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Garrett et al. [Mol. Gen. Genet. 225 (1991) 4834911 recently reported that an Atp2-1acZ fusion protein was transported into mitochondria in yeast, 
thus identifying the MFTl @ritochondrial fusion targeting) gene as a genomic fragment which complements a mutation (mfrl) that failed in targeting 
a fusion protein into mitochondria [4]. They mapped this gene to the ORF, which we have independently identified as a gene homologous to the 
cycO7 gene, which is expressed specifically in the S phase during the plant cell cycle. We have mapped the MFTl gene precisely and found that 

this gene should correspond to the neighboring ORF, rather than the ORF they identified. 

Mitochondrial protein import; MFTl; cycO7; Gene sequence; Saccharomyces cerevisiae 

1. INTRODUCTION 

Recently, we have isolated the cDNA which corre- 
sponds to the S-phase specific gene, cyc07, from the 
synchronous cultures of plant cell, Cutharanthus roseus 
[l]. The cycO7 mRNA appeared only in the S phase 
during the cell cycle of plant cells examined [ 1,2]. In our 
previous work, the yeast, Saccharomyces cerevisiae, was 
found to have a gene family constituted by two closely 
related genes, namely PLCI and PLC2, which were 
homologous to cycU7 from C. roseus. The lethal pheno- 
type resulted from a double PLCl and PLC2 gene dis- 
ruption suggesting an important role for this gene in cell 
cycle progression [3]. The gene sequence that is identical 
to PLC2 has recently been isolated from the yeast, S. 
cerevisiue by Garrett et al. [4]. The authors reported 
cloning the gene, named MFTI, that is involved in pro- 
tein import into mitochondria. 

The A TP2 gene of yeast encodes for a cytoplasmically 
synthesized B-subunit protein of the mitochondrial F,- 
ATPase. An ATP24acZ fusion gene was constructed in 
a single copy yeast/E. coli shuttle vector, which ex- 
pressed hybrid protein comprising of the 380 N-termi- 
nal amino acids of Atp2 fused to E. coli /?-galactosidase 
[5]. Mitochondrial targeting of the AtpZlacZ fusion 
protein caused disruption of mitochondrial function 
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Abbreviations: ORF, open reading frame; ts, temperature sensitive; 
YEPD, yeast extract-peptone-dextrose. 

and resulted in a respiration-defective phenotype (Gly- 
phenotype) [5]. Revertants with extragenic mutations 
which rendered the strain respiration competent were 
isolated. One of these mutants, mftl, also had a ts phe- 
notype at 37’C, which co-segregated with the respira- 
tion-competent phenotype (Gly+ phenotype) in the pres- 
ence of the fusion protein. The MFTl genomic fragment 
was isolated by complementation of the ts defect [4]. In 
the experiments of Garrett et al. [4], a 4.2 kb EcoRI- 
Hind111 fragment (Fig. 1A) was the smallest for comple- 
mentation. They proposed the precise position of A4FTl 
based on the observations that (1) a 2.3 kb PstI frag- 
ment (Fig. 1A) hybridized to a 0.9 kb mRNA, but the 
PstI-Hind111 fragment (Fig. 1A) did not, (2) a hybridi- 
zation analysis using strand-specific probes revealed 
that the orientation of the 0.9 kb mRNA was from 
EcoRI to HindIII, (3) a single 768 nucleotide ORF 
(ORF-1) was found within the PstI 2.3 kb fragment, 
which had the expected size and orientation, and (4) the 
disruptant in which the PstI 2.3 kb fragment was deleted 
by site-directed disruption mutation showed a ts pheno- 
type at 37°C and Gly’ phenotype under the expression 
of the ATP2-ZucZ fusion gene. From these results, they 
attributed the MFTl gene to the 768-base ORF (ORF- 
1) within the PstI fragment, which is identical to that of 
PLC2 (Fig. 1A) [4]. 

However, as we reported previously, the PLC2 gene 
disruptant created by insertional mutagenesis at the 
HpaI site within ORF-1 (Fig. 1B) did not show the ts 
phenotype [3]. Furthermore, we found another ORF 
(ORF-2) located downstream from PLC2 gene with an 
opposite orientation to PLC2, which was partially con- 
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Fig. 1. Partial restriction maps of the 4.5kb EcoRl fragment contain- 

ing two ORFs (ORF-I and ORF-2). A, wild type; B, insertional 
disrution in ORF-I; C. insertionaldisruption in ORF-2; D, deletion 
mutation of PstI 2.3 kb fragment. Restriction enzyme recognition 

sites: E, EcoRl; P, Pstl; Hp, HpaI; RV, EcoRV; Xb, Xbal; H, HindIll; 
x, X/WI. 

tamed in the PstI 2.3 kb fragment (Fig. IA). The gene 
disruption constructed by Garrett et al. [4] could mutate 
not only ORF-1 but also ORF-2. Thus, our previous 
results suggested that it was not the PLCZ gene but 
ORF-2 that was mutated in the mftl mutant. Moreover, 
Garrett et al. [4] showed that the 2.3 kb PstI fragment 
did not complement the mfttl defect. Although they as- 
cribed it to loss of the regulatory activity, it is not cer- 
tain and they were never able to even shorten the com- 
plementing region from the 4.2 kb EcoRI-Hind111 frag- 
ment. Here, we show the evidence that PLC2 is different 
from the mutated gene in the mftl mutant, and describe 
the isolation and molecular characterization of the gene 
located downstream from PLC2, which is considered to 
be mutated in mfttl mutant. 

2. MATERlALS AND METHODS 

2.1. Strains and growth conditions 
Saccharomyces cerevisiae haploid strain SPl (MATa. leu2, ura3. 

trpl, ade8, canl) and DC124 (MATa, leu2, ura3, his4, trpl, ade8) 
were crossed to produce the dlploid strain DSOO [3]. For gene disrup- 
tion mutations, we transformed DSOO. One-step gene disruption was 
performed as described by Rothstein [6]. Yeast cells were transformed 
by the spheroplast method 171, and tetrads were dissected and germi- 
nated at 27°C or 37°C. 

For analyzing vegetative growth at 27°C and 37”C, strains were 
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grown in liquid YEPD medium with vigorous aeration at 27’C to 
mid-log phase, diluted to 5 x lo5 cells/ml into YEPD medium and 

cultured at either 27°C or 37°C. Samples were taken at various times 
and counted with a hemacytometer. 

2.2. Plasmid constructions 
For insertional disruption of the gene downstream from PLC,?, a 

URAS-containing 1.3 kb fragment was purified. This fragment was 

inserted at the EcoRV site, which is located within the ORF, on the 
plasmid carrying the 2.3 kb PstI fragment, and subsequently digested 
with Pvull. The resultant linearized 4.1 kb fragment was purified and 
introduced mto yeast cells. 

For deletion disruption of 2.3 kb Pstl fragment, a 4.2 kb EcoRl- 
Hind111 fragment was sub-cloned into pUC19. On the plasmid, the 2.3 

kb Pstl fragment was replaced with a 4.6 kb Pstl fragment of LEU2 
from pEMBL-Ye30 [8]. A linearized fragment used for transformation 
was prepared by digestion with PvuIl. 

The yeast ATP2 gene was presented by Dr. T. Endo (Department 
of Chemistry, Faculty of Science, Nagoya University), which was 
cloned in the E. colilyeast shuttle vector, YEpM4. A 1.1 kb HindIIl- 
BumHI fragment was purified, which contained apploxiamtely 0.7 kb 
of DNA upstream of the ATP2 translation start site. It was cloned into 

the Nindlll and BumHI sites of plasmid pYT760 [9]. This generated 
a plasmid, pYT-ATP2. that contains an ATPZ-lacZ gene fusion in 
which 380 amino-terminal amino acids of the Atp2 protein are fused 
in frame to E co/i j?-galactosidase 

2.3. Northern blot analysrs 
Yeast cells were cultured at 27°C or 37°C in YEPD liquid medium, 

and were harvested when cultures reached mid-logarithmic phase. 
Yeast total RNA was prepared using glass beads as described by 
Carlson and Botstem [lo]. Poly(A)-rich mRNA was purified from 
total RNA by chromatography on oligo(dT) cellulose (pharmacia). 
Northern blot analysis was performed as described in our previous 
report [2J. 

2.4. Nucleotcde sequencing 
Nucleotide sequences were determined by the dideoxynucleotide 

chain-termination method [l l] with single-stranded templates [12]. 

3. RESULTS 

3.1. Gene disruption mutation in ORF downstream from 
PLC2 

Garrett et al. reported that the deletion of the 2.3 kb 
PstI fragment, which contained both ORF-I and ORF- 
2, resulted in a slower growth at 30°C and ts at 37°C 
[4]. However, in our work, an insertional mutation in 
PLC2 (Fig. 1B) showed slower growth at 27*C, but did 
not show a ts phenotype (Fig. 2B). Therefore, we rea- 
soned that the mutation in ORF-2 was responsible for 
the ts defect. The site-directed disruption mutation was 
produced by insertion of the yeast URA3 gene into the 
EcoRV site within ORF-2 (Fig. 1C). The resulting 
heterozygous diploid cells were induced to sporulate, 
and tetrads were dissected. Four normal colonies were 
produced at 27*C, however. when spores were germi- 
nated at 37”C, the two Ura+ spores grew much slower 
than normal (Fig. 2C). To analyze the growth rate more 
precisely, yeast strains were cultured in the YEPD liquid 
medium. The growth rate was measured by taking sam- 
ples every two hours and counting cell numbers. Each 
strain was grown at 27*C, diluted in YEPD medium 
and cultured at 27°C or 37°C. The haploid cells carry- 
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Fig. 2. Analysis of tetrads produced by wild-type cells or gene disruption transfonnants. A, wild-type cells; B, cells carrying the insertional disruption 
in ORF-1; C, cells carrying the insertional disruption in ORF-2; D, cells with the deletion disruption of 2.3-kb PsrI fragment. Four spores from 

a single ascus were germinated at 27°C or 37°C. 

ing the disruption mutation in 0RF2 showed the same 
growth rate as wild-type cells at 27°C however, at 
37°C they grew substantially slower than wild-type 
cells (Fig. 3). In contrast, the cells carrying the disrup- 
tion mutation in ORF-1 (PLC2) showed slower growth 
at both 27°C and 37°C (Fig. 3). 

Experiments were undertaken to verify previous 

work done by Garrett et al. [4]. The PstI 2.3 kb frag- 
ment was deleted and replaced by a 4.6 kb fragment 
containing the LEU2 gene of yeast (Fig 1D). Heterozy- 
gous mutants transformed to Leu+ were induced to 
sporulate and tetrads were analyzed for the ability to 
grow at 27°C or 37°C. The LEU2 marker segregated 
2:2 and all Leu+ progeny grew slower at 27°C (Fig. 2D), 

(A) 27oC (B) 37oC 

0 4 8 12 16 20 24 0 4 8 12 16 20 24 

Time of Culture (hours) 

Fig. 3. Determination that mutation in orf-2 affects growth at 37°C but not 27“C. (A) Growth at 27°C. (B) Growth at 37°C. Cells were inoculated 
in YEPD and counted at indicated times. Two independent transfonnants were analyzed for each gene disruption mutatnt. (0) wild-type cells; 

(A, A), cells carrying disruption mutation in ORF-1; (W, q ), cells carrying disruption mutation in ORF-2. 
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Fig. 4. Detection of transcripts corresponding to ORF-2. Poly(A)-rich 
mRNA was extracted from yeast cells grown either at 27°C or at 37°C. 

and was used for Northern blot analysis. 
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similar to PLC2 insertional mutants (Fig. 2B). When 
spores were germinated at 37°C only two spores gave 
rise to colonies in most tetrads (Fig. 2D). However, in 
some cases, three (two normal and one small) or four 
(two normal and two small) colonies could be formed 
(data not shown). 

Gly’ phenotype for ~1~2:: URA3 cells and or@:: URA3 
cells in the presence of ATP24acZ fusion gene was 
tested. Wild-type cells, ~1~2:: URA3 cells and 
or$?:: URA3 cells were transformed with pYT-ATP2, 
which expresses the Atp2 protein fused to /I-galactosi- 
dase. just same as the report of Garrett et al. [4] These 
transformants formed blue colonies on X-Gal indicator 
plates, revealing the expression of the fusion protein. To 
determine if these transformants had respiration-com- 
petent phenotype, the cells were plated on minimal- 
glycerol plates. Wild-type cells and plc2::URA3 cells 
formed much smaller colonies than or$?:URA3 cells 
and wild-type cells transformed with the vector, 
pYT760, alone. Thus, presence of the ATP2-1acZ fusion 
gene results in a respiration-deficient phenotype for 
wild-type cells and pIc2::URA3 cells, but not for 
orj2:: URA3 cells. 

3.2. Expression of the gene downstream from PLC2 
Total RNA extracted from yeast cells was hybridized 

to a probe derived from the 2.3 kb PstI fragment con- 
taining both ORF-1 and ORF-2. Although two RNA 
species of 1 .O kb and 0.9 kb were detected, which corre- 
sponded to PLCl and PLC2, respectively, no addi- 
tional mRNA species were detected (data not shown) in 

agreement the report from Garrett et al. [4]. Poly(A)- 
rich mRNA was purified in order to increase sensitivity 
of mRNA detection. Northern blot hybridization with 
an EcoRV-PstI 345-base fragment (Fig. lA), which is 
within ORF-2, revealed the presence of a 1.5 kb mRNA 
corresponding to ORF-2 (Fig. 4). Since gene disruption 
in ORF-2 influenced the growth rate at 37°C but not 
at 27’C, there was the possibility that the gene expres- 
sion corresponding to ORF-2 is induced by heat. How- 
ever, no significant change in the amount of the tran- 

1 AGTAAAATACAACAACTGGCTGTAAAAAAGGAATCAAAGAACTAAAGCCA 

51 AAGGAGACTAACTCACAATGCCTCTGTCACAAAAACAAATAGACCAAGTT 
MPLSPKQ I D Q v 

101 AGAACCAMGTGCACTACAGTGAAGTAGATACTCCATTCAATAAATATTT 
RTKVHYSEVDTPFNKYL 

151 AGACATCTTAGGAMAGTAACCAAGCTGACAGGAAGCATTATAAATGGCA 
D I LGKVTKLTGSII N G T 

201 CATTATCCMTGATGATAGCAAGATTGAAAAACTTACTGAGCAAAATATC 
LSNDDSKIEK LTEONI 

251 TCCCAACTAAAAGAAAGTGCTCATCTTCGATTTTTGGATCTGCAGTCATC 
SQLKESAHLRF LDLQSS 

301 AATTGACACAAAGAAAGTAGCAGACGAAAATTGGGAAACATGCCAACAGG 
I DTKKVADENWETCQOE 

351 AGACATTGGCCAAGCTGGAAAATCTCAAAGATAAATTGCCTGATATAAAG 
T LAKLENLKDKLPDIK 

401 AGCATCCATAGCAAGTTGCTTTTACGTATTGGAAAACTAC~GGTCTTTA 
s I HSKLLLRIGK L Q G L Y 

451 CGATTCTGTCCAAGTAATTAACAGAGAGGTGGAAGGCTTGTCAGAAGGCC 
DSVQVI NREVEGLSEGR 

501 GTACCAGCCTTGTGGTGACACGTGCGGAATGGGAGAAAGAACTTGGCACT 
TSLVVTRAEWEKELGT 

551 GATCTGGTCAAGTTTTTAATTGAAAAGAATTATCTCAAACTAGTTGATCC 
DLVKFLIEKNYLKLVDP 

601 GGGCCTGAAAAAGGATAGTTCAGAGGAGAGATATCGTATTTATGACGATT 
GLKKDSSEERYRIYDDF 

651 TCTCTMGGGCCCAAAAGAGTTAGAAAGTATCAACGCCTCAATGAMTCG 
SKGPKELESINASMKS 

701 GATATAGMAACGTAAGGCAGGAGGTATCGTCTTACAAAGAGMGTGGCT 
D I ENVRQEVS SYKEKWL 

751 AAGAGATGCAGAAATATTTGGCAAGATCACATCMTATTCAAAGAAGAAC 
RDAEIFGKITSI F K E E L 

SO1 TTCTGMGAGAGATGGCCTGCTCAATGAGGCAGAAGGAGATAACATTGAT 
LKRDGLLNEAEGDNID 

851 GMGATTATGAATCGGATGAAGATGAGGAMGAAAAGAGAGGTTTMAAG 
EDYESDEDEERKERFKR 

901 GCAGAGATCAATGGTGGMGTGMTACTATAGAAMTGTGGACGAAAAAG 
QRSMVEVNTIENVDEKE 
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Fig. 5 

AGGAAAGCGATCATGMTATGACGATCAGGAGGATGAAGAAAATGAAGAG 
ESDHEYDDQEDEENEE 

GMGATGATATGGMGTAGACGTTGAGGATATAAAAGAGGATMTGAAGT 
EDDMEVDVEDIKEDNEV 

TGATGGGGAAAGCAGTCAACAAGAAGATAATAGTCGCCAGGGTMTAATG 
DGESSQQEDNSRQGNNE 

GACGCAGAGGAGGCAGATAGGATCACTCAAGCAGGAAAC~A~ 
DASEADSDHSSRKLGGT 

TACAAGCGATTTTAGTGCGTCTTCCTCTGTTGMGMGTAAAATGACCAC 
TSDFSASSSVEEVK* 

GTATMTGCATA~TCTTACTAMTAGAAAAGGCATATAGACACATAGGC 

Nucleotide sequence of ORF-2 and deduced amino acid 
sequence 
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scripts was observed between cells grown at 37°C and 
those grown at 27°C (Fig. 4). 

3.3. Molecular cloning of the gene downstream from 
PLC2 

As ORF-2 had been only partially sequenced [4], it 
was necessary to determine the complete nucleotide se- 
quence. In our previous work, a 4.5 kb EcoRI genomic 
fragment containing PLC2 was cloned and the 2.3 kb 
PstI fragment was sequenced (Fig. 1A) [3]. A PstI- 
Hind111 1.1 kb fragment was sub-cloned and sequenced. 
A complete nucleotide sequence of ORF-2 and deduced 
protein sequence are shown in Fig. 5. A polypeptide of 
392 amino acids was encoded by the ORF-2 comprising 
1179 bases. The deduced protein was rich in acidic 
amino acids and leucine. No significant similarity to 
other known proteins was found in protein sequence 

databases. 

4. DISCUSSION 

The report of the MFTI gene sequence led us to 
consider that the cycU7 gene from C. roseus may be a 
plant homolog of the yeast gene for protein import into 
mitochondria. Our work presented here demonstrates 
that the mutated gene in the mftl mutant is not PLC2. 
MPTI should be attributed to the gene downstream 
from PLC2, which corresponds to ORF-2, since disrup- 
tion of ORF-2 alone resulted in the ts defect and respi- 
ration-competent phenotype in the presence of the fu- 
sion protein. Therefore, the precise function of the 
c~~07 gene and its yeast homologs still remains to be 
determined. 

Recently, the isolation of a mammalian gene homolo- 
gous to cycO7 and PLC2 was reported by Kho and 
Zarbl [13]. Revertants were isolated from v-fos-trans- 
formed rat cells, which resulted from a mutagenic inser- 
tion of a transfected plasmid into a genome. The gene 
mutated in the revertant, namedfte-1 after ‘v-fos trans- 
formation effector gene’, was found to be homologous 
to cycO7 and PLC2. Sequence similarity betweenBe- 
and A4FTl was found, and it was suggested that there 

was a possibility that fte-I regulates or plays a role in 
transport of mammalian protein into mitochondria [13]. 
However, according to our results, fte-I cannot be re- 
garded as a gene involved in mitochondrial protein im- 
port, because the mutated gene in the mfttl mutant was 
different from the reported MFTl gene sequence. 

Although, at present, the functions of the genes, 
cycO7, its yeast homolog (PLCI and PLC2) and possi- 
ble mammalian homologfte-l are not clearly identified, 
as we suggested in our previous report, an essential 
function of the PLC genes in yeast cell proliferation, the 
cell-cycle specific expression of cycO7 in higher plant, 
and highly conserved structure among evolutionally 
distant species, all together, make it likely that the cycO7 
and its homologs are involved in cell proliferation in 
eukaryotic cells. 
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