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YtalOp, a member of a novel ATPase family in yeast,
is essential for mitochondrial function
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Abstract The yeast gene, ¥TAI0, encodes a member of a novel family of putative ATPases. YtalOp, as deduced from the nucleotide sequence, is
761 amino acids in length (predicted molecular mass 84.5 kDa). The amino acid sequence of Ytal0p exhibits high similarity to two other yeast proteins,
Ytall and Ytal2, and to E. coli FtsH. Several features of YtalOp are compatible with its localization in mitochondria. We report here that YtalOp
is a yeast mitochondrial protein and that import is dependent on a membrane potential and accompanied by processing to a protein of appreximately
73 kDa. Disruption of Y7410 leads to a nuclear petite phenotype and to a loss of respiratory competence, as shown by spectrophotometric
measurement of the activities of respiratory complexes L-111 and 1V, respectively. These findings together with the high similarity of YtalOp to several
ATP-dependent proteases suggest that YtalOp is a mitochondrial component involved, directly or indirectly, in the correct assembly and/or

maintenance of active respiratory complexes.
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1. Introduction

We recently identified a set of 12 yeast genes, coding for
members of a novel ATPase family, which we called the Y74
family [1]. Our analyses revealed that all of the putative gene
products are characterized by the presence of a highly con-
served domain of 300 amino acids containing specialized forms
of the A and B motifs of ATPases. These features classify the
Yta proteins as a distinct subfamily within the still growing
AAA-protein family (see [2,3] for reviews). There is accumulat-
ing evidence from our work ([1] and unpublished results) and
the work of others [4] that particular members of these proteins
constitute regulatory components of the yeast 26 S proteasome
complex. Another subgroup within the Yta proteins, YtalOp,
Ytallp, and Ytal2p, exhibit substantial similarity among each
other. Ytallp is nearly identical to Ymelp, which was previ-
ously shown [5] to be associated with veast mitochondria and
to have high homology to £ coli FtsH. FtsH was found to be
an essential inner membrane protein with putative ATPase
activity [6,7]. Furthermore, FtsH was reported to be identical
to HfIB, a gene product involved in the stability of the phage
lambda cII activator protein and, by several criteria, was pro-
posed to be the ATP-dependent regulatory subunit of an addi-
tional proteolytic complex in E. coli [8]. We found that YtalOp
and Ytal2p are more closely related to FtsH/HfIB than is
Ytallp/Ymelp. The amino acid sequences of YtalOp and
Ytal2p share several characteristics which are compatible with
their mitochondrial location and, together with the above ob-
servations, led us to suggest that they might be components of
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a proteolytic complex in mitochondria [1]. To further address
this question, we have chosen to investigate the role YtalOp by
genetic and biochemical approaches (see also [9]). Here we
report that YtalOp is located in mitochondria and is essential
for respiration-dependent growth.

2. Experimental

2.1, Strains, DNA, sequence analysis, YtalOp antiserum, and general
procedures

Yeast strain W303D (MATa ade2—1 his3—11,15 lew2,112 trpl ura3-52
can{-160; M.A. Blazquez) was used in genetic experiments and strain
D273-10B for biochemical analysis. Cosmid o231 was isolated from a
collection of YTA cosmids [1]. Sequence analysis of a set of appropriate
subfragments (Fig. 2) cloned into M13 vectors was performed accord-
ing to the dideoxy chain termination method [10] using [*S]dATP and
Sequenase (USB); in some cases, overlaps were determined by using
internal oligonucleotide primers. Anti-Ytal0p antiserum was obtained
from a Chinchilla bastard rabbit after injection of a synthetic oligopep-
tide containing the 11 carboxy-terminal amino acids of YtalOp, coupled
to evalbumin. Recombinant DINA techniques followed standard proto-
cols [11]. The GCG software package (version 7.2) [12} was used for
sequence analysis and searches in public data bases.

2.2. Disruption of YTAIQ and complementation

For one-step gene replacement, an intermediate plasmid
{(pYTAICQ :: URA3) was constructed by substituting the 320 bp Bgill
fragment in pYTAILO (2 plasmid containing the 2.9 kb Ps/1 segment
from a231) by the 1170 bp Bg/lI fragment from pFL39, containing the
URA3 marker. After transformation of W303D cells with the 2.6 kb
Nrul!BamHI fragment from pYTA10:: URAS3, transformants contain-
ing a disruption of one YTAIO allele were selected on SC medium
{minus uracil). The mutant strain, MAY20 (YTA4710(ytal0.: URA3), was
sporulated and the segregants of 10 tetrads were analyzed for growth
on different media. Complementation of MAY?20 was done by transfor-
mation with cosmid 231 to vield MAY20 [x231] (YTALW
ytal0:; URA3[YTAIO HIS3)), followed by sporulation, tetrade dissec-
tion and growth on selective media. All genotypes were confirmed
through diagnestic hybridizations. Yeast cell growth conditions, sporu-
lation, and tetrad dissection were according to [13)]. Transformation of
yeast cells was performed by the lithium acetate procedure [14].

2.3. Analysis of respiratory complexes
Activity of NADH :cytochrome ¢ oxidoreductase {compiex [-111)
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was determined spectrophotometrically in isolated mitochondria ac-
cording to [15]. Activity of ferrocytochrome c:oxygen oxidoreductase
(complex IV) in isolated mitochondria was assayed by the procedures
as described in [16,17].

2.4. Subfractionation of yeast cells

Yeast mitochondria were prepared according to [18] and further
purified by centrifugation on a Nycodenz step gradient [19]. Prepara-
tion of microsomal and cytosolic protein fractions followed the proce-
dure in [20,21]. Proteins from the various fractions were separated by
SDS-PAGE [22] and identified by immunoblotting [23] using antibodies
coupled to horse raddish peroxidase for detection by chemilumin-
escence (ECL system, Amersham). Markers for the subcellular frac-
tions were AAC (ADP/ATP carrier protein) for mitochondria; Kar2p
(BiP chaperone protein) for microsomes; and FBPase (fructose-1,6-
bisphosphatase) for the cytosolic fraction. Polyclonal antibodies raised
against AAC and FBPase were used. Kar2p was detected by the use of
a monoclonal antibody raised against the ER rentention signal HDEL.

2.5. Synthesis of labeled Ytal0 protein and import in vitra

5" GCG GAA TTC ATG ATG ATG TGG CAA C 37 (EcoRl site
plus the initial 16 bases of the Y7470 sequence, 639 through 654 in Fig.
1) and & GCG AAG CTT AAT TTG TTG CTG CAG 3’ (15 terminal
bases of the Y7410 sequence, 2908 through 2922 in Fig. I, plus a
HindIII site} were used as forward and reverse primers in a PCR
reaction. The resulting DNA fragment, EH1, was cloned into pGEM4
(Promega) to yield pTEHI.

Radiolabeled YtalOp precurser protein was synthesized in rabbit
reticulocyte lysate (Promega) and incubated with isolated mitochondria
for 20 min at 23°C as described in detail elsewhere [9]. After the import
reaction, samples were treated with proteinase K (15 min at 0°C).
Dissipation of the membrane potential was achieved by the addition of
antimycin A, oligomycin, and valinomycin {final concentrations 8, 20,
and 0.5 uM, respectively). For control, 40% of the precursor protein
added to imports was loaded. To exclude an aggregation artefact,
mitochondria were reisolated after import, resuspended in 1% Triton
X-100, chilled on ice (10 min) and treated with proteinase K (not
shown). Proteinase treatment was stopped by adding PMSF at 1 mM
final concentration.

3. Results

3.1. YTAIO and ity putative gene product, YtaiOp

The nucleotide sequence of YTA10 as determined from cos-
mid 2231 [1] is presented in Fig. 1, together with the deduced
amino acid sequence of YtalOp. The translation product of the
open reading frame of 761 codons (starting at pos. 639) has a
predicted molecular mass of 84.5 kDa. Southern hybridizations
indicate that Y7410 is a singular yeast gene (not shown). The
5’ flanking region of YTAI0 carries a potential TATA box (pos.
464), preceded by consensus sequences for the regulatory
DNA-binding proteins Abflp anf Gfr2p (pes. 319 and 351,
respectively). In addition to the features defined for members
of the Yta family [1], YtalOp is characterized by the presence
of a potential mitochondrial target sequence at the amino ter-
minus [24], two putative transmembrane segments (pos. 116—
141 and 222-245 of the amino acid sequence) {25, and a protein
signature (pos. 555, YAYHEAGHAY) found in a number of
(neutral) zinc metalloproteases [26).

3.2, Disruption of YTAIO, phenotype, and complementation
To investigate whether Y7470 is an essential gene, one of the
alleles in the diploid W303D was disrupted by the one step gene
replacement procedure (Fig. 2), heterozygous cells [MAY20
(YTAIOlvtalQ.: ura3 )] were sporulated and the segregants ana-
lyzed for growth on fermentable and non-fermentable carbon
sources. The presence of a disrupted and a wild-type copy of
the gene was confirmed by Southern blot analysis (not shown),
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GOGGCATTTTTAGTCGTGGCCCGLGATATGCTTCTGGCATCTTTATAACGCCTTTATACG 489
CATCTGTTCAGTTTATTCTGGGCCTATGAT TTAGATGRAGEARTAAATTGGTTCTTACTGT 540
CTATACATAACTTTTACARGGACCCATTCTATATTAMAGGAGATTARCGCAGTCTTCAAR 600
TAARGGCATCATCCACTTATTTTATAATATACTAAGTGATGATGATGTGGCAACGATATG 66D
M M MW QR Y A 8
CAAGGGGTGOGCCACGCT CATTGACAT CACTCTCAT T TGETARNGCTAGCCGCATATCAA 720
R G APPRS LTS LS FGIXWAZSURTI ST 28
CAGTGAAGCCAGTGCTTCGCTCGCGCATGCCAGTTCACCAGEGTTTGCAGACGTTATCTG 78D
VvV K P VL RS REMPV HQBRL ¢TILS & 28
GTCTGGCAACCAGAAACACAATACACCGTTCTACCCARMTACGTTCCTTCCATATCTCAT 940
L AT RWNTIHRSTOI RS FHI S W 68
GGACAAGGTTAAATCAAAATAGGCCAAACAARGAGCCTCAGGGCAAGAACAATGGTARTA 900
T R L N E N RPN X EGEGTEXKNNTGN K 88
AAGATAATAATAGCAATARAGAAGATGGCAAAGACARRAGAAATGAGTTTGGTTCATTAT 960
D NN SN KETGKDI KU RNTETFGS L 5 103
CAGAATACTTCAGATCTAAGGAATTTGCTAATACGATGTTTTTGACCATCGGATTCACAR 1020
E Y F R S K EF A N TMPF LTI G F T I 128
TTATATTTACTTTGCTCACACCTTCCAGTAACAALTCAGGAGACGACTCTAACCGUGTCT 1080
I F T L L T P S S NN S G DD S N RV L 18
TGACTTTCCAGGATTTCAAAACARAATACCTGGAGAMGGGTCTTGTGTCCAAGATTITACG 1140
T F ¢ D F K T K ¥ L B K G L V 5§ K 1 Y V 158
TCGTTAATAAGTTTCTCGTAGAGGCUGAATTAGTCAATACAAAGCAAGTTGTATCGTTCA 1200
vV N K F L VEAETLVNTKOGQV VYV s F T 180
CCATTGGTTCAGTAGATATTTTTGAGGAACAGATGGACCAGATCCAGGACCTCTTGAACA 1260
I ¢S VD1 F EEQMDOQETI QDULILN I 208
TICCTCCTCGGGATCGTATCCCCATCAAATACAT TGAGAGATCTTCTCCCTTCACATTTT 1320
P PR DURTIOPTIKY I EURS S P F T F L 228
TGTTCCCCTTCCTGCCCACCATCATTCTGCTTGGTGGCCTTTACT TCATAACCAGAAAAA 1380
F P F L P T I I L L 6 G L Y F I TR K I 248
TAAATAGT T CACCACCAAATGCCAATGLTGGTGETGEAGGAGGCCT CGGCGECATGTTTA 1140
N S §S P PN ANG GG GGG G LGGMTF N 268
ATGTTGGARRATCCABAGCAAAGCTCT TCAATAAGGAAACAGACATTARRATTTCATTTA 1500
VvV G K S RAKULTFNUEXTETTUDTIKI S F K 288
ARAATGTTGCOGGTTGTGATGARGCTAAACAGGAAATCATGGAATTIGTTCACTTITTTGA 1560
N VvV A 3 CDEUA AZXG QETILIMETFVHF L K 308
AGAACCCAGGTAASTACACTAAARTTGGGTGCCAAGAT TCCACGAGGLGCTATICTTTCTG 162¢
N P G K Y T X LG AIEKTIU®PRGATITLS G 328
GACCCCCAGGTACCGGTAAGACTCTCT TGS CCARGGCCACCGCAGGTGAGGCGAACGTGE 1680
P P & T 6 KT L L AKATRGTEA ANV P 348
CCTTCTTGTCAGTAT CAGGTTCTHAGT TCGTCGAAATGT TCET TGGOGTGGGTGCTTCAC 1740
F L 8 VS G & EF V EMTFV GV G A S R 368
GTGTAAGAGACT TGTTTACTCAAGCARGGTCTATGGCCCCCTCGATTATCTTTATAGATG 1800
V R DL F T AR SMAP S I I F I DE 388
AAATTGACGCTATCOGT AAAGARAGAGGLARRGGLGGLGLTCTCGETEGCGCTAACGATG 1860
I D AT G KEURGEKTG G G®ATLGTGANDE 408
AMAGACAAGCTACGCTGAATCAATTATTGGTGGAAATEGACGGATTCACTACTTCOGACC 1920
R E AT LNO QLULVEMDTE GTFETT S D g 428
AAGTCGTAGTCCTTGUGGGETACARATAGGLCCGATGTGT TGGATAATGCTTTGATGAGAC 1960
V VV L AGTNUI RZPIDVLDNATLMKRTF 448
COGGAMGGTTOCATAGACATATCCAAAT TGATTCTCCTGATGTCAATGGTAGGCAGCAAA 2040
G R FDRUYNIQTIDSPDVNGH RQOQO I 468
TATACCTGGTTCACTTGAAAAGACTGAATCTGGATCCCCTTCTTACAGATGATATGAATA 2100
Y L V H L K R L N L DZPLILTODDMN N 488
ATCTTTCTGGGAAAT TGGUTACGCTTACTCCAGGT T I TACTGGTGCAGATATCGCTAATG 2160
L § G KL AT ULTU®POGFT®TGADTIANA 508
CTTGTAATGAGGCTGCAT TAATCGCTGCCAGACATAATGACCCATATATCACTATCCATC 2220
C W E A A L I A A RHNUDZ®PUY I T 1 H H 528
ACTTTGAGCAAGUCAT TGAAAGAGT CATTGLGGGACTAGAGAAGAAMACAAGAGTCCTTT 2260
F E ¢ A I E RV I AGILETZ KT KT TRV L 5 548
CTAAGGAAGARARMAGGT CAGTGGCCTATCATGAGGCAGGACATGCCGTTTGTGGTTGOT 2340
K E E KR S V A Y HEA AGUHN AV C G W F 568
TTCTAAAATATGCGGATCCACT T CTGAAAGTARGCATCATCCCGCGTGGACAAGGTGCTT 2400
L K Y A D P L L KV s I I P RGGSQG A L 588
TAGGCTATGCCCAGTACCTACCACCGGATCAATATTTGATATC TGAGGAGCAATTCAGAL 2469
5 Y A ¢ Y L P P DOQ Y L I & B E Q F R H FEDB
ATAGAATGATCATGGCTCTTCGTGGCCGTGTTTCTGAGGAGCTACATTTTCCATCGGTGA 2520
R M I M A LG GURVY S EETLHTFUP S V T 628
CTAGCGGTGCTCATGATGAT T T CAARAAGGT TACACAGATGGCARATGCCATGGTTACAT 2580
s 3 A H DDV F KU KV T QMANAMVY T s 68
COCTAGGAATGTCACCCARGAT TGGCTACCTGTCGTTTGATCAGAATGATGGAAACTTCA. 2650
L 6 M 8 P K I G VY L 8 FDOGQNUDGN F K 668
AAGTTAACAAACCCTTCAGTAATABRAACGGCARGAACCATTGATTTAGAAGT TAAATCTA 2700
vV N K P F S N KT AURTIDLEV K S I 688
TAGTAGATGATGCACACCGAGCTTGTACAGAAT TGC TARCCARAAATTTGGACAARGTCG 2760
v ODDAHRAMCTETLTLTZE XNTILDTIEKV D 708
ATCTTCTCOCAAAAGAAT TCC TACGTAAGGAAGCAATTACTAGAGAAGACATGATTAGAT 2820
L VvV A K E L L R K8 ATITREUDHMTIRL 728
TAT TGGGTCCAAGGCCAT TCAAGGAAAGGARCGAGGCTTTTGAAAAATATTTGGATCCAR 2880
L 6P R P F K ERNGEHAZTFEZKTYLDP K 748
AGAGTAAT ACCGAACCGCCTGAGGCACCTGCAGCAACAAAT TAAAGGGGAAATARAACGG 2940
S N T EpP P E AP AATN 761
TGGCTTCTTGATCTCACTTTATATCT TTACCTGATCCCCCTTCCAGGATCCTATCTTATS 3000
TTCTCATTCTTTTAGTAATAATATACATGTATATATATATATTGATAACGAGTAATAARR 3060
AAAATAAAAAAAAATAATACATATTCGAAAACAATACTGCTTTTTAGTTCTCARCTTARA 3120

Fig. 1. Nucleotide sequence of YTA4I0 and predicted amino acid se-
quence. Two putative transmembrane spans are underlined. The spe-
clalized ATPase A and B boxes are indicated by bold print. The putative
Zn-binding sequence is marked by bold italic letters. The complete
sequence (3396 bp) can be retrieved from EMBL Data Library (acc. no.
X-81066).
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Fig. 2. Sequencing and gene disruption strategy of YTAI0.

As examplified in Fig. 3A (left panel), the tetrads showed a 2:2
segregation into small and large colonies growing in YPD me-
dium at 30°C. As expected, the slow growth phenotype cosegre-
gated with the YTA10 disruption and the uracil prototrophy
(Fig. 3A, middle panel). On glycerol medium, a non-fermenta-
ble carbon source, the /RA4A*spores were inviable confirming
the petite phenotype (Fig. 3A, right panel).

Transformation of yl0” cells [MAY20 (YTAIY/
yral0.: URA3)] with cosmid o231 restored wild-type and respi-
ration competence completely (Fig. 3B). Note that pYc3030
cosmids can be used instead of single- copy CEN plasmids in
transformation experiments, thus not impairing growth like
multi-copy ARS plasmids [27].

To examine whether the deletion of ¥TAI0 might affect
compenents of the respiratory chain, we determined the activ-
ities of NADH:cytochrome ¢ oxidoreductase (complexes I-111)
and ferrocytochrome ¢:oxygen oxidoreductase (complex IV) in
isolated mitochondria. Fig. 3C shows that mitochondria from
the ptal0 mutant retain only negligible residual activities in
these complexes compared to wild-type mitochondria.

3.3, Subcellular location and impart of YtalOp into yeast
mitochondria

Next, we used two approaches to analyze the subcellular
location of YtalOp. First, antibodies were raised against the 11
carboxy-terminal amino acids of YtalOp and used for im-
munoblotting of yeast subcellular fractions. As shown in Fig.
4A, YtalOp was found exclusively in the mitochondrial frac-
tion. In the second approach, radiolabeled YtalOp was synthe-
sized in vitro and was incubated with isolated yeast mitochon-
dria [9,28]. A major translation product with the apparent
molecular mass of 84.5 kDa was observed and was imported
into a protease-protected location. Import was dependent upon
a membrane potential and was accompanied by processing to
a protein of approximately 73 kDa (Fig. 4B).

4. Discussion

Among the Yta proteins, a novel family of putative ATPases
from the yeast, S. cerevisiae, characterized thus far {1], YtalOp
exhibits most significant similarity to two other Yta proteins,
Ytallp and Ytal2p, and E. coli FtsH/HAAB. Studies with FtsH
mutants indicated that this protein is involved in diverse cellu-
lar processes, like cell growth and viability [6,29], assembly into
and through the bacterial membrane [6,30,31], and, directly or
indirectly, in a proteolytic pathway [8]. Following our propaosi-

tion that YtalOp may be a mitochondrial homologue of FtsH/
HfIB, we have carried out genetic and biochemical experiments
to elucidate the function of YtalOp. In the present study we
have shown that YtalQp is indeed a mitochondrial protein,
which is essential for respiration-dependent growth of the yeast
cells.

When aligned for similarity, the N-terminal part of YtalOp

is some 90 amino acids longer than that of FisH, This extension

of YtalOp relative to FtsH shows several features which are
characteristic of mitochondrial import signals [24] and which
are absent in the prokaryotic protein. First, the N-terminal
region of YtalOp reveals a potential amphipathic a-helical
structure. Second, up to residue 72, the amino acid sequence
of YtalOp is devoid of acidic residues but contains several basic
and hydroxy amino acids; a typical mitochondrial matrix proc-
essing signal [29] occurs at positions 70 through 72. Our results
are in complete accordance with these notions. We found that
YtalOp is imported into mitochondria dependent upon a mem-
brane potential accompanied by processing to a protein of
approximately 73 kDa. Determination of the exact length of the
signal peptide and hence the actual length of the mature protein
have to await further experiments. Experimental evidence has
been obtained for a membrane topology of FtsH, in which the
N-terminal part of the protein spans the membrane twice [7].
Like FtsH, YtalOp reveals two potential membrane spans,
-uracil . E ¥

A | YPD

Fig. 3. Disruption of YTAI0. (A) Replica-plate analysis of a single
dissected tetrad from MAY20. Spores from a dissected tetrad were
grown on a fresh YPD plate (left panel) and replica-plated onto YPD
(minus uracil) (middle panel) and YPEG (right panel), respectively.
(B) Complementation. After sporulation of MAY20 [a231], tetrads
were dissected, grown on YPD (minus histidine) at 30°C (not shown)
and replica-plated onto YPEG. (C) Activity of mitochondrial respira-
tory complexes from wild-type and mutant ceils. Panel 1, activity of
NADH:cytochrome ¢ oxidoreductase (complex I-1IT}; panel 2, activity
of ferrocytochrome c:oxygen oxidoreductase (complex IV). p, Ytal(p
precursor; m, mature protein.
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Fig. 4. (A) Subcellular localization of YtalOp. After SDS-PAGE, the
markers were detected by immunoblotting. (B) Import of in vitro-
synthesized Ytal0p precursor protein into isolated yeast mitochondria.
Where indicated (PK), samples were treated with proteinase K after the
import reaction; DY, intact (+) or dissipated {—) membrane potential,
p, precursor YtalOp; m, mature YtalOp.

which have a similar spacing in these two proteins. Experiments
complementary to those reported here indicate that YtalOp
adopts an analogous topology within the inner mitochondrial
membrane [9].

Our experiments have shown that the loss of YTAI0 affects
the ability of yeast cells to grow on non-fermentable carbon
sources by impairing the activities of the respiratory complexes.
As shown for many nuclear petite mutants, defects in diverse
functions can cause the loss of respiratory capacity [33]. Antic-
ipating that Ytal0p fulfills similar functions in mitochondria as
does FtsH in the bacterial cell, we favour the possibility that
YtalOp is involved, directly or indirectly, in the assembly or
maintenance of respiratory complexes. Experiments addressing
this issue in more detail are reported in the accompanying paper
[9].

YtalOp adds to the group of putative ATPases which are
essential for mitochondrial function and have homologues in
bacterial systems, such as the yeast Piml protein which is a
mitochondrial ATP-dependent protease exhibiting over 30%
identity with ATP-dependent protease La from E. coli, lon from
B. brevis, and one from M. xanthus [34,35]. Additional mem-
bers of the ATPase family found to be associated with yeast
mitochondria but probably different in function, are Ymelp
(identical to Ytallp), involved in maintaining the integrity of
mitochondria [5] and Msplp (identical to Ytadp), involved in
intramitochondrial protein sorting [36]. It will be interesting to
investigate whether all or particular of these mitochondrial
proteins may act in concert to gnarantee proper mitochondrial
function.
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