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The Drosophila gene 2AS5 complements the defect in mitochondrial
Fi-ATPase assembly in yeast lacking the molecular chaperone Atpllp
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Abstract Assembly of mitochondrial Fi-ATPase in Saccha-
romyces cerevisiae requires the molecular chaperone, Atpl1p.
Database searches have identified protein sequences from
Schizosaccharomyces pombe and two species of Drosophila that
are homologous to S. cerevisiae Atpl1p. A ¢cDNA encoding the
putative Atpllp from Drosophila yakuba was shown to
complement the respiratory deficient phenotype of yeast harbor-
ing an atpll::HIS3 disruption allele. Furthermore, the product
of this Drosophila gene was shown to interact with the S.
cerevisiae Fy P subunit in the yeast two-hybrid assay. These
results indicate that Atpllp function is conserved in higher
eukaryotes.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

The ATP synthase of mitochondrial, chloroplast, and bac-
terial membranes catalyzes the synthesis of ATP coupled to
respiration [1,2]. The enzyme is composed of an integral mem-
brane component called F,, and a peripheral catalytic moiety
called F;. Membrane-bound F; catalyzes both ATP synthesis
and ATP hydrolysis in reactions that are coupled to proton
translocation through the F,. Soluble F; (F;-ATPase) func-
tions solely as an ATP hydrolase.

F; contains five different types of subunits in the stoichio-
metric ratio o3B3y [1,2]. Crystal structures have been solved
for bovine [3] and rat liver [4] mitochondrial F;. The o and 3
subunits alternate in a hexamer that surrounds the rod-shaped
v subunit [3,4]. Previous work with respiratory deficient mu-
tants of Saccharomyces cerevisiae has indicated that formation
of the F; o/f hexamer requires the products of the ATPI1 [5]
and ATPI2 genes [6]. In atpll or atpl? mutants the F,
oligomer is not formed; instead such strains accumulate the
o and B subunits in large protein aggregates inside mitochon-
dria [7]. Evidence has been obtained for direct binding be-
tween Atpllp and the F; B subunit, and between Atpl2p
and the F; o subunit (manuscripts in preparation). We pro-
pose that such binding interactions maintain the F; subunits
in soluble form during enzyme assembly. On the basis that the
actions of Atpllp and Atpl2p appear to be restricted to F;
assembly [7], these proteins can be considered ‘F;-specific’
molecular chaperones.

In this communication we report evidence that the action of
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Atpllp in mitochondrial F;-ATPase assembly has been
conserved in evolution. Database searches identified protein
products deduced from genomic or cDNA sequences from
Schizosaccharomyces pombe, Drosophila melanogaster, and
Drosophila yakuba that are homologous with Atpllp from
budding yeast. Additional studies provide strong evidence
that the fly protein sequences define true Atpllp homologs.
First, the relevant cDNA from D. yakuba (called 2AS5) rescued
the respiratory defect of a yeast atpll mutant. Second, the
product of the 2A5 gene was shown to interact with the yeast
F; B subunit in the two-hybrid screen.

2. Materials and methods

2.1. Plasmids and strains

Recombinant plasmids and S. cerevisiae strains used in this study
are described in Table 1. Escherichia coli RR1 (proA leuB lacY galK
xyl-5 mtl-1 ara-14 rpsL supE hsdS A™) was the host bacterial strain for
the recombinant plasmids. To construct the CEN plasmid pCUP2AS/
CEN316, the yeast CUPI promoter was excised as a 430 bp BamHI-
EcoRI fragment from pND164 [8], and the D. yakuba 2A5 cDNA was
prepared as a 1.1 kb EcoRI-Xhol fragment. Both DNA fragments
were then ligated in concert with BamHI, Xhol-cut pRS316 [9]. To
make the 2u plasmid (pCUP2AS/YEp) that carries D. yakuba 2AS
DNA under transcriptional control of the CUPI promoter, a 1.5 kb
BamHI-Kpnl fragment was subcloned from pCUP2AS5/CEN316 into
the BamHI and Kpnl sites of YEp352 [10]. To make pAS2-1/2A5(33—
278), an 800 bp fragment was prepared from pCUP2AS/YEp as a
Hgal(blunted), Kpnl fragment and ligated to the EcoRI(blunted)
and Kpnl sites of pTrc99A (Pharmacia). An 850 bp Ncol-BamHI
fragment was then prepared from this intermediate plasmid and li-
gated to the Ncol and BamHI sites of pAS2-1 (Clontech). To make
pACT2/ATP2(36-511), ATP2 DNA was prepared as a 1.5 kb Pyull-
Xhol fragment and ligated with pACT2 (Clontech) that was prepared
as a Xmal(blunted), Xhol fragment.

2.2. Media

Yeast was grown in the following media: YPD (2% glucose, 2%
peptone, 1% yeast extract), YPGal (2% galactose, 2% peptone, 1%
yeast extract), YEPG (2% glycerol, 2% ethanol, 2% peptone, 1% yeast
extract), WO (2% glucose, 0.67% yeast nitrogen base without amino
acids (Difco)), SD/—his,trp,leu (2% glucose, 0.67% yeast nitrogen base
without amino acids, supplemented with all essential amino acids and
nucleotides except histidine, tryptophan, and leucine). Amino acids
and other growth requirements were added at a final concentration
of 20-150 pug/ml. E. coli bearing recombinant plasmids were grown in
LB medium [11] supplemented with 40 ug/ml ampicillin. The solid
media contained 2% agar in addition to the components described
above.

2.3. Yeast two-hybrid assay

The yeast two-hybrid assay [12] employed yeast vectors (pACT2
and pAS2-1) and host strain Y190 (described above) that were sup-
plied in the MATCHMAKER Two-Hybrid System 2 from Clontech.
Yeast were grown in SD/—his,trp,leu medium. Expression from the
lacZ reporter gene was determined using 5-bromo-4-chloro-3-indolyl
B-p-galactopyranoside (X-gal) as a chromogenic substrate for B-ga-
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lactosidase in the colony-lift filter assay described in the Clontech
manual.

2.4. Miscellaneous procedures

Standard techniques were used for restriction endonuclease analysis
of DNA, purification and ligation of DNA fragments, transforma-
tions of and recovery of plasmid DNA from E. coli [11]. Yeast trans-
formations employed the LiAc procedure [13]. Preparation of yeast
mitochondria and ATPase assays were done as described previously
[5]. Protein concentrations were estimated by the method of Lowry et
al. [14].

3. Results

3.1. Database matches with yeast Atpllp

Atpllp from Saccharomyces cerevisiae was used as the
query sequence to search the protein sequence databases
with the Blastp program [15]. This analysis identified homol-
ogous amino acid sequences from S. pombe (GenBank acces-
sion number Z95395; BLAST score, 143; P=1Xx10"%), D.
melanogaster (GenBank accession number AF005855; BLAST
score, 80; P=3%10"1%), and D. yakuba (GenBank accession
number AF005856; BLAST score, 78; P=1x10"13). Align-
ment of S. cerevisiae Atpllp with the other three proteins
shows 50% similarity (including identical and physico-chemi-
cally similar amino acids) and 14.6% identity, with similar
regions distributed uniformly along the sequence (Fig. 1). A
pairwise comparison of the overall similarities and identities
between the four homologous sequences is shown in Table 2.
The DNA sequence encoding the Atpllp homolog from S.
pombe was deposited in the database as part of the S. pombe
genome sequencing project!; no functional data have been
reported for this gene product. The D. melanogaster and D.
yakuba cDNA sequences were identified during a screen for
fast evolving genes in Drosophila and designated with the gene
name 2A5 [17].

The protein sequence of S. cerevisiae Atpl1p shown in Fig.
1 includes a mitochondrial targeting sequence at the amino-
terminus [5]; the first amino acid of the mature protein is
predicted to be Glu-40 [18] (boxed residue in S. cerevisiae
Atpllp sequence, Fig. 1). Previous studies with partially de-
leted forms of S. cerevisiae Atpllp provided information that
the functional domain of the protein is located within the
sequence bordered by Asp-112 (see arrow, Fig. 1) and Arg-
183 (see asterisk, Fig. 1) [19]. Owing to the presence of pro-
line-rich sequences in the vicinity of these two amino acids, we
previously designated the region between Phe-120 and Asn-
174 as the ‘minimal’ domain necessary for function (see black
bar, Fig. 1), nestled between Pro-rich ‘connector’ sequences
[19]. However, inspection of the multiple alignment shows
that the distal of the two S. cerevisiae Pro-rich sequences
(Pro-175 through Arg-183, see white bar in Fig. 1) is 78%
identical in all four proteins. This observation suggests that
the proline-rich PXFXLPLPR sequence should be considered
part of the functional domain of Atpllp, rather than a linker
segment in the protein as formerly proposed.

3.2. Functional studies with Drosophila Atpllp
The full-length 2A5 cDNA from D. yakuba was subcloned

1 'Wood, V., Barrell, B.G. and Rajandream, M.A. (Direct Submission
05/01/97), Schizosaccharomyces pombe chromosome I sequencing proj-
ect, Sanger Centre, Hinxton Hall, Hinxton, Cambridge.
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S. cerevisae MWRLTRKIGTRIHISNQLSPIFNKAIGTVPVFRFYSSSPEHORYRKKLLEERQKQ 54

S.pombe  ——moe- MLPIWKLPVNHLLCHSFKSIPRTSAYAVRFAHHTSNNDDLEVKKN--~ 45

D. yakuba -MACAKKLLSRVFLNNSLT-~ANRTITMSAARRAHJALI DKLKEDNPYYSKYAS— 50

D. melanogaster ~ ——---- KKLLFRVFLNNSLT--ANRTITMSAARRAEEATEKLKEDNPYYSKYAS- 46

S. cerevisae GFNSIEELKNHLKETIESKKREFNKIDPLKELEDYQOKTOMENNNSKHLMTKSR 108
S. pombe --TVYERYERKLKSKAEELHMPVINLLKKGQTKEREHVIPKKSFSAKKSLVGON 97
D. yakuba --KIAKLQQTSAEEFLDRVERVLN---PIKDGOS-QARSYSELLNPKOKLOAEQ 98
D. melanogaster ~ --KIAKLOQTSAEEFLDRVERVVN---PIKDGQS-QARSYSELLNPKOKLOAEQ 94

. v — —
S. cerevisae SPLDPSAPKVPFRTLDSFLDVGKLKDLSKQEVEFLWRARWAQKDNTLCAVIPVS 162
S.pombe  ———mem AKKSDLSGLNRYIDVEKIKELPTSTIEKLWRARNIG-DDILSACIPKE 144
D.yakuba ~  —=——mm- TAELPHKKLTDIMKLELTEDKTAEEVSKIW-LEYHKTKEVLAATLTTA 145
D. melanogaster ~ ~=--—-, AAELPHKKLTDIMKLELIEDKTAEEVSQIW-LEYHKTKEVLAATLSTS 141
———

S. cerevisae VYDKMMANARNNPIEVLPLPROVQSEDAKPNEEQGMELHY IQWOFVGPQTTHCM 216
S. pombe TYEKMLSRARMYPYFVLPLPRG-——————--~ DKGIESHFLOWNFPNKNEAHLL 188
D. yakuba QYESLMARAKEHPVFLLPLER --SEGFEFVIVQFAAN---TVH-- 183
D. melanogaster ~ Q¥ENLMARAKEHPVFLLPLPR-——-——————— SEGFEFVMLQFAAN---TVH-- 179
S. cerevisae MTSLAEYKLHQEFARPHTTLOFESDLVKDKGIVEMNGHVERPDTNVNVODAQLEL 270
S. pombe VISLLEYKLKGSYAAPHT IMLHEADLLNLKGITIMRCOFEPKKLS-ANDVQLLY 241
D. yakuba FTPLLAYOVHHENA-PECLTLVHYTEVQDKGVVLMRGEYDTKVLT-AQEAQCLA 235

D. melanogaster FTPLLAYQVHHENA-PECLTVVHYTEVQDKGVVIMRGEYDTKVLT-AQEAQCLA 231

S. cerevisae LNVQRFYGAMGEET PVAKQRVQLLRDFSKASPGFTVEKLISLSQSMEN- 318
S. pombe LAIQKFYN-ASENTPLGKERLALLAAFSKG-ADFDLHKVATHMDMLE-- 286
D. yakuba NELQMFYLKPDEG------ RLRLLNTFTRKPDEFKHMDLITEVENIQLV 278
D. melanogaster NELQMFYLKPDEG-—---—- RLRLLNTFTRKPDEFKHMDLIKEVENIOLV 274

Fig. 1. Homologous Atpllp sequences. The amino acid sequence of
Atpllp from S. cerevisiae was aligned with homologous sequences
from S. pombe, D. yakuba, and D. melanogaster using the CLUS-
TALW program [16]. Shading indicates identical and physico-chemi-
cally similar amino acids; identical amino acids are further high-
lighted in bold. The boxed amino acids in the sequences from S.
cerevisiae and D. yakuba are the approximated start sites for the
mature proteins. The following symbols are used to indicate specific
amino acids/spans of sequence in S. cerevisiae Atpllp that are dis-
cussed in the text: arrow, Asp-112; asterisk, Arg-183; black bar,
Phe-120 through Asn-174; white bar, Pro-175 through Arg-183.

along with the yeast CUPI promoter into single and multi-
copy yeast episomal vectors yielding the plasmids pCUP2AS/
CEN316 and pCUP2AS/YEp, respectively (Table 1). These
plasmids were introduced, individually, into the respiratory
deficient yeast strain W303AATPI11 that is disrupted at the
ATPI11 locus (Table 1). The transformed cells were then eval-
uated for growth on non-fermentable carbon sources (YEPG
medium) as an indication of respiratory function. As shown in
Fig. 2, W303AATP11 does not grow on YEPG plates incu-
bated at 30°C for 3 days. However, within this time span,
each of the plasmids carrying D. yakuba 2A5 cDNA conferred
growth on the selective medium to the mutant strain (Fig. 2),
although at rates significantly lower than the wild type (W303-
1A) control. These results demonstrate a rescue of the yeast
mutation by the Drosophila 2A5 gene. Mitochondrial ATPase
activity measured for transformants of W303AATPI11 that
produce D. yakuba 2AS from a single or multicopy vector is
reported in Table 3. Under the conditions of this assay, wild
type W303-1A typically shows 4-5 U/mg oligomycin sensitive
ATPase activity [6]. The sub-optimal levels of mitochondrial
ATPase activities detected in yeast that produce heterologous
Atpllp from D. yakuba are in accord with the fact that these
transformants grow much more slowly on YEPG medium
versus the parental wild type strain (Fig. 2).

The yeast two-hybrid assay (see Section 2.3) was used to
probe for binding interactions between the Atpllp homolog
from D. yakuba and the yeast F; B subunit. The reporter
strain (Y190) used in these experiments harbors lacZ under
transcriptional control from Galdp. The two-hybrid plasmid
constructed with 2A5 ¢cDNA (pAS2-1/2A5(33-278), Table 1)
was designed to encode the mature portion of D. yakuba
Atpllp fused to the distal end of the Galdp DNA binding
domain (bd) in the vector pAS2-1. Following the premise that
mitochondrial leader peptides are rich in basic and hydroxyl-
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W303AATPL1/
pCUP2AS5/YEp

W303AATP11/
pCUP2A5/CEN316
VI-E0EM

W303AATP11

Fig. 2. Complementation of a yeast atpll::HIS3 mutation with
the 2AS gene from D. yakuba. The following four S. cerevisiae
strains were streaked on a YEPG plate and incubated for 3 days
at 30°C: W303-1A, respiratory competent parental wild type
yeast; W303AATPII, respiratory deficient mutant that harbors
an atpll::HIS3 allele; W303AATP11/pCUP2AS/CEN316 and
W303AATP11/pCUP2AS/YEp; W303AATPI11 transformed with sin-
gle or multicopy plasmid that carries the 2A5 gene from D. yakuba
under the control of the yeast CUPI promoter.

ated amino acids, and notably deficient in acidic residues [20],
the mature Atpllp protein from Drosophila is predicted to
begin in the vicinity of GIn-33 (boxed residue in D. yakuba
Atpllp sequence, Fig. 1). For this reason the first 32 codons
of the 2A5 sequence are omitted in pAS2-1/2A5(33-278). The
other plasmid used in these experiments, pACT2/ATP2(36-
511), encodes a protein chimera in which the Gal4p activation
domain (ad) was fused distally to the mature portion of the
yeast F; B subunit. The first amino acid in the mature yeast
F; B subunit is Ala-34 (D. Mueller, The Chicago Medical
School, personal communication); the mature form of the
subunit encoded in pACT2/ATP2(36-511) is missing the first
two residues from the amino-terminus. Co-production of ad-
(yeast F; B) and bd-(Drosophila Atpllp) fusion proteins in
Y190 led to functional reconstitution of the Galdp transcrip-

Table 1
Strains and plasmids
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tion factor. Galdp induced activation of lacZ in the reporter
strain was indicated by the fact that the cells showed blue
color following lysis and exposure to X-gal on filter paper
(data not shown). These results provide evidence for binding
interactions between D. yakuba Atpllp and S. cerevisiae F| 3
subunit.

4. Discussion

Atpllp was identified almost 10 years ago to be a protein
necessary for mitochondrial F; assembly in S. cerevisiae [7].
Here we report evidence for conservation of Atpllp action in
other eukaryotes. Protein database analysis has revealed gene
products from S. pombe, Dr. yakuba, and D. melanogaster
that are homologous with S. cerevisiae Atpllp (Fig. 1). More-
over, the results from complementation analyses (Fig. 2) and
from two-hybrid screens provide support that the product of
the 2AS gene from Drosophila is functionally equivalent to S.
cerevisiae Atpllp.

Multiple alignment of the amino acid sequences shows that
there is a significant level of sequence similarity in homolo-
gous Atpllp proteins across evolutionary lines (Fig. 1). The
low percent identity (14.6%) among all four aligned sequences
is consistent with our view that the molecular mechanism of
Atpllp may be dependent more on overall conformation of
the protein than on specific amino acid residues. Previous
work showed that respiratory defective atp/l mutants of S.
cerevisiae, which were isolated following chemical mutagenesis
of yeast, were found to have only nonsense mutations in the
coding sequence for mature Atpllp [19]. To explain these
observations we argued that amino acid replacements, which
may have been sustained during mutagenesis, did not prevent
Atpllp from assembling enough F; to support growth on the
selective media used in the genetic screen. Thus, the low level
of identity amongst homologous Atpllp proteins might re-
flect the fact that there are very few amino acids that are
essential for the correct interaction of Atpllp with the F;
subunit.

Our model for Atpllp action suggests that the chaperone
binds to unassembled F; B subunits and prevents aggregation
of the protein. All Atpllp proteins are predicted to have a
similar structure and mechanism. Furthermore, the sequence
of the binding site on the B subunit for the chaperone is
predicted to be similar in all species owing to the high degree
of amino acid sequence conservation observed amongst F;

Yeast strains/plasmids Genotype/description Source

Strains

W303-1A Mata ade2-1 his3-11,15 leu2-,112 ura3-1 trpl-1 R. Rothstein, Columbia

University, NY

W303AATPI11 Mata ade2-1 his3-11,15 leu2-,112 ura3-1 trpl-1 atpll::HIS3 [5]

Y190 MATa ura3-52 his3-200 lys2-801 ade2-101 trp1-901 leu2-3,112 gal4A galS8OA cyh'2 Clontech
LYS2:: GALIU'AS'-HISSTATA-HISS URA3:: GAL]UAs-GAL]TATA-IdCZ

Plasmids

pCUP2AS/CEN316 D. yakuba cDNA 2A5 cloned downstream the yeast CUPI promoter in the This study
single copy vector pRS316

pCUP2A5/YEp D. yakuba cDNA 2AS5 cloned downstream the yeast CUPI promoter in the This study
multicopy vector YEp352

pAS2-1/2A5(33-278) Mature coding sequence for D. yakuba Atpllp fused with the Galdp DNA This study
binding domain sequence in pAS2-1

pACT2/ATP2(36-511) Mature coding sequence for F; B subunit fused with the Galdp activation This study

domain sequence in pACT2
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Table 2
Pairwise sequence analysis of homologous Atpllp proteins

Z.-G. Wang et al.|[FEBS Letters 452 (1999) 305-308

S. cerevisiae S. pombe D. yakuba D. melanogaster
Percent similarity

S. cerevisiae - 73.8 72.3 69.0

S. pombe 35.7 - 66.5 67.2

D. yakuba 28.4 29.1 - 99.6

D. melanogaster 29.6 24.1 95.3 -

Percent identity

The top right area denotes percent similarity overall between sequence pairs (identical and physico-chemically similar amino acids included).

The bottom left area shows percent identity between sequence pairs.

Plus oligomycin

Oligomycin-sensitive activity

0.21 (0.19) 0.18
0.39 (0.20) 0.45

]l\q/?itt)cl)eclfondrial ATPase activity in yeast that produce Atpllp from D. yakuba
Strain ATPase activity (U/mg)
Minus oligomycin
W303AATP11/CUP2AS/CEN316 0.36 (0.40)
W303AATP11/pCUP2AS/YEp 0.66 (0.83)

Mitochondria were isolated from yeast grown in YPGal to early stationary phase and ATPase activity was measured % oligomycin as described
in [5]. Results from two separate mitochondrial preparations are shown; one set of values obtained * oligomycin is given in parentheses. The

mean values for oligomycin-sensitive ATPase activity are shown.

subunits. For example, pairwise analysis between F; B sub-
units from S. cerevisiae (GenBank accession number Z49621)
and from D. melanogaster (GenBank accession number
X71013) indicates 90% similarity. In consideration of these
points, one might predict that the Drosophila protein would
be an excellent substitute for S. cerevisiae Atpllp in a yeast
cell. However, the results from our complementation analyses
indicate that the Drosophila Atpllp confers suboptimal levels
of respiratory competence to a yeast atpll mutant. To explain
this result we suggest that the sequence diversity observed
amongst Atpllp homologs might also reflect evolution of
the chaperone to meet the specific requirements of the host
cell. For example, it is not known at this time if the action of
Atpllp is regulated in mitochondria, or if the chaperone acts
in conjunction with other proteins that have not yet been
identified
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