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ABSTRACT We describe the isolation and characteriza-
tion of two previously undescribed genes, TIF1 and TIF2, from
Saccharomyces cerevisiae. The protein-encoding sequences of
the two genes are highly conserved, resulting in two completely
identical proteins, whereas the flanking regions show no
obvious homology. The two yeast proteins are highly similar to
the translation initiation factor eIF-4A from mouse. Elevated
gene dosage of TIF1 or TIF2 results in the suppression of a
missense mutation in the mitochondrial oxi2 gene, which codes
for subunit I1I of cytochrome-c oxidase, although the sequence
of the Tif protein indicates its cytoplasmic localization. Inac-
tivation of either gene by gene disruption has no effect on cell
viability or on mitochondrial functions. However, simulta-
neous inactivation of both genes is lethal to the cell.

The majority of the mitochondrial proteins are encoded by
the nuclear genome and synthesized in the cytoplasm prior to
import into mitochondria. In addition to the direct biochem-
ical approach, two mutually nonexclusive but complemen-
tary approaches have been used to study the nuclear—
mitochondrial interactions in Saccharomyces cerevisiae. The
first approach has been based on the loss of mitochondrial
functions resulting from mutations in nuclear genes. This
approach is exemplified by the study of numerous pet™
mutations (1, 2). The other approach is based on the resto-
ration of respiratory functions by suppression of mitochon-
drial mutations resulting from mutations in nuclear genes
(nuclear accommodation of mitochondria, NAM, genes) (3).
That the two approaches are not contradictory is indicated by
the fact that the inactivation of a nuclear gene which has been
isolated by the second approach (gain of function) leads to a
pet~ phenotype, loss of mitochondrial function (NAM2) (4).
However, until now none of these approaches has led to the
discovery of genes which are essential for basic processes in
the cell because the selection of pet ~— mutants is based on the
principle that they grow well by fermentation and do not grow
by respiration, thus they cannot affect functions that are
essential and common to both processes. Here we describe
the ‘“‘nuclear accommodation of mitochondria’’ approach,
which has led to the characterization of two genes coding for
an essential nonmitochondrial function.

Different types of nuclear suppressors of mitochondrial
deficiencies have been isolated. Some have a very broad
spectrum of suppression [NAM1 (5); NAM3 (6, 7)]. Others
are more specific and suppress several mutations within one
gene, as has been described for the mutations in the gene
NAM2, coding for the mitochondrial leucyl-tRNA synthe-
tase, which alleviates mutations in the ‘‘maturase’’ encoded
by the fourth intron of cytochrome b (8). The most specific
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suppressor, called NAMG6, acts only on three missense muta-
tions in the oxi2 gene (also called the COXIII gene, which
codes for subunit III of cytochrome ¢ oxidase) out of 315
different mit~ mutations analyzed (ref. 9, unpublished data).
In this work we have isolated two different genes which
encode independently the same protein, which is essential for
cell viability. The protein is highly homologous to the mouse
translation initiation factor eIF-4A (10). The fact that the
cloned genes suppress a mitochondrial missense mutation
only when the genes are cloned on a multicopy plasmid
reveals the importance of a carefully regulated equilibrium of
expression of nuclear and mitochondrial genes. We are
unaware of any other report describing the use of mitochon-
dria as a sensor for processes essential for cell viability.

MATERIALS AND METHODS

Bacterial Strains, Yeast Strains, Plasmids, Phages, and
Media. The Escherichia coli strains we used were JA221
(recA~, hsdR~, hsdM™*, leuB6, trpE5, lacY ") for standard
cloning procedures and JM101 ([lac-proAB], thi~, supE,
F'traD36, proAB~, lacIQ~, lacZMI5) for. propagation of
M13 phages. The yeast strains are listed in Table 1. Mito-
chondria carrying the oxi2 mutation V382 were transferred
into W303-1B/50 by cytoduction, taking advantage of the
karl mutation in CD8. Media were as described (3).

For construction of the gene bank we used the E. coli-yeast
shuttle vector YEp13 (12) and for subcloning experiments,
pEMBLYe31 (13). The low copy number plasmid pFL39
(ARS-CEN-TRPI) was kindly given to us by by F. Lacroute
(Gif-sur-Yvette). The URA3 gene (HindIIl fragment) was
given to us by B. Guiard (Gif-sur-Yvette), and the HIS3 gene
(BamHI fragment in CMp169) was from C. Mann (Centre
d’Etudes Nucleaires, Saclay, France). The plasmids con-
structed in this study were YEpPL2 (YEp13-TIFI), YEpPL3
(YEp13-TIF2), and YCpPL1 (pFL39-TIFI).

Construction of the Gene Bank. Genomic DN A was isolated
from the strain CD11/1830/50 and partially digested by
BamHI prior to ligation into BamHI-digested and phos-
phatase-treated YEp13 vector. Plasmid DNA from roughly
10* colonies was used to transform the strain W303-1B/V382.
Transformants were selected for leucine prototrophy and
colonies were replicated on glycerol-containing medium to
screen for respiration-proficient cells. Glycerol-positive col-
onies were analyzed for cosegregation of the LEU2 marker
and the glycerol-positive phenotype.

The TIF2 gene has been isolated by screening the library
with a probe containing the TIF1 gene cloned on the plasmid
pGB2 (14). This plasmid has no homology to the YEpl3
vector and thus only clones which have sequences homolo-
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Table 1. Yeast strains used in this study
Mitochondrial
Name Nuclear genotype genotype Source
CD11/B1719/50 MATa leul NAMG6-1 karl rho® Ref. 9
CwWo04 MATa ade2-I his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 rho* mit* Ref. 11
W303-1B/50 MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 rho® R. Rothstein
W303-1A/D MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100 rho™ mit* R. Rothstein

W303-1B/V382

MATa ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 canl-100

rho* oxi2~ (V382)

This work, cytoduction

of V382 mitochondria

from CD8

CD8 MATa leul karl rho™ oxi2~ (V382) Ref. 9

PL37 MATa tif2::URA3 ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 rho* mit* This work
canl-100

PL38 MATa tifl::HIS3 ade2-1 his3-11,15 leu2-3,112 trpl-1 ura3-1 rho* mit* This work
canl-100

PLD1 MATa/MATa TIF1/tifl::HIS3 tif2::URA3/TIF2 ade2/ade2 rho* mit* This work,
his3/his3 leu2/leu2 canl-100/canl-100 PL37 x PL38

PL49 MATa tifl::HIS3 tif2::URA3 ade2-1 his3-11,15 leu2-3,112 rho* mit* This work,
trpl-1 ura3-1 canl-100 [YEpPL2] spore issue from

PLD1

gous to TIFI should be found. Restriction analysis and
hybridization of TIF-adjacent sequences have been used to
distinguish between clones carrying TIF 1 and clones carrying
TIF2.

General Methods. Transformation of yeast was performed
according to the lithium procedure (15). Restriction analysis
and Southern transfers were carried out according to stan-
dard procedures (ref. 16, pp. 104 and 382). Restriction
enzymes were purchased from Appligene (Strasbourg,
France) and Boehringer Mannheim.

RESULTS

Isolation of the Genes TIF1 and TIF2. Using a gene bank,
constructed on a multicopy vector, we have isolated a
plasmid which conferred a glycerol-positive phenotype to the
strain W303-1B/V382, which normally cannot grow on glyc-
erol medium due to its mutation in the oxi2 gene. The
glycerol-positive phenotype cosegregated with the plasmid-
encoded LEU2 marker, indicating clearly that we have in fact
cloned a gene which has suppressor activity. The suppressor
activity is weak but clearly visible after 5-8 days of incuba-
tion at 28°C (Fig. 1). We designate the resulting plasmid
YEpPL2, and the gene carried by the insert we designate
TIF1 (see also below). Restriction analysis of the insert in
plasmid YEpPL2 is shown in Fig. 2. A subclone conferring
suppressor activity is designated sup®tve,

Southern hybridization experiments and genetic results
(see below) suggested that there are two copies of that gene
present in the genome of S. cerevisiae. We thus isolated the
second fragment from the same gene bank to establish
differences (if any) in their primary structures and functions
(i.e., suppression of the oxi2 mutation V382). Since TIF1 was
isolated as a suppressor for a mitochondrial mutation we
carried out the same analysis for the TIFI-related sequence.
As is shown in Fig. 1, this clone also has suppressor activity
on the oxi2 mutation V382. This gene thus has an activity
similar or identical to that of TIF1. We designate this second
gene TIF2 (see below).

Gene-Dosage-Dependent Suppression. A priori the suppres-
sion could be due to a gene dosage effect. We therefore
cloned the genomic BamHI fragment encoding TIF1 onto a
low copy number ARS-CEN plasmid (pFL39). When this
plasmid, YCpPL1 (pFL39-TIF1), was introduced into strain
W303-1B/V382, no growth on glycerol could be observed
even after prolonged incubation. The gene is situated such
that in the cloned fragment there is at least 4 kb upstream of
the gene in the BamHI fragment, and so lack of part of the

gene or distant regulatory sequences can be excluded. Thus
we are convinced that the suppressor activity is solely due to
the fact that the genes TIFI and TIF2 are present at a high
gene dosage.

One or the Other TIF Gene Must Be Active for Cell Viability.
Since the gene was isolated as a suppressor of a mitochon-
drial mutation we carried out a gene disruption of TIFI to see
whether inactivation of TIFI leads to a glycerol-negative
(i.e., respiration-deficient) phenotype or whether the gene is
essential. The gene disruption was made by insertion of a
HIS3 marker into the HindllI site (Fig. 2B). Upon transfor-
mation of the haploid strain CW04 with a linear EcoRV-
EcoRI fragment, we isolated several clones prototrophic for
histidine (His*). Since the disruption was successful in a
haploid strain the inactivation is not lethal. This clone (PL38)
did not have a respiratory-deficient phenotype, as would be
expected for the inactivation of a gene implicated in mito-
chondrial functions. As we have already shown, a second
gene (TIF2) with similar or identical functions is present in S.

TIF1

vector

vector

TIF1

Fic. 1. Respiratory growth on glycerol of a strain carrying a
missense mutation in the oxi2 mitochondrial gene (W303-1B/V382)
in presence and absence of the TIF gene on a multicopy plasmid. The
strain W303-1B/V382 was transformed with YEpl3 (vector),
YEpPL2 (TIFI), or YEpPL3 (TIF2) and colonies were streaked on
minimal medium selective for the plasmid and containing 2% glucose
prior to replica plating on complete glycerol-containing plates. The
glycerol plates were incubated 8 days at 28°C. Two examples of each
type of transformant are shown.
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Fi1G.2. Localization and inactivation of the suppressor function.
(A) Restriction maps of the BamHI fragments carrying TIFI and
TIF2. Only the relevant restriction sites are shown. The activity
suppressing mitochondrial missense mutations, as shown in Fig. 1,
has been localized by subcloning to the Nsi I-BamHI fragment
indicated by sup®¢'i¥, The locations of the TIF genes as deduced from
the sequence analysis are indicated by the arrows. Note that in TIF2
the Kpn I site within the gene is absent due to a base substitution. (B)
Insertions of the URA3 or HIS3 genes into the HindIII sites. In the
case of the HIS3 insertion the HindIII site had first been changed in
a Bgl 1I site by addition of a linker. Both insertions were made in
TIF1, and the Kpn I-Cla 1 fragment (tifl::URA3) and the EcoRI-
EcoRV fragment (tif2::HIS3) were used for the inactivation by
replacement of the resident chromosomal genes TIF2 and TIF1 (see
text). kb, Kilobase.

cerevisiae. This could easily explain the absence of any
detectable phenotype upon inactivation of TIFI.

To be certain that TIF! inactivation was compensated by
TIF2 activity we set out to disrupt the second sequence as
well. To do so we inserted into the HindlIII site of TIFI the
URA3 gene encoded by a HindIII fragment (Fig. 2). The
haploid strain W303-1A/D was transformed with a linear
Kpn1-Cla 1 fragment carrying the URA3 gene inserted within
TIFI. This fragment derived from TIF! has a sequence
practically identical to that of TIF2 (data not shown), and
replacement of TIF2 as well as replacement of TIFI can be
expected. Indeed, we found replacement of one or the other
gene, but never both (see Fig. 3, lane 3). Growth of the strain
tif2::URA3 (PL37) on glycerol was perfectly normal, as we
found for the strain carrying the disrupted TIF 1 gene (data not
shown).

Disruption of either gene gave no mutant phenotype,
indicating that the two genes are isofunctional. But what
happens when both genes are disrupted in a haploid strain?
To answer this question a diploid (PLD1) carrying the two
disrupted genes tifl::HIS3 and tif2::URA3 as well as one
wild-type copy of each TIF gene (MATa/MATa,
TIF1/tifl::HIS3, tif2::URA3/TIF2; Fig. 3, lane 4) was con-
structed. Since the two genes are located on two chromo-
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Fi1G. 3. Southern blot hybridization of genomic DNA digested
with BamHI and using TIF1 as probe (2.1-kb Nsi I-BamHI fragment,
Fig. 2). (A) The parental strain W303-1A, the two strains having one
of the TIF genes disrupted (PL38 and PL37), and the diploid strain
(PLD1) having the two genes disrupted are shown from left to right.
(B) Two examples from the tetrad analysis. In the parental ditype all
four spores are viable and correspond either to one parent (spores 5
and 7 = parent 3) or the other (spores 6 and 8 = parent 2). In the
tetratype one spore is missing, since it is, as predicted, a lethal (spore
11 = parent 3, spore 10 = parent 2, spore 9 = wild type 1). (C) Strain
PL49, having both genes disrupted and carrying the plasmid
YEpPL2. In A and B the probe was a pUC13 plasmid carrying the
TIF1 gene; in C the probe was pGB2-TIF1. Due to the high copy
number of the plasmid YEpPL2, the band corresponding to the
plasmid-encoded TIF is much stronger.

somes (data not shown), we would expect that in tetrad
analysis 25% of the spores are wild-type (His*, Ura*)
recombinants if such spores can germinate and lead to the
formation of viable haploid clones. No such spore, however,
could be isolated in 32 tetrads analyzed. The reciprocal
recombinant spores (Ura~, His~) were found 16 times,
indicating that, in principle, recombinant spores could be
observed. Moreover, in all tetratype tetrads that issued from
diploids heterozygous for both genes, only three viable
spores could be found: two of the parental type and one of the
wild type, and never the spore carrying the two disrupted
genes (Fig. 3).

The results suggest but do not prove that either of the genes
has to be active for viability of the cell. The proof is given by
the fact that such spores could be isolated when a plasmid
providing the TIFI function (YEpPL2) was introduced into
the diploid prior to sporulation. In such an analysis spores
carrying the two disrupted genes could be isolated (14 spores
in 27 tetrads) and all the cells having both genes disrupted
carried YEpPL2 (Fig. 3C). As expected, no segregation of
the plasmid in such cells could be observed in nonselective
medium, perfectly in agreement with the idea that one of the
TIF genes must be active. To be sure that the plasmid
YEpPL2 was not integrated in the genome, one such clone
was transformed with the YCpPL1 plasmid (pFL39-TIF1),
and segregation of the resident plasmid YEpPL2 could be
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FiG. 4. Comparison of the protein sequence of the yeast Tif
protein with the mouse eIF-4A protein (10, 18). The yeast Tif protein
is shown on the upper line, and eIF-4A is shown on the lower line.
Identical amino acids are indicated by vertical bars, and amino acids
that are similar according to the rules of Dayhoff (17) are indicated
by dots between the sequences.

observed. It is thus clear that either the TIFI or the TIF2 gene
has to be active to ensure the survival of the cell.

The Tif Protein Is Highly Homologous to eIF-4A from
Mouse. We also established thé primary sequence of the
genes TIFI and TIF2. The sequence (data not shown; EMBL
data bank accession numbers X12813 and X12814) reveals an
open reading frame for 395 amino acids (see Fig. 4). Inter-
estingly, the proteins encoded by the two genes are com-
pletely identical, whereas the flanking sequences share no
obvious homology. Within the coding region only 5 base
substitutions in 1185 nucleotides are found.

We have searched in a data bank for homologies of the Tif
protein with other known proteins and found a remarkable
homology to the protein eIF-4A (eukaryotic translation
initiation factor) from mouse (10). Out of the 395 amino acid
residues from the yeast protein, 257 are identical to the
residues in the mouse protein (65% identity) and 62 are
similar according to the rules of Dayhoff (17), which brings
the total to 81% identity + similarity. In addition to sharing
this extended homology the two proteins have a similar size,
only a minor gap occurring in the yeast protein. The homol-
ogy is distributed over the entire protein (Fig. 4). We are thus
convinced that the two genes we have cloned code for the
yeast analogue of the eIF-4A protein from mouse.

DISCUSSION

We describe here the isolation and basic characterization of
two previously unreported genes from S. cerevisiae, TIFI
and TIF?2. Inactivation by replacement of either gene gives no
obvious phenotype, but deletion of both is lethal to the cell,
indicating that the two genes are isofunctional and that nei-
ther of them represents a pseudogene.

The two genes TIF1 and TIF2 have an open reading frame
of 395 codons. The two proteins are completely identical,
whereas the flanking sequences are different. Comparison of
the protein sequence with sequences in data banks revealed
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an extensive homology with the mouse translation initiation
factor eIF-4A (10). Although we have no functional proof of
the identity of these proteins, it is unlikely that the proteins
encoded by the TIF genes do not code for the same function
in S. cerevisiae. The homology is extremely high (65%
identical and 81% identical + similar amino acids) and is
distributed throughout the coding region. There exists only a
minor gap of two amino acids in the yeast protein with respect
to the mouse protein, and the two proteins have almost the
same size. It is interesting to note that also in mouse two
genes are found, which code for two eIF-4A proteins that
have 98% conserved amino acids (18).

The conservation of the protein sequence from budding
yeast to mouse is remarkable in the case of eIF-4A. Another
highly conserved protein is the elongation factor TEF [yeast
compared with Artemia salina (19)). The elongation factor is
conserved 80% along the entire protein and, as for T/F1 and
TIF2, the two genes of the elongation factor in yeast code for
two completely identical proteins.

Recently the isolation and characterization of the yeast
cap-binding protein (eIF-4E) from S. cerevisiae have been
described (20). At least in mammalian cells the eIF-4E
protein is found in a complex (eIF-4F) which also contains
elF-4A (21). The eIF-4F complex, which contains the cap-
binding protein, a 220-kDa protein, and eIF-4A, is involved
in the assembly of the mRNA and the 43S preinitiation
complex (for review see ref. 22). Up to now most of the
knowledge on eukaryotic translation initiation comes from in
vitro experiments using cell extracts and purified factors from
different sources. Only a few genetic data relevant to the
biochemical results on the initiation process are available.
The isolation of the genes coding for eIF-4A and eIF-4E from
S. cerevisiae opens the way to a genetic analysis of the
translation initiation process.

Without extensive biochemical analysis it is not possible to
definitely say whether the Tif protein is really a translation
initiation factor. There are, however, a number of good
arguments for this, and the picture which has emerged for the
TIF genes is reminiscent of other genes involved in transla-
tion. (i) There are two copies of the gene, which code for two
absolutely identical proteins. Such situations have been
found for many other proteins involved in translation (19, 23,
24). (é) The two genes seem to be highly expressed, as judged
both from the mRNA hybridization and from the highly
biased codon usage (data not shown; refs. 25 and 26). (iii) In
the 5' region of the TIFI gene there are also two sequences
(AACTTCCAGGCACAT and AACATCCGATGCTTG at
—367 and —239 with respect to the ATG) which resemble the

UASrpg,

TAC T G G ATTT

AGAACCCATACCCCA

a promoter element often found in ribosomal protein genes
7.

The gene TIFI has been isolated as a suppressor gene for
a missense mutation in the mitochondrial oxi2 gene (subunit
III of cytochrome-c oxidase). By homology we have also
isolated its twin TIF2, which is isofunctional to TIF! with
respect to cell viability and suppression of the mitochondrial
mutation V382. Suppression can be observed only when the
genes are cloned on a high copy number plasmid, which again
reveals the importance of an equilibrated expression of
nuclear and mitochondrial genes for mitochondrial functions.
It has already been shown that nuclear suppression of mit~
mutations greatly depends on the copy number of the cloned
gene (8, 28-30).

It is not clear, however, how a cytoplasmic translation
initiation factor could suppress missense mutations in a
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mitochondrial gene. As judged from the DNA sequence, the
protein is unlikely to be targeted to the mitochondria. No
strict rule has been found for mitochondrial targeting se-
quences (31), and so we cannot exclude that the protein is
imported into mitochondria. In some cases two alternative
initiation codons have been found, one for a cytoplasmically
located protein and the other for a mitochondrially located
protein (32). But in the case of the TIF genes, neither up- nor
downstream could we find a likely candidate for such an
alternative initiation codon. From the absence of a consensus
intron sequence [TACTAAC (33)] and the absence of an
appropriate reading frame 5’ to the ATG initiation codon we
can also exclude the presence of an intron, as has been
observed for many ribosomal protein genes (34). Further-
more, the mitochondrial translation machinery is quite dif-
ferent from the cytoplasmic one, and so the implication of a
cytoplasmic factor in suppression of a mitochondrial muta-
tion is difficult to explain. It is, however, possible that the Tif
protein has an additional function in the cell which is not yet
known and that this function is responsible for the suppres-
sion of the oxi2 mutation. Dual functions have recently been
reported for mitochondrial tRNA synthetases (8, 35). As the
Tif protein is expected to be abundant in the cytoplasm, it will
be difficult to prove unambiguously a mitochondrial local-
ization even by cell fractionation and antibodies. The genetic
analysis of the TIF genes should be able to answer this
question.

At present, however, we favor a hypothesis of indirect
suppression. It is known from biochemical analysis that the
mammalian eIF-4A protein is involved in unwinding and
selection of the 5’ region of the mRNA (36, 37). It is thus
possible that under normal conditions the initiation factor
elF-4A is limiting and that not all mRNAs are translated
efficiently. In our case this would imply that, in cells in which
the TIF genes are present at a high copy number, an increased
quantity of Tif protein is available and mRNAs that under
normal conditions are poorly translated become more effi-
ciently translated. Such a gene could code for a cytoplasmi-
cally translated, mitochondrially located protein. So, in cells
having a high TIF copy number, this mitochondrial protein
would be more abundant and lead to suppression of the
mitochondrial missense mutation.

Note Added in Proof. (i) A third Cla I site is present 3’ to the gene
TIF1. (ii) The Tif protein belongs to a large family of nucleic acid
unwinding proteins characterized by the D E A D box (38).
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