARG8m at both the COX2 and COX3 loci in the absence

of other COX2 coding or regulatory sequences (Fig. 8A).

Although MRS2 or TIF3 overproduction does not allow

translation of mRNAs containing two or three elements

together (such as in cox2[1,15–91]::ARG8m), overexpression

of either ORF is sufficient to suppress translational inhibi-

tion by these sequence elements when present singly at the

COX2 locus (data not shown). Also, as was observed for the

codon 15–25 element, reintroduction of a functional posi-

tive element (in codons 2–14 or 2–6) is both necessary and

sufficient to overcome inhibition by either of these down-

stream elements when present individually (Fig. 8B) or

when present together in cox2(1,26–91)::ARG8m (data not

shown). All strains used to analyze the downstream ele-

ments accumulate wild-type levels of reporter mRNA and

steady-state Arg8p at levels consistent with their growth

phenotypes (data not shown). Thus, both the codon 22–44

and codon 46–74 elements behave as discrete sequence el-

ements capable of inhibiting translation in the absence of

the antagonistic positive element.

We also obtained two independent suppressors of

cox2(1,46–75,89–91)::ARG8m that, with additional analysis,

-Arg +Arg
at COX2

+Arg-Arg
at COX3

15-25

22-45

46-75

Arg8p

+2-14

+2-6

+2-6*

-Arg +Arg
at COX2

A

B

cox2(1,89-91)

cox2
(1,22-45,89-91)

cox2(1,46-75,89-91)

cox2(1,22-45,89-91)

cox2(1,15-25,89-91)

22-45

22-45

X 22-45

46-75

46-75

X 46-75

+2-14

+2-6

+2-6*

cox2
(1,46-75,89-91)

Arg8p1 14

FIGURE 8. Two additional downstream inhibitory elements can inhibit ARG8m translation at both the COX2 and COX3 loci and are suppressed
by the presence of the positive element within the COX2 leader peptide coding sequence. (A) Constructs were created as shown in which either
codons 22–45, which contain the predicted codon 22–44 stem-loop, or codons 46–75, which contain the predicted codon 46–74 stem-loop, were
isolated from other COX2 coding sequences and inserted either at the COX2 or COX3 locus. ARG8m, COX2 codons, and deleted regions are
diagrammed as in Figure 1. Growth of control prototrophic (cox2(1,89–91)::ARG8m) and auxotrophic (cox2(1,15–25,89–91)::ARG8m) strains on
medium containing (+Arg) or lacking (−Arg) arginine are shown at the top for comparison. Strains shown, from top to bottom: at COX2: EHW154,
EHW155, EHW358, and EHW357; and at COX3: EHW335, EHW336, EHW378, and EHW379 (Table 1). (B) The full leader peptide coding
sequence (“+2–14”), only codons 2–6 encoding much of the positive element (“+2–6”; Bonnefoy et al. 2001), or an inactive version of the positive
element within codons 2–6 (“+2–6*”; Bonnefoy et al. 2001) were introduced in front of the isolated codon 22–44 and 46–74 inhibitory sequences
at COX2. ARG8m, COX2 codons, and deleted regions are diagrammed as in Figure 1. Strains shown, from top to bottom: EHW412–EHW414 and
EHW409–EHW411 (Table 1).
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may be informative as to the mechanism of action of this

inhibitory element. Both suppressors encode the same mis-

sense mutation in COX2 codon 52 (GGT to AGT) and are

fully Arg+ (data not shown). This mutation disrupts a G-C

base pair within the predicted codon 46–74 stem-loop and

dramatically destabilizes the structure, which suggests that

mRNA unfolding may be sufficient to restore translation.

Alternatively, mutation of residue 52 from glycine to serine

could dramatically inhibit a polypeptide-based regulatory

system.

DISCUSSION

We have shown that relatively short sequences within the

COX2 mRNA coding sequence, or the structures they form

in vivo, can inhibit translation of a translationally fused

reporter mRNA. These effects appear to be independent of

5�- and 3�-untranslated leader sequences, as they are ob-

served when the same reporter constructs are expressed

from the COX3 locus. We identified three such inhibitory

sequences in the COX2 mRNA using deletion analyses: one

contained within codons 15–25 (further localized largely to

codons 15–20) and shown to function at the level of the

mRNA sequence, and two further downstream within pre-

dicted stem-loop structures (one encompassing codons 22–

44 and one encompassing codons 46–74). In the wild-type

COX2 mRNA, all three of these inhibitory elements are

antagonized by the upstream positive element located in the

leader peptide coding region (codons 2–14; Bonnefoy et al.

2001).

We focused on the inhibitory element contained within

codons 15–25, which encode the leader peptide cleavage site

(N-D) and the next nine residues of mature Cox2p. Codons

15–25 are sufficient to inhibit translation of ARG8m at

COX2 in the absence of other COX2 coding sequences and

at COX3 in the absence of COX2 coding or regulatory se-

quences. Thus, this element does not require interaction

with untranslated regions. This element apparently func-

tions at the level of the mRNA sequence based on the be-

havior of frameshift and silent substitution mutations.

However, the element may be sensitive to the reading frame

in which it is placed. Shifting codons 15–25 into the +1

frame partially destroyed inhibitory activity, whereas shift-

ing into the −1 frame did not. Differences in the efficiency

of translational pausing due to the reading frame in which

a given mRNA structure is encountered have been observed

in studies of eukaryote cytosolic ribosomes, using either the

minimal infectious bronchitis virus frameshifter pseudo-

knot or a synthetic stem-loop structure inserted ∼1200 nt 3�
of the start codon of a reporter mRNA as templates in

rabbit reticulocyte and wheat germ in vitro systems (Kontos

et al. 2001). A similar frame-dependent effect on the effi-

ciency of mitochondrial ribosomal pausing at the codon

15–25 element could account for the phenotypes observed

here, although it is also possible that the +1,−1 mutation

affected the mRNA structure more than the −1,+1 muta-

tion.

Overexpression of MRS2, which encodes a mitochondrial

magnesium carrier (Bui et al. 1999; Gregan et al. 2001),

partially suppresses translational inhibition by the codon

15–25 element. Under overexpression conditions, magne-

sium concentrations are increased in the matrix (Gregan et

al. 2001), so dosage suppression of the codon 15–25 element

translational inhibition by MRS2 is likely related to this

increase in mitochondrial magnesium concentration. Mag-

nesium and other divalent cations interact with RNA and

affect the stability of tertiary structures, through both dif-

fuse binding along the phosphate backbone and through

site-specific binding to nucleotide and/or phosphate atoms

(Misra and Draper 1998). Clearly such effects on the COX2

mRNA could weaken the translational blocks caused by the

internal inhibitory elements. Alternatively, however, prop-

erties of the mitochondrial translation system could be al-

tered by increased magnesium concentrations such that it is

able to traverse the inhibitory elements more efficiently.

We also isolated TIF3 (eIF4B) as a dosage-dependent

suppressor of translational inhibition by the codon 15–25

element. This effect appears to be indirect, because suppres-

sion is lost when eIF4B is deliberately targeted to the mi-

tochondrial matrix. Consistent with this idea, two other

examples of indirect effects on mitochondrial gene expres-

sion by altered dosage of genes encoding cytoplasmic trans-

lation factors have been reported previously (Linder and

Slonimski 1989; Folley and Fox 1994). Presumably these

dosage effects are due to quantitative changes affecting cy-

toplasmic mRNA translation, which in turn alter the func-

tion of the mitochondrial translation system. Similarly, an

indirect dosage effect likely explains suppression we ob-

served in spontaneous aneuploid suppressors selected from

a cox2(1,15–25,89–91)::ARG8m strain (E.H. Williams, un-

publ.).

Several pieces of evidence suggest that multiple COX2

(and cox2::ARG8m) secondary structures regulate transla-

tion. Inhibition of translation by small deletions within the

leader peptide can be relieved by mutations that weaken

predicted stem-loop structures immediately downstream of

the deletions, in the region encoding the pre-Cox2p cleav-

age site (Bonnefoy et al. 2001). Some of these suppressor

mutations fall within the codon 15–25 element, suggesting

that mutation of this inhibitory sequence, or the stem-loops

into which it folds in these strains, alleviates the transla-

tional inhibition. Furthermore, in structure predictions for

wild-type COX2, a similar stem-loop forms such that

codons 15–17 pair with codons 10–14, which encode the

downstream portion of the leader peptide and which are

important to the function of the positive element (Bon-

nefoy et al. 2001). If this stem-loop structure exists in vivo,

then interaction of the codon 15–25 element with the posi-

tive element may control wild-type COX2 translation, con-

sistent with the data presented here.

Williams and Fox

426 RNA, Vol. 9, No. 4



Additionally, a predicted stem-loop structure within the

COX2 mRNA 5�-untranslated leader interacts genetically

with the COX2-specific translational activator Pet111p

(Dunstan et al. 1997) and with the mitochondrial ribosomal

small subunit proteins Mrp21p and Mrp51p (Green-Willms

et al. 1998). In vitro dimethyl sulfate modification experi-

ments revealed protection of one residue within this pre-

dicted stem-loop structure, confirming its existence (Papa-

dopoulou et al. 1990). Although overproduction of Pet111p

increases the rate of COX2 mRNA translation (Green-

Willms et al. 2001), it does not lead to detectable translation

through the inhibitory elements reported here.

We screened extensively for mitochondrial mutations

that allowed translation through the codon 15–25 element,

both in the cox2(1,15–25,89–91)::ARG8m allele and in its

partial deletion derivatives. The only mitochondrial sup-

pressor we obtained, however, was a bypass suppressor con-

taining wild-type mtDNA present heteroplasmically with a

genomically rearranged �− mtDNA molecule (Müller et al.

1984). This rearrangement of cox2(1,15–25,89–91)::ARG8m

mtDNA deleted COX2 codons 15–25 and replaced them

with upstream regulatory and some coding sequences from

ATP9, which allowed translation of the downstream re-

porter (E.H. Williams, unpubl.). This result confirms that

removal of these COX2 codons is sufficient to restore re-

porter translation. Other than by deletion, we were only

able to restore reporter translation in the presence of

codons 15–25 by introducing multiple third nucleotide sub-

stitutions into the codon 15–25 region, which confirms that

this element is robust and contains multiple contributing

nucleotides. In contrast, we readily obtained point muta-

tions that weakened novel (i.e., not present in the wild-type

sequence), and presumably artifactual, predicted secondary

structures generated by some of our deletion mutations and

restored translation through them. These results confirm

that yeast mitochondrial ribosomes are sensitive to second-

ary structures within coding sequences, as are yeast cyto-

plasmic ribosomes (Baim et al. 1985).

Additional sequences downstream of the codon 15–25

inhibitory element are capable of inhibiting translation of

the ARG8m reporter when the leader peptide encoded posi-

tive element is absent. Two such elements were preliminar-

ily delineated within codons 22–44 and 46–74 and may

function as mRNA-encoded elements through large pre-

dicted stem-loop structures. However, further analysis is

necessary to characterize both of these elements.

We do not know how these antagonistic signals within

the COX2mRNA function and interact with each other, nor

do we know the biological rationale of this translational

control system. We speculate that the positive element

could function specifically and cotranslationally to over-

come each inhibitory sequence, possibly by interacting with

proteins that facilitate translation through inhibitory ele-

ments. A translating S. cerevisiae mitochondrial ribosome

would be expected to shield 30–35 nt of mRNA, based on

the model for the Thermus thermophilus 70S ribosome (Yu-

supova et al. 2001). If this is the case, the COX2 mRNA

5�-untranslated leader and its first 4 to 10 codons, which

encode much of the positive element, would be exposed

outside a ribosome paused within the codon 15–25 inhibi-

tory element. In such a state, the exposed mRNA encoding

the positive element could bind to an unknown protein

factor, which in turn could alter the ribosome and/or the

downstream COX2 mRNA and facilitate translation

through the inhibitory sequence elements.

Translational regulation mediated by ribosomal pausing

due to mRNA secondary structure and codon usage has

long been thought to play a role in the regulation of protein

folding and assembly (Thanaraj and Argos 1996), and trans-

lational control mediated by ribosomal pausing due to so-

called effector motifs in nascent polypeptides is well estab-

lished at both the biochemical and structural level (for re-

views, see Sachs and Geballe 2002; Tenson and Ehrenberg

2002). Ribosomal pausing in one such example utilizing an

effector motif, that of the SecM-SecA regulatory system for

the Escherichia coli SecYEG protein export complex, in-

volves translation of the polycistronic secM-secA mRNA.

When SecM is translated but exported inefficiently because

of low levels of the SecA-SecYEG complex, cotranslational

ribosomal pausing at the effector motif encoded within the

3� end of the secM coding sequence facilitates unwinding of

a downstream mRNA secondary structure, which unmasks

the secA initiation codon and in turn leads to synthesis of

SecA (McNicholas et al. 1997; Oliver et al. 1998; Naka-

togawa and Ito 2001). This feedback system therefore en-

sures an optimized level of SecA synthesis and highly effi-

cient protein export. It is appealing to hypothesize that

cytochrome c oxidase assembly could utilize a similar feed-

back system, such that ribosomal pausing during pre-Cox2p

synthesis allows monitoring of whether mitochondrial con-

ditions are appropriate for synthesis and assembly of pre-

Cox2p, and perhaps other cytochrome c oxidase subunits,

into a mature cytochrome c oxidase complex. This hypoth-

esis for regulation by the nascent polypeptide is particularly

appealing for the codon 46–74 inhibitory element we have

described, because a ribosome paused at the codon 46–74

inhibitory sequence would have synthesized enough nascent

polypeptide for the leader peptide to be emerging from the

exit channel, if predictions of channel length in E. coli ri-

bosomes (Picking et al. 1992) hold for yeast mitochondrial

ribosomes. Continued synthesis of pre-Cox2p then could be

dependent on interaction of the signal sequence with factors

necessary for membrane insertion prior to synthesis of the

first Cox2p transmembrane domain.

In summary, we describe here the identification and

characterization of three inhibitory sequence elements lo-

cated within the yeast mitochondrial COX2 coding se-

quence or the pre-Cox2p polypeptide. In our reporter sys-

tem, these three elements antagonize the previously identi-

fied positive element contained within the mRNA encoding
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TABLE 1. S. cerevisiae strains used in this study

Strain namea COX2 or COX3 allele Source or reference

Strains isogenic or congenic to DBY947b

DFS160 �° Steele et al. (1996)

NB63 cox2–107 Bonnefoy and Fox (2000)

NB71 cox3::arg8m-1 Bonnefoy and Fox (2000)

Strains isogenic or congenic to D273-10Bc

NB40-3C cox2–62 Bonnefoy and Fox (2000)

NB43 cox2(1–91)::ARG8m Bonnefoy and Fox (2000)

NB80 COX2 Bonnefoy and Fox (2000)

NB120 cox2(1,15–91)::ARG8m Bonnefoy et al. (2001)

NB135 cox2(1–6,15–91)::ARG8m Bonnefoy et al. (2001)

NB179 cox2(1,2–6*,15–91)::ARG8md Bonnefoy et al. (2001)

NSG171 �°e COX2 N.S. Green-Willms (unpubl.)

EHW154 cox2(1,89–91)::ARG8m This study

EHW155 cox2(1,15–25,89–91)::ARG8m This study

EHW156 cox2(1,15–35,89–91)::ARG8m This study

EHW157 cox2(1,15–45,89–91)::ARG8m This study

EHW158 cox2(1,15–55,89–91)::ARG8m This study

EHW159 cox2(1,15–65,89–91)::ARG8m This study

EHW160 cox2(1,15–75,89–91)::ARG8m This study

EHW161 cox2(1,15–85,89–91)::ARG8m This study

EHW185 cox2(1,15–24,89–91)::ARG8m This study

EHW186 cox2(1,15–23,89–91)::ARG8m This study

EHW187 cox2(1,15–22,89–91)::ARG8m This study

EHW188 cox2(1,15–21,89–91)::ARG8m This study

EHW189 cox2(1,15–20,89–91)::ARG8m This study

EHW190 cox2(1,15–19,89–91)::ARG8m This study

EHW191 cox2(1,15–18,89–91)::ARG8m This study

EHW192 cox2(1,15–17,89–91)::ARG8m This study

EHW193 cox2(1,15–16,89–91)::ARG8m This study

EHW194 cox2(1,15,89–91)::ARG8m This study

EHW195 cox2(1,16–25,89–91)::ARG8m This study

EHW196 cox2(1,17–25,89–91)::ARG8m This study

EHW197 cox2(1,18–25,89–91)::ARG8m This study

EHW198 cox2(1,19–25,89–91)::ARG8m This study

EHW199 cox2(1,20–25,89–91)::ARG8m This study

EHW200 cox2(1,21–25,89–91)::ARG8m This study

EHW201 cox2(1,22–25,89–91)::ARG8m This study

EHW202 cox2(1,23–25,89–91)::ARG8m This study

EHW203 cox2(1,24–25,89–91)::ARG8m This study

EHW204 cox2(1,25,89–91)::ARG8m This study

EHW328 cox2–230::ARG8m This study

EHW329 cox2–231::ARG8m This study

EHW330 cox2–232::ARG8m This study

EHW334f cox3�::ARG8m This study

EHW335f cox3–41 This study

EHW336f cox3–42 This study

EHW357 cox2(1,46–75,89–91)::ARG8m This study

EHW358 cox2(1,22–45,89–91)::ARG8m This study

EHW378f cox3–43 This study

EHW379f cox3–44 This study

EHW380 cox2(1–25,89–91)::ARG8m This study

EHW383 cox2(1–6,15–25,89–91)::ARG8m This study

EHW384 cox2(1,2–6*,15–25,89–91)::ARG8md This study

EHW391f cox3–45 This study

EHW392f cox3–46 This study

EHW393f cox3–47 This study

EHW409 cox2(1–14,46–75,89–91)::ARG8m This study

EHW410 cox2(1–6,46–75,89–91)::ARG8m This study

EHW411 cox2(1,2–6*,46–75,89–91)::ARG8md This study

EHW412 cox2(1–14,22–45,89–91)::ARG8m This study

(continued)
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the pre-Cox2p leader peptide (Bonnefoy et al. 2001), and

we hypothesize that interplay among these signals in vivo

may ensure proper timing of pre-Cox2p synthesis and as-

sembly into cytochrome c oxidase.

MATERIALS AND METHODS

Strains, media, and genetic methods

S. cerevisiae strains utilized in this study are shown in Table 1. All

phenotypic and genetic analyses were performed in strains iso-

genic or congenic to strain D273-10B (ATCC #25627). Standard

genetic methods were utilized (Sherman et al. 1974; Fox et al.

1991; Guthrie and Fink 1991). Yeast were grown in complete

medium (1% yeast extract, 2% bacto-peptone, 50 mg adenine/L)

or synthetic complete medium (0.67% yeast nitrogen base supple-

mented with appropriate amino acids) with 2% glucose, 2% raf-

finose, 2% galactose, or 3% ethanol/3% glycerol as indicated.

Mutagenesis of cox2::ARG8m

Most cox2::ARG8m derivative alleles were PCR amplified from

plasmid pNB95 (Bonnefoy et al. 2001) using synthetic oligo-

nucleotides and Pfu (Stratagene), Pfu Turbo (Stratagene), or Taq

DNA polymerase (GIBCO BRL) and either standard PCR or fu-

sion PCR (Ho et al. 1989) techniques. These PCR products then

were subcloned into the PacI-EagI restriction sites of plasmid

pNB81 (Bonnefoy and Fox 2000). Alleles reintroducing portions

of the COX2 leader peptide at the COX2 locus were PCR amplified

from the following plasmids: pJM2 for codons 2–14 (Mulero and

Fox 1993); pNB134 for codons 2–6 (N. Bonnefoy, unpubl.); and

pNB148 for recoded codons 2–6 (N. Bonnefoy, unpubl.). PCR

products were subcloned into the PacI-NsiI sites of plasmid

pEHW112 (cox2[1,15–25,89–91]::ARG8m; E.H. Williams, un-

publ.). Alleles reintroducing portions of the leader peptide at the

COX3 locus were amplified from these pEHW112 derivative

plasmids and subcloned into the PacI-NsiI sites of pEHW160

(cox2[1,15–25,89–91]::ARG8m at COX3; unpubl.). All alleles were

confirmed by sequencing with a primer located ∼155 nt down-

stream of the cox2::ARG8m fusion junction.

Mitochondrial transformation and strain construction

Plasmids were transformed into DFS160 �° (Steele et al. 1996) by

high-velocity microprojectile bombardment (Bonnefoy and Fox

2001). Synthetic �− strains were identified by their ability to rescue

arginine prototrophy when mated to an arg8m-1 mutant, TF236

(Bonnefoy and Fox 2000). Synthetic �− mtDNA was cytoduced

into NB40-3C (cox2–62; Bonnefoy and Fox 2000) to create hap-

loid, �+ recombinant cytoductants. Recombinants were identified

by rescue of respiratory growth when mated to NB63 (cox2–107)

for alleles at the COX2 locus or by rescue of arginine prototrophy

when mated to NB71 (cox3::arg8m-1) for alleles at the COX3 locus

(Bonnefoy and Fox 2000). To confirm the �+ recombinant alleles

by sequencing, alleles at COX2 were PCR amplified with a primer

located ∼315 nt upstream of the COX2 AUG and a primer in

ARG8m, whereas alleles at COX3 were amplified with a primer

located ∼665 nt upstream of the COX3 AUG and the same ARG8m

primer.

Selection and characterization of spontaneous
Arg+ mutants

Independent 2-mL cultures in complete glucose medium were

grown overnight to late log phase or saturation. One hundred to

200 µL were pelleted, resuspended in minimal medium, and

spread on synthetic complete medium lacking arginine. Mito-

chondrially encoded mutations were identified genetically in three

ways: (1) arginine auxotrophy was observed for �° derivatives due
to dependence of Arg+ growth on the presence of mtDNA, (2)

arginine prototrophy was observed in a diploid formed by mating

the mutant with a wild-type �° (NSG171 �°, Table 1), and (3)

arginine auxotrophy was observed in a diploid formed by mating

�° derivatives of each mutant with a wild-type strain �+ for the

same mitochondrial DNA. The genetic lesion responsible

was identified by PCR amplification and sequencing of the

cox2::ARG8m region as described above.

Selection and characterization of high
copy suppressors

Approximately 10,400 Leu+ transformants of EHW155

(cox2[1,15–25,89–91]::ARG8m) with a 2µ genomic library in Yep13

(Nasmyth and Tatchell 1980) were assayed for growth on medium

lacking arginine. Four plasmids produced Arg+ growth after iso-

lation from yeast and retransformation into the host strain. Inserts

were partially sequenced using primers specific to Yep13. ORFs on

three of these plasmids were subcloned either by restriction diges-

TABLE 1. Continued

Strain namea COX2 or COX3 allele Source or reference

EHW413 cox2(1–6,22–45,89–91)::ARG8m This study

EHW414 cox2(1,2–6*,22–45,89–91)::ARG8md This study

Mixed lineage strain

TF236g cox3::arg8m-1 Bonnefoy and Fox (2000)

aAll strains are �+ unless otherwise indicated.
bAll strains isogenic or congenic to DBY947 have the nuclear genotype MAT� ade2-101 arg8�::URA3 leu2� ura3-52 kar1-1.
cAll strains isogenic or congenic to D273-10B have the nuclear genotype MATa arg8::hisG his3�HindIII leu2-3,112 lys2 ura3-52.
dThe designation “2–6*” denotes the introduction of silent mutations into the mRNA for codons 2–6.
eThe genotype for NSG171 �° is MAT� ade2 arg8::hisG lys2 ura3�.
fThese strains contain a �+ genome with the indicated allele at the COX3 locus and the cox2-62 allele at the COX2 locus.
gThe genotype for TF236 is MATa arg8::hisG his3? lys2 ura3-52 inol�::HIS3 pet9 [cox3::arg8m-1 �+].
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tion of the parental plasmids or by PCR amplification of candidate

ORFs.

TIF3 (eIF4B) was targeted to the mitochondrial matrix by fu-

sion to the first 25 residues of Cox4p (Pinkham et al. 1994).

Briefly, oligonucleotides encoding the targeting sequence were

used in fusion PCR (Ho et al. 1989) with oligonucleotides con-

taining endogenous BamHI and HindIII restriction sites located

upstream of and downstream from TIF3. PCR-amplified alleles of

TIF3 were used to create three plasmids: pEHW177 expresses un-

targeted TIF3 from pRS315 (Sikorski and Hieter 1989), pEHW178

expresses cox4::TIF3 from pRS315, and pEHW189 expresses

cox4::TIF3 from YEp351 (Hill et al. 1986). All constructs utilize the

endogenous TIF3 promoter. The cox4::TIF3 fusion junction was

sequenced using a primer ∼140 nt upstream of the TIF3 start

codon.

Two alleles of PET111 (PET111 and PET111–20) also were

tested for suppression. EHW155 (cox2[1,15–25,89–91]::ARG8m)

was transformed with plasmids Yep352 (empty vector; Hill et al.

1986), pJM20 (PET111 in Yep352; Mulero and Fox 1993), and

pJM57 (PET111–20 in Yep352; Mulero and Fox 1993) and tested

for growth on media containing and lacking arginine.

Northern and Western analyses

Total RNA was prepared and Northern blot analyses were per-

formed as described (Costanzo et al. 2000) except that RNA was

supplemented with ethidium bromide prior to electrophoresis and

was blotted to Hybond XL membrane (Amersham Pharmacia Bio-

tech). cox2::ARG8m mRNA was detected using a DNA probe to the

ARG8m coding region, and loading was standardized by hybrid-

ization to a 15S ribosomal RNA probe (Shen and Fox 1989).

Total cellular protein was prepared as described (Yaffe 1991)

from cells grown in complete medium with 2% raffinose or ga-

lactose. Seventy-five micrograms of protein per sample were sepa-

rated on 12% acrylamide gels and probed with a 1:5000 dilution of

anti-Arg8p polyclonal antibody (Steele et al. 1996). Secondary goat

anti-rabbit IgG antibodies conjugated to HRP (1:10,000 dilution;

GIBCO BRL) were detected by chemiluminescence using the ECL

detection kit (Amersham Pharmacia Biotech).
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