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Studies in yeast have shown that a deficiency inAtp12pprevents
assembly of the extrinsic domain (F1) of complex V and renders
cells unable to make ATP through oxidative phosphorylation. De
Meirleir et al. (DeMeirleir, L., Seneca, S., Lissens,W.,DeClercq, I.,
Eyskens, F., Gerlo, E., Smet, J., and Van Coster, R. (2004) J. Med.
Genet. 41, 120–124) have reported that a homozygous missense
mutation in the gene for human Atp12p (HuAtp12p), which
replaces Trp-94 with Arg, was linked to the death of a 14-month-
old patient. We have investigated the impact of the pathogenic
W94R mutation on Atp12p structure/function. Plasmid-borne
wild type human Atp12p rescues the respiratory defect of a yeast
ATP12 deletion mutant (�atp12). The W94R mutation alters the
protein at the most highly conserved position in the Pfam
sequence and rendersHuAtp12p insoluble in the background of
�atp12. In contrast, the yeast proteinharboring the correspond-
ing mutation, ScAtp12p(W103R), is soluble in the background
of �atp12 but not in the background of �atp12�fmc1, a strain
that also lacks Fmc1p. Fmc1p is a yeast mitochondrial protein
not found in higher eukaryotes. Tryptophan 94 (human) or 103
(yeast) is located in a positively charged region of Atp12p, and
hence its mutation to arginine does not alter significantly the
electrostatic properties of the protein. Instead, we provide evi-
dence that the primary effect of the substitution is on the
dynamic properties of Atp12p.

ATP is the principal energy source in cells. Eukaryotes make
ATP from the cumulative activities of five multisubunit com-
plexes that constitute the oxidative phosphorylation system of
the inner membrane in mitochondria. In this process, the free
energy of electrons liberated from oxidative metabolism of fuel
molecules is harvested by complexes (I–IV) of the respiratory
chain and converted to a transmembrane electrochemical pro-
ton gradient that fuels ATP synthesis catalyzed by complex V

(ATP synthase) (1–3). ATP synthase is a large hetero-oligomer
(�550 kDa) that can be resolved biochemically into two well
defined protein entities called F0 and F1. F1 is a soluble ATP
hydrolase of 370 kDa and is composed of 3� and 3�, and 1 copy
each of �, �, and � subunits. Approximately 85% of the total
mass of F1 is contributed by the � and � subunits that occupy
alternating positions in a hexameric ring, whereas the single
copy subunits assemble an elongated structure that projects
inside the hexamer (4–6). F0 consists of a membrane-embed-
ded proton pump and an extrinsic domain that serves as the
attachment site for F1.Whereas soluble F1 is competent only for
net ATP hydrolysis, the membrane-bound enzyme can utilize
the energy released when protons translocate through F0 to
drive the endergonic reaction of ATP synthesis.
Nearly all of the proteins residing in mammalian mitochon-

dria are the products of nuclear genes. Notable exceptions are
the F0 portions of the ATP synthase and three of the four res-
piratory chain proteins (complexes I, III, and IV), which are
macromolecular structures assembled from the products of
both nuclear genes and mtDNA (7, 8). This feature is responsi-
ble for the emergence ofmtDNA in recent decades as an impor-
tant target of investigation into the genetic basis for human
diseases that show characteristics of defects in oxidative energy
metabolism (7, 9). TheT8993G/T8993Cmutations in themito-
chondrial geneATP6 for F0 subunit a underlie the neurodegen-
erative pathologies associated with neurogenic ataxia retinitis
pigmentosa and Leigh syndromes and are the best known
genetic lesions linking a specific defect in ATP synthase to
mitochondrial disease (10–12). Just recently, a mutation asso-
ciated with mitochondrial disease was identified in ATP8,
which is the other human F0 gene of mitochondrial origin (13).
An increasing number of patients are being identified forwhom
complex V deficiency is caused by a nuclear genetic defect (14),
although none of the cases reported thus far identify amutation
in a nuclearly encoded F1 or F0 subunit. A recent paper by
Cizkova et al. (15) reports the successful implementation of
positional cloning to identify mutations in the human gene
TMEM70 associated with low levels of ATP synthase in a sub-
population of mitochondrial myopathy patients.
Themodel organism Saccharomyces cerevisiae has particular

utility for the investigation of disease-linked mutations in
nuclear genes associated with ATP synthase function. First is
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because yeast mutants have already identified a number of
nuclear gene products that are imported by mitochondria for
the sole purpose ofmediating assembly of theATP synthase (2).
As several of these “assembly factors” share primary sequence
homology with products of human genes, this information pro-
vides logical targets to investigate for genetic linkage to mito-
chondrial dysfunction originating in complex V. Work along
these lines led DeMeirleir et al. in 2004 (16) to identify the first
nuclear defect linked to mitochondrial ATP synthase defi-
ciency, which in this case occurred in the geneATPAF2 encod-
ing a human homolog of the S. cerevisiae protein Atp12p that is
required to assemble the F1 oligomer (17). A second feature that
highlights the value of yeast in studies of humanmitochondrial
disease becomes apparent when a human cDNA can be intro-
duced into cells that are deficient for the homologous yeast
protein and evaluated for an effect on respiration. Such consid-
erations provide the basis for the experiments reported in this
study, which have utilized yeast mutants to study a clinically
isolated genetic variant of human ATPAF2.
Experiments in yeast have established that Atp12p binds to

unassembled� subunits (18) and that this action is necessary to
avoid off-pathway reactions leading to dead-end (�)n aggre-
gates (19). Complementation of the respiratory deficiency of
yeast atp12 mutants with a plasmid bearing wild type human
ATPAF2 cDNA has been already demonstrated (17). Further-
more, a deleterious effect of a specific Glu3 Lys substitution,
known to inactivate yeast Atp12p (hereon referred to as
ScAtp12p),was recapitulated inhumanAtp12p (herein referred to
as HuAtp12p) as determined by examination of recombinant
HuAtp12p molecular chaperone activity in vitro using the model
substrate citrate synthase (20).
This studywas undertaken to determine the consequences of

the W94R mutation in HuAtp12p that was reported by De
Meirleir et al. (16) to cause severe complex V deficiency and
patient death at age 14 months. Physical characterization of
HuAtp12p(W94R), and related mutants (W94K, W94E, and
W94A), revealed a defect in protein solubility. Molecular
dynamics simulations of the wild type and HuAtp12p(W94R)
protein provided an explanation at the atomic level for the sol-
ubility defect. Companion studies that evaluated the homologous
mutation (W103R) in the context of yeast Atp12p indicate a uni-
versal relationship between this particular tryptophan residue and
Atp12p solubility, which supports themarked conservation of the
amino acid sequence at this position in the protein. Interestingly,
although the defect in HuAtp12p(W94R) was readily apparent in
the single deletion mutant �atp12, it was necessary to create a
strain (�atp12�fmc1) that is also missing the gene for Fmc1p to
fully define the impact of the W103R substitution in ScAtp12p.
Such findings provide new insight into the co-chaperone activity
of Fmc1p that was first described by Lefebvre-Legendre et al. (21).
This protein is not present in human mitochondria, which
explainswhy it fails to suppress the deleterious effect of theW94R
mutation in the human protein.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Media—S. cerevisiae respiratory
wild type strain, W303-1A (MATa ade2-1 his3-11, 15 leu2-3,
112 ura3-1 trp-1), and the derived respiratory-deficientmutant

disrupted at the ATP12 locus, aW303�G57, (MATa ade2-1
his3-1, 15 leu2-3, 112 ura3-1 trp 1-1 ATP12::LEU2), are
described in Ref. 22. For simplicity, W303-1A is abbreviated as
“W303” and aW303�G57 is referred to as “�atp12” in this
study. A haploid mutant harboring two disrupted alleles,
ATP12::LEU2 and FMC1::HIS3, was isolated from the progeny
of aW303�G57 and the MAT� strain MC6 (21) and named
�atp12�fmc1 (MATa ade2-1 his3-11, 15 leu2-3, 112 ura3-1 trp
1-1 ATP12::LEU2 FMC1::HIS3). Plasmid-transformed yeast
were maintained on minimal glucose (WO) medium (2% glu-
cose, 0.67% yeast nitrogen base without amino acids) supple-
mented with amino acids and nucleotides as required. Rich
media contained 2% peptone, 1% yeast extract, and one of the
following carbons sources: 2% glucose (YPD), 2% galactose
(Gal), or 2% ethanol � 3% glycerol (EG). Solid media contained
2% agar.
Plasmids and Site-directed Mutagenesis—A summary of the

plasmids used to transform yeast is given in Table 1. Multicopy
plasmids for production of wild type ScAtp12p (pSc122� (for-
merly named pG57/ST4 (22)) and of HuAtp12p (pHu122�

(formerly named pG13L/HuATP12(33–289) (17)) are based in
the 2� URA3-bearing vector YEp352 (23). Following the man-
ufacturer’s instructions, QuikChangeTM site-directed muta-
genesis kit (Stratagene) was used with plasmid pHu12 to intro-
duce the following amino acid substitutions in HuAtp12:
W94R, W94F, W94E, W94A, and W94K, and with plasmid
pSc12 to make a W103R substitution in the sequence for
ScAtp12p. The sense strand of each pair of complementary oli-
gonucleotides that was used formutagenesis is given in Table 2.
Plasmid inserts were sequenced to verify that only the desired
mutations are present in the reading frames for the human and
yeast Atp12p proteins. Single copy plasmids (pSc12CEN,
pSc12(W103R)CEN) for the production of wild type andmutant
ScAtp12p were made by transferring a 1.45-kb SacI-HindIII
fragment from pSc122� and from pSc12(W103R)2�, respec-
tively, to the URA3-bearing CEN vector pRS316.
Electron Microscopy—Fibroblasts were washed with 0.1 M

sodium cacodylate buffer, pH 7.4, and fixed in 0.4% glutaralde-
hyde, 4% paraformaldehyde in culture flasks. The cells were
collected by centrifugation at 1717� g, 5 min, at room temper-
ature and pellets were incubated in fixative for another hour at
4 °C. Samples were post-fixed in osmium tetroxide (1% in
buffer), dehydrated in a series of alcohol baths, and embedded
in Epon (Aurion, Wageningen, The Netherlands). Ultrathin
sections of 60 nm were examined using a Zeiss TEM900 trans-

TABLE 1
Plasmids for human and S. cerevisiae Atp12p production in yeast

Name Description Ref.

pHu122�a Wild type HuAtp12p, 2� 17
pHu12(W94R) HuAtp12p(W94R), 2� This study
pHu12(W94F) HuAtp12p(W94F), 2� This study
pHu12(W94A) HuAtp12p(W94A), 2� This study
pHu12(W94E) HuAtp12p(W94E), 2� This study
pHu12(W94K) HuAtp12p(W94K), 2� This study
pSc122�b Wild type yeast Atp12p, 2� 22
pSc12CEN Wild type yeast Atp12p, CEN This study
pSc12(W103R)2� Yeast Atp12p(W103R), 2� This study
pSc12(W103R)CEN Yeast Atp12p(W103R), CEN This study

a This plasmid was originally named pG13L/HUATP12(33–289).
b This plasmid was originally named pG57/ST4.
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mission electron microscope at 50 kV and magnification at
�20,000. A total of 30 micrographs were recorded for three
different fibroblast cell samples collected from the patient
described in Ref. 16. Mitochondria were counted, and cristae
morphology (normal and aberrant) and matrix density (lucent,
intermediate, and dense) were assessed in a blinded fashion,
and cross-tabs were performed together with �2 tests (data not
shown).
Homology Modeling of HuAtp12p—A homology model of

HuAtp12p was built with Prime 2.1 (Schrödinger Inc.) using as
a template the x-ray structure of Pseudomonas denitrificans
Atp12p (24). First, an optimal sequence alignment was identi-
fied between the query sequence and the template, and then a
secondary structure prediction on the query sequencewas used
to further improve the alignment. Finally, the entire structure
of the query sequence was built in sequential steps as follows:
(a) coordination of the copying of backbone atoms for aligned
regions and side chains of conserved residues; (b) building
insertions and closing deletions in the alignment; (c) building
tails out to the last residue in the template; (d) side chain pre-
diction of nonconserved residues; and (e) minimization of all
the atoms not derived directly from the template. The final
homology model included residues 33–277 of human Atp12p.
There is no equivalent for residues 1–32 in P. denitrificans
Atp12p, suggesting that these residues probably represent the
mitochondrial import leader peptide of the humanprotein. The
root mean square deviation (r.m.s.d.)3 for 177 out of 227 C� of
the human protein model with respect to P. denitrificans
Atp12p is 1.775 Å. The other C� atoms (mostly corresponding
to loop regions) have r.m.s.d. values not exceeding 4.05 Å.
HuAtp12p was solvated in a cubic box of SPC water (25) mol-
ecules with Desmond (D. E. Shaw Research) (26) leaving amin-
imum distance of 12 Å between any protein atom and the edge
of the box. The W94R variant of HuAtp12p was generated by
replacing the tryptophan side chain with an arginine side chain
using Maestro (Schrödinger Inc.) and repeating the energy
minimization.

Molecular Dynamics—The ensembles of the wild type and
the mutant HuAtp12p, each consisting of �55,000 atoms rep-
resenting the protein, 17,084 water molecules, and 5 to 6
sodium ions neutralizing the protein charges, were then sub-
jected to steepest descent minimization under periodic bound-
aries condition until a gradient threshold of 25 kcal/mol/Å was
reached, followed by limited-memory Broyden-Fletcher-Gold-
farb-ShannoLBFGS minimization (27, 28). The 2005 release of
the optimized potentials for liquid simulations (all atom) force
field (29) was used in this and all subsequent calculations. Short
range Coulombic interactions were calculated with a cutoff
radius of 9.0 Å, whereas long range interactions were calculated
with the smooth particle mesh Ewald method (30) using an
Ewald tolerance of 1e�9. A 40-ns MD simulation was carried
out with Desmond in the number-pressure-temperature en-
semble at 300 K (25 °C). For this purpose, the Nose-Hoover
thermostat method (31) with a relaxation time of 1.0 ps and the
Martyna-Tobias-Klein barostat method (32) with isotropic
coupling of the cell along all three axes to a reference pressure of
1.01325 atm and a relaxation time of 2 pswere used. Integration
was carried out with the RESPA integrator (33) using time steps
of 2.0, 2.0, and 6.0 fs for the bonded van der Waals and short
range and long range electrostatic interactions. SHAKE con-
straints (34) were imposed on all the heavy atom-hydrogen
covalent bonds. Coulombic interactions were calculated as for
the minimization protocol. Coordinates were saved every 4.8
ps. Before the 40-ns productive run of the simulation, the
ensemble was relaxed using the following protocol: 1) 12 ps in
the number-volume-temperature ensemble at 10 K with a fast
relaxation constant and non-hydrogen solute atoms restrained;
2) 12 ps in the number-pressure-temperature ensemble at 10 K
and 1 atm, with a fast temperature relaxation constant, a slow
pressure relaxation constant, and non-hydrogen solute atoms
restrained; 3) 24 ps at 300 K and 1 atm with other conditions as
in step 2; and 4) 24 ps at 300K and 1 atmwith a fast temperature
relaxation constant and a fast pressure relaxation constant.
Electrostatic Potentials and Energy Calculations—Electro-

static potentials at the solvent-accessible surface of proteins
and solvation energies were calculated with PDB2PQR/APBS
(35) using a nonlinear Poisson-Boltzmann continuum model
with a solvent dielectric constant �s � 78. A protein dielectric

3 The abbreviations used are: MD, molecular dynamics; r.m.s.d., root mean
square deviation; r.m.s.f., root mean square fluctuation; HMM, Hidden
Markov Model.

TABLE 2
Primers for QuikChangeTM site-directed mutagenesisa

a Only the DNA sequence for the forward primer (“sense strand”) is shown; the reverse primer is the complementary sequence.
b Nucleotide changes to the wild type sequences are in lowercase letters. Codon changes are highlighted in gray. Silent substitutions are underlined.
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constant �p � 10was adopted (instead of the traditional �p � 2),
as recommended by several authors (36–38) to avoid artificially
high values of the polar solvation energy terms. Protein charges
were assigned on the basis of the AMBER force field (39),
assuming a pH of 8.0 for the mitochondrial matrix (40), and by
calculating the pKa values of all ionizable residues with the pro-
gram PROPKA (41).
All energy calculations were carried out on fixed conforma-

tions of Atp12p, derived from the MD simulation at 300 K. As
these calculations do not include entropic and molecular
mechanics energy changes, the calculated solvation energies of
the states are to be considered as “potentials of mean force”
rather than free energies. The solvation energy of each individ-
ual state was calculated as the sum of two components that
describe a thermodynamic cycle in terms of transfer energies
from a homogeneous dielectric environment (where interac-
tions are described by Coulomb’s law) to an inhomogeneous
dielectric environment with differing internal and external
dielectric constants. The first component includes the polar
solvation term. For this calculation, we used a grid of �0.5-Å
spacing covering the entire protein. The second component,
represented by the apolar solvation energy, was modeled
according to Wagoner and Baker (42) using the “probe-in-
flated”model of the solvent-accessible surface and volume. Key
parameters were as follows: solvent pressure, 0.150624 kJ
mol�1 Å�3; repulsive solvent surface tension, 0.012552 kJ
mol�1 Å�1; bulk solvent density, 0.033428 Å�3; solvent mole-
cule radius, 1.04 Å. Figs. 6 and 8 were generated with PyMOL
(43).
Miscellaneous Methods—Preparation of mitochondria, dena-

turing (SDS) gels, and Western analysis was as described previ-
ously (18). Polyclonal antibodies raised against denatured
ScAtp12p were used at 1:1000 dilution to detect both yeast and
human Atp12p proteins inWestern blots (20). The LiAc method
of Schiestl and Gietz (44) was used to transform yeast. Protein
concentration was measured according to Lowry et al. (45).

RESULTS

Probing the Effect of HuAtp12p(W94R) on Mitochondrial
Ultrastructure inHuman Fibroblast Cells—Fibroblast cells cul-
tured from the HuAtp12p(W94R) patient described in Ref. 16
were embedded in epoxy resin and analyzed by transmission
electron microscopy (Fig. 1). Cells were stained with osmium
tetroxide, post-fixation, to achieve the high contrast necessary
to discern mitochondrial ultrastructure without further label-
ing. There were no significant differences in cristae morphol-
ogy ormatrix density between the patient and control cells (Fig.
1, compare panels A and BwithC andD). This finding is differ-
ent from what was reported in transmission electron micro-
graphs of Atp12p-deficient yeast stained with OsO4, which
showed clear evidence of electron-dense material inside mito-
chondria that was identified to be deposits of aggregated F1 �
and � subunit proteins by immunogold labeling (46). Although
our results showno evidence of such structures in the fibroblast
cells from the patient, we cannot rule out the possibility that an
aggregated F1 protein phenotype may have been lost with
repeated passage of the cells in culture. The resolution of this

issue awaits the availability of fresh tissue from new patients
diagnosed with HuAtp12p deficiency.
Nonconservative Substitutions of Trp-94 in HuAtp12p Cause

Respiratory Deficiency in Yeast—The multicopy yeast plasmid
pHu122� (Table 1) encodes a chimeric protein in which a bona
fide yeast mitochondrial leader sequence replaces the native
targeting sequence (first 32 codons) ofHuAtp12p. Introduction
of this plasmid into the yeast deletion strain �atp12 confers
the mutant with high levels of oligomycin-sensitive ATPase
activity (Table 3) and respiratory growth on nonfermentable
carbons (ethanol-glycerol, EG media) (17). To study effects
of the W94R mutation on mitochondrial function in the
yeast model, the QuikChange method was used to substitute
Arg for Trp-94 in the HuAtp12p sequence carried on
pHu122� (see under “Experimental Procedures”). The re-

FIGURE 1. UltrastructuralanalysisofhumanfibroblastsfromHuAtp12p(W94R)
patient. Transmission electron micrographs of Epon 60-nm-thick sections of
fibroblasts cultured from the HuAtp12p(W94R) patient (panels A and B) and
control source (panels C and D). m, mitochondria. Bars, 0.5 �m.

TABLE 3
Mitochondrial ATPase activities of yeast that produce W94Hu/W103Sc

Atp12p mutants

Strain
ATPase activitya

�Oligomycin �Oligomycin

�mol of Pi released/min/mg
Wild type 3.79 � 0.40 0.44 � 0.11
�atp12 0.24 � 0.07 0.05 � 0.06
�atp12 � pHu122� 2.37 � 0.06 0.16 � 0.02
�atp12 � pHu12(W94R) 0.22 � 0.03 0.07 � 0.08
�atp12 � pHu12 (W94F) 2.37 � 0.54 0.19 � 0.11
�atp12 � pHu12 (W94A) 0.20 � 0.06 0.06 � 0.03
�atp12 � pHu12 (W94E) 0.20 � 0.01 0.18 � 0.12
�atp12 � pHu12 (W94K) 0.30 � 0.08 0.03 � 0.04
�atp12 � pSc122� 2.98 � 0.16 0.34 � 0.09
�atp12 � pSc12(W103R)2� 2.63 � 0.83 0.25 � 0.03
�atp12 � pSc12CEN 3.23 � 0.06 0.38 � 0.05
�atp12 � pSc12(W103R)CEN 2.71 � 0.76 0.25 � 0.08

a Mitochondrial ATPase activity was measured at 37 °C by the colorimetric deter-
mination of Pi released as described (53). The mean values from two independent
assays � S.D. reported.
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sultant plasmid pHu12(W94R) failed to confer respiratory
competence to �atp12 as indicated by the EG� phenotype of
the transformed yeast (data not shown). In addition, there
was no oligomycin-sensitive ATPase activity detected in
mitochondria isolated from the transformant (Table 3).
Four additional mutant plasmids were created to investigate

the stringency in amino acid sequence at position 94 in
HuAtp12p by substituting the tryptophan with alanine, gluta-
mate, lysine, or phenylalanine (Table 1). Among these plasmids,
only pHu12(W94F) complemented the respiratory defect of
�atp12, converting the strain to an EG� phenotype and restor-
ing oligomycin-sensitive ATPase activity to the same level
as that observed for transformants bearing the wild type
HuAtp12p plasmid (Table 3). The other three plasmids
(pHuATP12(W94A, W94E, and W94K)) were all completely
deficient in this respect. The trend in our results was in accor-
dance with the fact that when aligned with multiple Atp12p
sequences from diverse genetic backgrounds, Trp-94 of the
human protein is conserved as either Trp or Phe (see under
“Discussion”).
W94R Mutation Decreases the Solubility of HuAtp12p—A

principal objective in this work was to extend the assays devel-
oped for in vitro analysis of recombinant HuAtp12p (20) to the
W94Rmutant protein. Plasmid pPROEX/Atp12ph, which pro-
duces the leaderless intramitochondrial form of wild type
HuAtp12p in Escherichia coli (20), served as the template for
QuikChangemutagenesis with the same primers used to create
pHu12(W94R) (see Table 2 and above), and the new expression
vector (pPROEX/Atp12ph(W94R)) was used to transform
E. coli. The method described by Hinton et al. (20) for bacterial
overproduction of wild type and E240K mutant HuAtp12p
yields�70% recombinant protein recovered in the soluble frac-
tion from broken cells. However, under the established condi-
tions, HuAtp12p(W94R) forms inclusion bodies in bacteria.
Given the clinical relevance of the W94R substitution in
HuAtp12p, a significant effort was made to modify various
aspects of the protocol to provide us with themutant protein in
a soluble form. The major variables manipulated included iso-
propyl �-D-thiogalactopyranoside induction time (1–24 h),
induction temperature (15, 23, 30, and 37 °C), 2% ethanol sup-
plementation (47), and E. coli host strain (JM109 and BL21).
With one exception, recombinant HuAtp12p(W94R) parti-
tioned completely to the insoluble fraction under the condi-
tions tested; representative examples are shown in Fig. 2A.
JM109 transformants induced for 6–12 h at 15 °C, minus eth-
anol, gave the most promising results (Fig. 2A, 2nd set from the
right). However, despite multiple attempts to optimize the
method (e.g. Fig. 2B), we were unable to prepare His tag-
HuAtp12p(W94R) from JM109 extracts in amounts sufficient
for in vitro studies. The striking difference of these results ver-
sus previous work with wild type and E240KHuAtp12p recom-
binant proteins (20) suggested that the primary impact of the
mutation was a change in physical rather than functional
parameters.
Ability of Plasmid-borne ScAtp12p(W103R) to Confer Respi-

ratory Function to �atp12 Yeast Is Dependent on Fmc1p—In
contrast to what we found for HuAtp12p(W94R), a plasmid
coding for the yeast protein bearing the homologous mutation

(ScAtp12p(W103R)) was shown to confer an EG� phenotype
to �atp12, even when produced from a single copy plasmid
(data not shown). Moreover, the amount of oligomycin-sensi-
tive ATPase supported by ScAtp12p(W103R) was determined
to be�60%of thewild type level (Table 3, see data for pSc12CEN
and pSc12(W103R)CEN), which is well above the 15% threshold
that is necessary for yeast to grow on EG plates (48). Western
blots of mitochondrial fractions provided key information
about the contrasting abilities of HuAtp12p(W94R) and
ScAtp12p(W103R) to rescue �atp12 yeast (Fig. 3). Mitochon-
dria from respiratory wild type yeast (W303), untransformed
�atp12, and plasmid-bearing �atp12 were exposed to mild
treatment with sodium deoxycholate and centrifuged at
100,000 � g for 30 min. Under these conditions, �75%
ScAtp12p was recovered in the supernatant fraction (Fig. 3,
panel A, W303), which is in accord with results obtained when
yeast mitochondria are disrupted by sonic irradiation (22, 49).
For reference, a Western blot is included here (Fig. 3, panel A,
�atp12) to show the nonspecific cross-reactivity of the anti-

FIGURE 2. Behavior of recombinant HuAtp12(W94R) in bacterial cell frac-
tions. Panel A, small scale expressions from pPROEX/Atp12ph(W94R) in bac-
teria. Transformed cells (JM109 and BL21) were cultured overnight at 30 °C in
2� YT (1.6% bacto tryptone, 1% yeast extract, 0.5% NaCl, pH 7.0), supple-
mented with ampicillin (50 �g/ml), diluted into 10 ml of fresh media the next
morning, and grown to mid-log phase in 50-ml flasks. A sample (1 ml) was
removed before induction (BI), after which the cultures were brought to 1 mM

isopropyl �-D-thiogalactopyranoside and, where indicated, 2% ethanol, and
incubated under the conditions for time and temperature specified for each
experiment. Cells were collected by centrifugation and suspended in 1 ml of
20 mM Tris-HCl, pH 7.5; a sample (20 �l) of whole cells (W) was removed, and
the remainder was exposed to sonic irradiation to break the cells. The soni-
cated material was centrifuged at 13,000 � g for 2 min; the supernatant (S)
was collected, and the pellet (P) was suspended in 20 mM Tris-HCl, pH 7.5, to
the original volume. Aliquots of the cells before induction, and post-induc-
tion whole cell, supernatant, and pellet samples were brought to 1� gel load-
ing buffer and applied (10 �l) to 12% SDS-polyacrylamide gels. Gels were
stained with Coomassie Blue R-250. The migration of HuAtp12p(W94R)
(arrowhead) relative to molecular weight standards (right) is shown. Panel B,
large scale expression from pPROEX/Atp12ph(W94R) in bacteria. Trans-
formed JM109 cells were induced with 1 mM isopropyl �-D-thiogalactopyran-
oside in 2 liters of 2� YT � ampicillin for 8 h at 15 °C. The cells were then
collected by centrifugation at 5000 � g for 5 min at 4 °C, suspended in 25 ml
of breaking buffer (20 mM Tris-HCl, pH 7.5, 0.2 mg/ml lysozyme, 0.01% phe-
nylmethylsulfonyl fluoride), and broken by passing through a French press
three times. Streptomycin sulfate was added (1%) to precipitate DNA, and the
broken cells were centrifuged at 100,000 � g for 1 h. The supernatant was
filtered through a 0.2-�m membrane, diluted to 80 ml, and applied to a 10-ml
TALON� cobalt-chelate resin column (Clontech). The column was washed
with 120 ml of 20 mM Tris-HCl, pH 7.5, and eluted with 20 ml of the buffer
supplemented with 0.2 M imidazole. Samples of cells before induction (BI) and
after breaking (whole cell (W), pellet (P), and supernatant (S)) and the flow-
through (FT) and eluate (E) from the cobalt column were analyzed in SDS gels
as described for panel A above.
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ScAtp12p serum versus mitochondrial samples from untrans-
formed �atp12. Comparing separately the results obtained
using either single copy (CEN) or multicopy (2�) ScAtp12p
plasmids, wild type andW103Rmutant proteins were detected
in similar amounts in whole mitochondria and showed compa-
rable partitioning behaviors following permeabilization and
fractionation ofmitochondria (Fig. 3, panel B). The finding that
most of the ScAtp12p is recovered in the particulate fraction
when the protein is overproduced from a 2� plasmid is typical
of the system and may suggest the titration of another
protein(s) that determines the solubility of Atp12p in yeast
mitochondria. Antibodies against ScAtp12p cross-react with
purified recombinant HuAtp12p (20) and were shown here to
detect the wild type human protein produced from amulticopy
plasmid in yeastmitochondrial samples (Fig. 3, panel C,WT). It
was necessary to do these experiments withmitochondria from
multicopy �atp12/HuAtp12p transformants, even though the
�atp12 respiratory defect is rescued by a single copyHuAtp12p
plasmid (data not shown), to detect the protein in Western
blots with anti-ScAtp12p serum. Notwithstanding the artificial
increase in gene copy number, there was no evidence of plas-

mid-encoded mutant Atp12p in soluble mitochondrial frac-
tions frompHuW94R-transformed cells (Fig. 3, panel C,W94R,
lane S), although the proteinwas detected in totalmitochondria
and submitochondrial particulate fractions from these cells
(panel C,W94R, lanesM and P). Consistent with the functional
analysis of the other HuAtp12p mutants described above, only
the W94F protein was detected in Western blots of soluble
extracts of yeast mitochondria (Fig. 3, panel C). Instead, cross-
reacting protein approximately the size of HuAtp12p was
observed in only the mitochondrial and submitochondrial par-
ticulate fractions from yeast that produce W94A, W94E, or
W94K mutant proteins.
Western analysis suggested that the contrasting results from

�atp12 complementation experiments withHuAtp12p(W94R)
and ScAtp12p(W103R) plasmids might be due to an aberrant
conformation of the humanprotein inmitochondria. Such con-
siderations prompted investigation into the effects of another
mitochondrial protein (Fmc1p) that is associated with Atp12p-
mediated F1 assembly in yeast cells (21). Yeast �fmc1 cells
change from an EG� to an EG� phenotype when the temper-
ature of the growthmedium is increased fromnormal (30 °C) to
37 °C, and the conditional phenotype is rescued by supplying
excess ScAtp12p from a plasmid (21). Mitochondria isolated
from �fmc1 (MC6) yeast cultured at 37 °C are deficient for
mitochondrial ATPase activity, and almost no ScAtp12p is
detected in Western blots of these samples (21). Even when
cells are grown at 30 °C, the amount of ScAtp12p is greatly
reduced in Western blots of mitochondria isolated from MC6
versus the isogenic wild type strain (MC1) (data not shown).
Hence, although �fmc1 cells passed the screen for respiratory
competence at 30 °C, there was already evidence that the func-
tion of wild type ScAtp12p was compromised under these con-
ditions. On this basis, we decided to evaluate the effect of the
W103R mutation in yeast cells depleted for the accessory pro-
tein Fmc1p. Double mutant haploid progeny (�atp12�fmc1)
were isolated from a cross of the relevant parental strains (see
“Experimental Procedures”), transformedwith plasmids for the
production of wild type and W103R mutant ScAtp12p, and
evaluated for respiratory function and mitochondrial ATPase
activity. Untransformed �atp12�fmc1 grew well on a ferment-
able carbon source (glucose, YPD plates) at 30 °C, but was com-
promised in this capacity at 37 °C (Fig. 4, uppermost panels). In
this respect the double mutant was similar to the parental
strains, �atp12 and �fmc1, both of which show growth defects
on YPD at elevated temperature (data not shown). The experi-
ments on nonfermentable media (ethanol-glycerol, EG plates)
took advantage of an important difference between the parental
strains; �atp12 is completely EG� at all temperatures (50),
whereas �fmc1 cells are EG� at 30 °C and EG� at 37 °C (data
not shown, see above). Hence, the double mutant should grow
on EG plates at 30 °C if provided with a functional form of
ScAtp12p encoded on a plasmid. We show here that ScAtp12p
conferred respiratory function to �atp12�fmc1 at 30 °C when
supplied on a single copy plasmid (Fig. 4, lower, pSc12CEN).
Moreover, double mutant cells that overproduce wild type
ScAtp12p showed evidence of respiratory activity at 37 °C (Fig.
4, lower, pSc122�), although rescue of the temperature-sensitive
phenotype was less robust than observed with plasmid-borne

FIGURE 3. Western blot analysis of wild type and mutant Atp12p in mito-
chondria. Mitochondria were prepared from yeast cells grown in GAL media
as described previously (53) and suspended to 10 mg/ml in 0.3 ml of 20 mM

Tris-HCl, pH 8.0, and sodium deoxycholate was added to 0.1% to permeabilize
the membranes. An aliquot of total mitochondria (M) was removed, and the
rest of the sample was centrifuged at 100,000 � g for 1 h at 4 °C. The super-
natant (S) was collected, and the pellet (P) was resuspended to the original
volume in the same buffer. Samples of mitochondria (50 �g) and equivalent
volumes of the supernatant and pellet fractions were resolved on a 12% SDS-
polyacrylamide gel, and following the transfer of proteins to nitrocellulose
membranes, Western analysis was done using polyclonal antibody against
ScAtp12p (see “Experimental Procedures”). Panel A, isogenic wild type (W303)
and ATP12::LEU2 disruption strain (�atp12). Panel B, �atp12 bearing single
(CEN) or multicopy (2�) plasmid for wild type or W103R ScAtp12p. Panel C,
�atp12 bearing multicopy plasmid for wild type or W94-substituted
HuAtp12p. The migration of Atp12p is shown by the arrowhead. The positions
of molecular mass standards are shown on the right.
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ScAtp12p in the simple mutant �fmc1 (21). The growth phe-
notypes were significantly different for �atp12�fmc1 cells car-
rying plasmids for the mutant protein. Multicopy plasmid
transformants (Fig. 4, pSc12(W103R)2�) were EG� for the first
24–36 h at 30 °C and remained completely EG� at 37 °C, even
following extended incubation (data not shown).Moreover, the
single copy plasmid pSc12(W103R)CEN barely conferred respi-
ratory function following 48 h at the permissive temperature
(Fig. 4, 30 °C, lower left-most panel). The results from mito-
chondrial ATPase activity assays were in accord with the
growth analysis on EG plates (Table 4). Comparable oligomy-
cin-sensitive ATPase was measured for transformants bearing
multicopy or single copy plasmids for wild type ScAtp12p. In
contrast, there was essentially no mitochondrial ATPase activ-
ity measured for samples from �atp12�fmc1 cells carrying a
single copy plasmid (pSc12(W103R)CEN) for the mutant pro-
tein. It is worth noting that we observed a higher level of oligo-
mycin-insensitive ATPase when pSc12CEN was introduced in
�atp12�fmc1 versus the simple mutant �atp12 (compare data

in Tables 3 and 4). The significance of this finding remains
unknown.
W103RMutation Decreases the Solubility of ScAtp12p—The

�atp12�fmc1 transformants provided the opportunity to
assess the innate properties of wild type and W103R mutant
ScAtp12p (Fig. 5). Experimentswith the single copy (CEN) plas-
mids were most informative as these show a significant differ-
ence in thewaywild type andW103Rmutant proteins partition
to soluble and particulate fractions following the permeabiliza-
tion of mitochondria. On its own, the wild type protein is solu-
ble, whereas ScAtp12p(W103R) mirrors the defect observed in
HuAtp12p(W94R).
Solution Properties of Wild Type and W94R Mutant

HuAtp12p as Determined by Molecular Dynamics Simulations—
The physical properties of the wild type and W94R mutant
HuAtp12p in solution were investigated by means of MD sim-
ulations in the number-pressure-temperature (constant pres-
sure and temperature) ensemble with structural models for all
atoms built using the 1.0 Å x-ray structure of P. denitrificans
Atp12p (Protein Data Bank entry 2R31) (24) as a template as
described under “Experimental Procedures.” Because of the dif-
ferences in many side chains, the solvent-accessible surface of
the human protein appears slightly “bulkier” than its bacterial
counterpart (Fig. 6). The structures of wild type and W94R
mutant HuAtp12p are essentially identical, although there is a
small difference in the electrostatics of the “wrist” domain (as
defined in Ref. 24), due to the introduction of the positively
charged arginine (Fig. 6).
MD simulations were carried out at 300 K (25 °C), and tra-

jectories were recorded for 40 ns with frames every 4.8 ps. Dur-
ing the course of the MD simulation, both the wild type and
W94R mutant HuAtp12p progressively deviate from their ini-

FIGURE 4. Growth of S. cerevisiae mutants on fermentable and nonfer-
mentable carbons. �atp12�fmc1, both untransformed and transformed
with either a multicopy or a single copy plasmid for wild type or mutant
ScAtp12p (pSc122�, pSc12CEN, pSc12(W103R)2�, pSc12(W103R)CEN), was tested
for growth on glucose (YPD) and nonfermentable ethanol glycerol (EG) plates
at 30 or 37 °C. Following overnight growth in liquid YPD, cell cultures were
adjusted to A600 � 1.0, and then serially diluted by a factor of 2. Five �l of each
dilution were applied to plates that were incubated at the indicated temper-
ature for 48 h.

FIGURE 5. Western blot analysis of wild type and mutant ScAtp12p in
�atp12�fmc1. The double mutant �atp12�fmc1 was the recipient of plas-
mids for ScAtp12p. All other aspects of this figure are as described in Fig. 3,
panel B. M, mitochondria; S, supernatant; P, pellet.

FIGURE 6. Homology models of wild type (WT) and W94R mutant
HuAtp12p. Proteins are colored according to the electrostatic potentials (�1
kT/e, blue; �1 kT/e, red) at the solvent-accessible surface.

TABLE 4
Atp12p(W103R) is dependent on Fmc1p to support mitochondrial
ATPase activity in yeast

Strain
ATPase activitya

�Oligomycin �Oligomycin

�mol Pi released/min/mg
Wild type 1.60 � 0.32 0.40 � 0.02
�atp12�fmc1 0.42 � 0.01 0.27 � 0.02
�atp12�fmc1 � pSc122� 1.50 � 0.10 0.58 � 0.02
�atp12�fmc1 � pSc12(W103R)2� 1.14 � 0.15 0.25 � 0.07
�atp12�fmc1 � pSc12CEN 1.88 � 0.10 0.96 � 0.15
�atp12�fmc1 � pSc12(W103R)CEN 0.26 � 0.12 0.17 � 0.09

a Mitochondrial ATPase activity was measured at 30 °C spectrophotometically by
followingNADHdepletion in a coupled enzyme assay as described (53). Themean
values from two independent assays � S.D. are reported.
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tial conformation (the homology model) until they reach an
equilibrium after �15 ns (Fig. 7). The different values at equi-
librium of the C�-r.m.s.d. of the wild type and W94R mutant
proteins with respect to t � 0 reflect how different each of the
solution structures are from the initial homologymodels shown
in Fig. 6. It is important to notice that this very long equilibra-
tion time progressively eliminates possible errors in the original
models and ensures that the average structure of the two
proteins at equilibrium is as close as possible to their true native
structure in solution. The final part of the simulation (20–40
ns) was selected to gather statistics about the conformational
properties of the two proteins. The fluctuations around the
average structure (C� root mean square fluctuation,
C�-r.m.s.f.) that occur in this part of the simulation reflect the
degree of mobility in the solution structure. r.m.s.f. values and
standard deviations for the wrist and palm domains of
Huatp12p are shown in Table 5.
The palm domain (residues 120–277) displays similar fluc-

tuations (r.m.s.f. of 1.4 and 1.33) in both the wild type and the
W94R mutant protein. In contrast, the wrist domain (residues
33–119) is significantly more mobile in the wild type protein

(r.m.s.f. of 2.24 versus 1.61). A break
down of the contributions to the
wrist domain fluctuations originat-
ing from residues 33 to 49 and from
residues 50 to 119 shows that most
of the C�-r.m.s.f. differences are
due to the significantly higher
mobility of the first 17 residues of
the wrist domain. These differences
were investigated further with a
clustering procedure (incorporated
in the program X-Cluster, Schro-
dinger Inc.) that, based on the cross-
r.m.s.d. values between 417 frames
(1 every 10 of the original 4168
frames in the 20–40-ns interval),
identified the three structures most
representative of all the states sam-
pled during themolecular dynamics
run, which thus can be considered
as fluctuations around these three
main conformations. The three rep-
resentative configurations of the
wild type protein appear in the sim-
ulation in a 239:177:1 relative ratio;
the three W94R configurations
appear in a 401:14:2 relative ratio
(Fig. 8). In thewild type protein, res-

idues 33–49 are extended outward and the hydrophobic cavity
harboring Trp-94 is narrowed. In the W94R mutant protein,
the hydrophobic cavity opens up, and residues 33–49-fold back
into it. It is also worth noting that in the mutant the angle
between the wrist and the palm domain is more acute than in
the wild type, and as a consequence the overall structure of
HuAtp12p(W94R) appears more compact than the wild type
(Fig. 8).
Altogether, these differences dramatically alter the solvent-

accessible surface of the two proteins and affect their solvation
properties. Solvation energies (broken down in their polar and
nonpolar components), calculated for the three most repre-
sentative conformations of the wild type and W94R mutant
protein, are listed in Table 6. The W94R mutant is associated
with a significantly more positive solvation energy in all the
configurations. Furthermore, when all three configurations are
weighted by their relative contribution to the population of
states in solution as determined from the MD run, an average
��GW94R-WT � 232.03 � (�42.06) � 274.09 kcal/mol is
derived. Although the current state of theory for the computa-
tion of solvation energies does not provide assurance that the
absolute numbers are without errors, the relative trends in sol-
vation energies and the corresponding differences are consid-
ered reliable, and in this particular case they suggest that the
mutant protein is less soluble than the wild type (in agreement
with the experimental observations discussed above).

DISCUSSION

TheW94Rmutation inHuAtp12pwas identified as the caus-
ative factor forATP synthase deficiency underlying a fatalmito-

FIGURE 7. MD simulations of wild type (WT) and W94R mutant HuAtp12p. C�-r.m.s.d. (RMSD) values (Å) of
each frame at time t with respect to the frame at time t � 0 were calculated for the wrist (residues 33–119) and
the palm (residues 120 –277) domains. The contribution from the wrist domain was further broken down into
residues 33– 49, where the largest conformational differences between wild type and W94R occur, and resi-
dues 50 –119.

TABLE 5
r.m.s.f. fluctuations (Å) of wild type and W94R HuAtp12p during the
final 20 ns of MD simulation

Wrist domain Palm domain

Residues
33–119 S.D.a Residues

33–49 S.D. Residues
50–119 S.D. Residues

120–277 S.D.

Wild type 2.2395 0.4275 2.444 0.767 0.9595 0.152 1.403 0.192

W94R 1.607 0.2465 0.684 0.229 1.146 0.219 1.3325 0.2555
a S.D., standard deviation.
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chondrial encephalomyopathy in a 14-month-old patient (16).
Electron micrographs of the fibroblasts from the patient could
not be distinguished from control cells on the basis of mito-
chondrial ultrastructure (Fig. 1), which is interesting in com-
parison to what Lefebve-Legendre et al. (46) reported from
their work with Atp12p-deficient yeast cells. In the latter case,
megadalton aggregates of unassembled F1 � and � subunits
accumulate inside mitochondria and are detected in electron
micrographs of whole yeast cells as massive inclusion bodies
that permeate the matrix obliterating normal cristae structure
(46). The absence of similar electron-dense elements in the
sample from the patient might reflect a positive selection over
time in the fibroblast cultures for cells with normal mitochon-
drial morphology or indicate a significant difference in the
response of human fibroblasts to an F1 assembly defect versus
what is observed in yeast atp12 mutants. As samples become
available in the future from new patients diagnosed with
HuAtp12p deficiency, it will be of interest to determine
whether mitochondria from freshly prepared cells show evi-
dence of an unassembled F1 protein storage defect and to com-

pare the results obtained with fibroblasts versusmoremetabol-
ically active tissues.
We took advantage of the facts that first the respiratory

defect of �atp12 yeast is rescued by providing wild type
HuAtp12p on a plasmid (17), and second, the human protein is
detected in mitochondria with polyclonal antibodies raised
against ScAtp12p (Fig. 3C) to determine the consequences of
theW94Rmutation in vivo. A�atp12 transformant harboring a
multicopy plasmid for HuAtp12p(W94R) failed to grow on
nonfermentable carbons (EG media), and mitochondria iso-
lated from this strain were completely deficient in oligomycin-
sensitive ATPase activity (Table 3). In the absence of a high
resolution structure for Atp12p at the time this study was ini-
tiated, we took a “blind” approach to site-directed mutagenesis
of Trp-94 and probed the consequences of replacing this amino
acid with a different positively charged residue (W94K) or with
one that was negatively charged (W94E), nonpolar bulky
(W94F), or nonpolar nonbulky (W94A). The results of trans-
forming �atp12 with individual plasmids showed that the
W94F protein rescued the respiratory deficiency of the yeast
strain, whereas the Lys, Glu, and Ala substitutions all pheno-
copied the W94R mutation and gave rise to EG� yeast that
lacked oligomycin-sensitive mitochondrial ATPase (Table 3).
Western blots detected wild type and W94F HuAtp12p in
soluble mitochondrial extracts, as opposed to the Arg, Ala,
Glu, and Lys mutant proteins, which were absent from this
fraction (Fig. 3, B and C, S lanes). With respect to the latter
four samples, the 36–38-kDa immunoreactive proteins
detected in whole mitochondria are probably the plasmid-
borne HuAtp12p variants in most, if not all, cases. However,
the putative mutant proteins were shown to be completely
insoluble (Fig. 3, B and C, P lanes). Abnormal physical prop-
erties were observed also in experiments designed to over-
produce and purify HuAtp12p(W94R) from bacterial hosts
(Fig. 2). Cumulatively, these results provide evidence that a
nonconservative substitution of Trp-94 in HuAtp12p has a
substantial negative impact on the protein structure in the
aqueous environment. A rationalization of the alteration of
the physical properties of HuAtp12p responsible for these
findings was provided by extensive MD simulation in solu-
tion of the wild type and mutant protein. Altogether, we
carried out 80 ns of MD dynamics with all-atom models of
the two proteins; the mutant protein was found to be con-
formationally more “rigid” than the wild type, and the alter-
ations of its equilibrium surface in solution (Fig. 8) were
associated with significantly more positive solvation ener-
gies. This latter finding provides a direct physical explana-
tion for the reduced solubility of the W94R protein observed
experimentally.
Unexpected findings from studies in which �atp12 was

transformed to produce S. cerevisiae Atp12p with the homolo-
gous “W94R” mutation (W103R in the case of ScAtp12p) ulti-
mately led to the discovery that the physical defect imposed by
the mutation can be rescued by another protein. Plasmid-en-
coded ScAtp12p(W103R) rescues the respiratory deficiency of
�atp12 in an otherwise wild type genetic background, but this
capacity is lost when the gene for Fmc1p is co-deleted from the
yeast nuclear genome. Lefebvre-Legendre et al. (21) had shown

FIGURE 8. Representative conformations of wild type (WT) and W94R
mutant HuAtp12p observed in the equilibrium phase (20 – 40 ns) of an
MD simulation at 300 K. Wild type and W94R mutant proteins are shown,
respectively, in the upper and lower panels. The leftmost panels show a super-
position of the three most representative conformations. The three confor-
mations of residues 33– 49 are shown in blue, magenta, and cyan. The other
panels show the solvent-accessible surface of the wild type and W94R protein
in the three conformations. The surface of a hydrophobic groove in the wrist
domain is shown in red. The surface corresponding to Trp-94 or Arg-94 is
shown in yellow. The relative contributions of the three conformations to the
ensemble in solution in indicated above the surfaces.

TABLE 6
Solvation energies of representative conformations of HuAtp12p
during the final 20 ns of MD simulation
Conf. means conformation.

Wild-type W94R

Conf. 1 Conf. 2 Conf. 3 Conf. 1 Conf. 2 Conf. 3

Relative weight in
ensemble

239 177 1 401 14 2

Polar contribution �1185.2 �1043.1 �1086.0 �866.8 �949.7 �934.5
Apolar contribution 1081.4 1084.2 1078.9 1102.1 1098.0 1098.1

Total �103.8 41.1 �7.1 235.3 148.3 163.6

Weighted Total �59.49 17.44 �0.02 226.27 4.98 0.785

Weighted average �42.06 232.03
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previously that the loss of Fmc1p produces a conditional respi-
ratory defect in yeast (cells grow on nonfermentable carbons at
30 °C and die at 37 °C), that this phenotype is rescued by sup-
plying at least one extra copy of ATP12 on a plasmid, and that
Atp12p was reduced to nearly undetectable levels inmitochon-
dria from �fmc1 yeast cultured at 37 °C (21). The prediction
that Fmc1p is necessary for ScAtp12p in vivo (21) is supported
by our observation that the amount of Atp12p is significantly
reduced inmitochondria isolated from a�fmc1 strain grown at
the permissive temperature (data not shown). The observations
that pSc12p(W103R)CEN just barely rescued the respiratory
deficiency of �atp12�fmc1 at 30 °C (Fig. 4) and did not restore
mitochondrial ATPase activity to the double mutant, and that
pSc12p(W103R)2� failed completely to suppress the tempera-
ture-sensitive phenotype of �fmc1 incubated at 37 °C suggest
that the mutation affects an aspect of ScAtp12p that is under
the control of Fmc1p. A search of the protein data base with the
Fmc1p primary sequence suggests that the protein may be lim-
ited to fungi. Consistent with this idea, efforts to complement
the temperature-sensitive phenotype of �fmc1 with a human
cDNA library carried in a yeast plasmid yielded no positive

clones among 5 � 106 transfor-
mants.4 However, the demonstra-
tion that Fmc1p promotes the activ-
ity of ScAtp12p(W103R), which is
by itself nonfunctional, provides a
proof of concept to support the dis-
covery of agents that may modulate
the action of HuAtp12p in human
mitochondria.
Computational analysis of the

amino acid sequences of Atp12p
protein family members (Pfam
07542) further indicates the rele-
vance of human Trp-94 in the con-
text of Atp12p domain structure.
Family groupings in the Pfam data
base are based on Profile Hidden
Markov Models (pHMM), which
are probabilistic descriptions of
emissions and transitions in a tem-
poral pattern (e.g. amino acid
sequence) (51). A Pfam HMM pro-
file specifies a probability distribu-
tion over the 20 common amino
acids for a match, a deletion, or an
insertion at each position in the
sequence, taking into consideration
the background frequency for each
amino acid. This information is
visualized for Atp12p using an
HMMlogo (Fig. 9) (52). TheAtp12p
Pfam sequence spans the entire
N-terminal domain and the first
third of the C-terminal domain of
the protein. The relevant trypto-
phan is indicated by the gray-
shaded rectangle in Fig. 9 in the

HMM logo for Atp12p. The height of the emission profile for
the position corresponding to this tryptophan indicates that
this is the most highly conserved position in the logo. More-
over, the letter sizing indicates that this position is most fre-
quently populated by tryptophan, followed by phenylalanine.
Thus, the W94R mutation in HuAtp12p that was isolated clin-
ically alters the protein at a position in the sequence deemed
critical during evolution.
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