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of the Properties of Mammalian and Yeast ATPase Inhibitors
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Mitochondrial ATP synthase (Fo-ATPase) is regulated by an intrinsic ATPase inhibitor protein. In
this study, we overexpressed and purified human and bovine ATPase inhibitors and their properties
were compared with those of a yeast inhibitor. The human and bovine inhibitors inhibited bovine
ATPase in a similar way. The yeast inhibitor also inhibited bovigfe,fATPase, although the activity

was about three times lower than the mammalian inhibitors. All three inhibitors inhibited y&ast F
ATPase in a similar way. The activities of all inhibitors decreased at higher pH, but the magnitude of
the decrease was different for each combination of inhibitor and ATPase. The results obtained in this
study show that the inhibitory mechanism of the inhibitors was basically shared in yeastand mammals,
but that mammalian inhibitors require unique residues, which are lacking in the yeast inhibitor, for
their maximum inhibitory activity. Common inhibitory sites of mammalian and yeast inhibitors are
suggested.
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INTRODUCTION y (Noji et al, 1997; Sambongit al., 1999) and used for
ATP synthesis (review: Boyer, 1997).
ATP synthase (Fp-ATPase), which is a constituent Mitochondrial R Fy-ATPase is regulated by a small

of mitochondrial inner membranes and bacterial plasma basic protein called an ATPase inhibitor. The inhibitor
membranes, catalyzes the terminal step of oxidative phos-is not required for ATP synthesis of;l, but binds to
phorylation. The enzyme generates ATP from ADP and the R portion of the enzyme in a 1:1 molar ratio and
inorganic phosphate utilizing the energy produced on pro- completely inhibits its ATP-hydrolyzing activity (Schw-
ton flux through the membranes. The enzyme consists of erzmann and Pedersen, 1986). The inhibitory action of the
a catalytic sector, £ and an integral membrane sector, inhibitor is influenced by pH; effective inhibition ofyFo-

Fo. | consists of five subunits with a stoichiometry of ATPase by the inhibitor requires a low pH7.0). Above
a3fzy181. Thea andB subunits are arranged alternately pH 7.5, the activity declines (Pullman and Monroy, 1963;
around they subunit as a central axis, and three catalytic Schwerzmann and Pedersen, 1986).

sites are located on thesubunits at the interfaces to the The inhibitor was first isolated from bovine heart mi-
subunits (Abrahamet al, 1994). Fo part forms a proton  tochondria by Pullman and Monroy (1963) and homolo-
channel, and the energy produced on proton flux through gous proteins have been isolated from various eukaryotic
this part is transmitted to;Fas a rotation movement of  cells from yeast to mammals (Dianoux and Hoppe, 1987;

1 Department of Food and Nutrition, Faculty of Human Life Science, Key to abbreviationsF1Fy or F;Fo-ATPase, mitochondrial ATP syn-
Osaka City University, 3-3-138 Sugimoto, Sumiyoshi, Osaka 558- thase; ki or Fi-ATPase, catalytic part of 1F/p-ATPase; GST, glu-

8585, Japan. tathione S-transferase;sb, amount of the inhibitor required to in-
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life.osaka-cu.ac.jp. PBS, phosphate buffered saline.
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Frangioneet al,, 1981; Higutiet al,, 1993; Ichikawaet al,,
1999; Lebowitz and Pedersen, 1993; Matsubetral.
1981; Yamadaet al, 1997). In bacteria, a homologous
inhibitor protein has not been isolated, but the activity of
their R Fo is controlled by a regulatory subunit,(Hara

et al, 2001; Kato-Yamadat al,, 1999; Kukiet al, 1988;
Sternweis and Smith, 1980).

We previously investigated the residues required for
the function of the yeast ATPase inhibitor by site-directed
mutagenesis (Ichikawet al., 1998, 2000, 2001), demon-
strating that the region from Phe 17 to Leu44 was in-
volved in the inhibitory activity, and that five residues
(Phel7, Arg20, Arg22, Glu25, and Phe28) in the region
from Phel7 to Phe28 are essential (Ichikawal, 2001)
(Fig. 1). It was also shown that Glu21 of the inhibitor
is required for its pH-sensitivity (Ichikawat al, 2001)
(Fig. 1).

The functional region of the bovine inhibitor was
also investigated using deletion mutants of the inhibitor,
and the minimal sequence which can inhibiER-ATPase
has been defined as Ala 14-Lys47 (van Ratdl. 1996)
(Fig. 1). Zanottiet al. (2000) reported that a synthetic
peptide consisting of residues from Leu42 to Lys58 of
the bovine inhibitor exhibited ATPase inhibitory activity.

Furthermore, itwas shown that the histidine residues at po-

sitions 48, 49, and 55 of the inhibitors from the cow and rat
are required to inactivate the protein at high pH (Lebowitz
and Pedersen, 1996; Schniztial,, 1996) (Fig. 1).
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human and bovine ATPase inhibitors, and their inhibitory
activities on both bovine and yeasiHg-ATPase, pH-
sensitivities of the activities, and their secondary struc-
tures were compared with those of the yeast inhibitor.

MATERIALS AND METHODS
Construction of the Expression Vector

The coding sequence of the human heart ATPase
inhibitor was amplified by PCR from cDNA (Ilchikawa
etal, 1999) using primers,/85CG GAT CCG ATC AGT
CCG AGA ATG TCG ACC-3 and 3-CGG AAT TCT
TAA TCA TCA TGT TTT AGC ATT-3'. The product
was cloned into the BamHI/EcoRl site of the pGEX-6P-1
(Amersham Pharmacia Biotech, England), and introduced
into Escherichia coliJM109. The resultant plasmid coded
the mature form of the inhibitor of which the N terminus
fused to glutathion&-transferase (GST). The fusion pro-
tein can be cleaved specifically at the fusion junction with
PreScissionl Protease (Amersham Pharmacia Biotech),
and the resultant inhibitor contains three extra amino acids
(Gly-Pro-Leu-) at the N terminus.

The coding sequence of the bovine ATPase inhibitor
was amplified from a bovine heart cDNA library (Clontech
Laboratories Inc., USA, Cat. #: BL1017b) using primers,
5-CCC GAA TTC ATG GGC TCG GAA TCG GGA
GAT AAT GT-3' and 3-GCC AAG CTT AGT CGT

However, the residues postulated in the studies onthe CAT CCT CAC TCT GTT TTA GT-3. The product was

mammalian inhibitors are lacking in the yeast inhibitor

cloned under the tac promoter of the expression vector,

(Fig. 1). In this study, we overexpressed and purified the pMK2 (Kitamuraet al,, 1994), and introduced int. coli,
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Fig. 1. Alignment of ATPase inhibitors. Primary structures of the inhibitors fi®atcharomyces cerevisi@datsubaraet al, 1981),Candida

utilis (Dianoux and Hoppe, 1987), rat (Higwt al., 1993; Lebowitz and Pedersen, 1993), mouse (Yaneadh, 1997), human (Ichikawat al.,

1999), and cow (Frangioret al., 1981) are arranged. Identical and conservatively substituted residues are shaded. Black and white asterisks show
residues which are essential and partially required for the inhibitory activity of the yeast inhibitor (Icrekaly&2000, 2001). Tildes show the
residues that appear to be dispensable (Ichiketa, 2001). Atmarks indicate the residues which are important for inactivation of the protein

at high pH (Ichikaweet al,, 2001; Lebowitz and Pedersen, 1996; Schnéteal., 1996). The minimal inhibitory sequence of the bovine ATPase

inhibitor (van Raaijet al, 1996) is also shown.



Mammalian and Yeast ATPase Inhibitors 401

JM109. The resultant plasmid coded the mature form of duced cells were disrupted by sonication and a solu-
the inhibitor for which the import signal sequence was ble fraction of the cells was applied to a Glutathione
replaced by a single methionine residue. Sepharose 4B column (Fig. 2(a)). Most of the fusion pro-

The coding sequences of the inhibitors were verified tein bound to the column and a large portion of the im-
with an ABI PRISM 310 Genetic Analyzer (PE Biosys- purities were washed away (Fig. 2(a), lanes 2-5). The

tems, USA). inhibitor was recovered from the column by on-column
cleavage of the fusion protein (Fig. 2(a), lane 6). This
Measurement of CD Spectra fraction still contained marked amounts of impurities

(Fig. 2(a), lane 6), and the inhibitor was further purified
Samples containing 0.1 mg/mL ATPase inhibitorand bY subsequent Macro-prep High S column chromatogra-
50 mM potassium phosphate buffer (pH 6.5 or 8.2) were phy (Fig. 2(b)). The preparation of the inhibitor yielded
placed in a quartz cuvette with a 1-mm path length, and @ Single band on SDS-PAGE gel (Fig. 2(b)). The yield of
spectra were recorded with a J-820 spectropolarimeterth€ human inhibitor fron 1 L of the culture was about
(Jasco Corporation, Tokyo) in the range of 190-250 nm. 0-4 mg.
The «-helical content was calculated using a computer

program, JWSSE-480 (Jasco Corporation). ) o ]
Expression and Purification of the Bovine

Preparation of Membranes Used for the Assay ATPase Inhibitor

of the Inhibitors The bovine ATPase inhibitor (mature form) was di-

rectly expressed iit. coli cells under the control of the
tacpromoter (Fig. 2(c)). The inhibitor was extracted from
the cells by heating and purified with Macro-prep High
S column chromatography. As shown in Fig. 2(d), this
single chromatography step resulted in a single band
of the inhibitor on the SDS-PAGE gel. The yield of
the bovine inhibitor fron 1 L of culture was about

2 mg.

Inverted membrane vesiclesBf coli, DK8, harbor-
ing a pBWUL17 plasmid that overexpress the wild-type
F1Fo-ATPase (Moriyamat al., 1991; Omotest al., 1998)
were kindly gifted from Dr lwamoto-Kihara (Institute
of Scientific and Industrial Research, Osaka University).
Yeast submitochondrial particles were prepared from an
inhibitor-deficient strain ofSaccharomyces cerevisjae
W3 (atrpl leu2 his3 inh1: TRP1 stf1::LEUZIchikawa
et al, 1990), using reported methods (Takeshigeal,,
1976). The inhibitor-depleted parnclgs of bovine heart mi- CD Analysis of the Purified Inhibitors
tochondria were prepared as described by Horstman and

Racker (1970). The secondary structures of the purified inhibitors

were analyzed by CD and compared to those of the yeast
Other Procedures inhibitor which was previously overexpressed and puri-
S N fied (Ichikawaet al, 2001). The spectra at pH 6.5 are

A yeast ATPase inhibitor was purified from '  shown in Fig. 3(a). The spectra of human and bovine
cerevisiaestrain, YC63 (Ichikaweet al, 1998), as de-  innibitors were very similar, indicating that both in-
scribed previously (Ichikawat al, 2001). Protein was  hipitors had similar structures. The-helical contents
measured by the methods of Lowey al. (1951) with  of the human and bovine inhibitors were calculated to
bovine serum albumin as a standarg. df the inhibitor be 40.2 and 48.7%, respectively. In contrast to mam-
was defined as the amount of the inhibitor required to in- mgajian inhibitors, the spectrum of the yeast inhibitor
hibit 50% of the ATPase activity in the condition shown gshowed a helix of low content (Fig. 3(a)). Thehelical

in Fig. 4. contents of the yeast inhibitor were calculated to be
16.8%.

RESULTS Because the activities of the inhibitors are greatly in-
fluenced by pH, the structures were also analyzed at higher

Expression and Purification of the Human pH (pH 8.2) (Fig. 3(b)). As shown in Fig. 3(a) and (b), no

ATPase Inhibitor significant changes in the spectra of the inhibitors were de-

tected between pH 6.5 and 8.2. These results indicate that
Human ATPase inhibitor was overexpressed as a the secondary structures of the inhibitors are not affected
fusion protein of the GST irE. coli cells. The in- by pH.
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Fig. 2. Expression and purification of the inhibitors. (a) Separation of the human inhibitor with a Glutathione Sepharose 4B column. JM109 cells
containing the expression plasmid that coded the GST-inhibitor fusion protein were grévaof rich medium at 37C and induced with 1 mM IPTG

for 2 h. The cells were harvested by centrifugation and washed once with PBS. The cells (4-g wet weight) were resuspended in 50 mL of PBS and
sonicated on ice by using a Branson Sonifier 250D at a power setting of 5 for a total of 90 s in a duty of 50%. The lysate was centrifuged at 9000 rpm for
5 min at 2C and the supernatant was loaded onto the column. Following washing, on-column cleavage of the fusion protein, and elution of the inhibitor
were performed using a Bulk GST Purification Kit and PreScidsidProtease (Amersham Pharmacia Biotech). Aliquots of the different stages of the
preparation were separated on a 15% polyacrylamide gel and stained with Coomassie Brilliant Blue R-250. Lanes 1 and 7, molecular-weight markers;
lane 2, extract before loading on the column; lane 3, flow-through; lanes 4 and 5, wash; lane 6, elute of the column after on-column cleavage of the fusion
protein. The asterisk and arrow show the position of the GST-inhibitor fusion protein and the inhibitor, respectively. (b) Purification of hbit@n inhi

with the Macro-prep High S column. The proteins obtained from the Glutathione Sepharose 4B column were dialyzed against a 50 mM sodium acetate
buffer (pH 5.0), and separated on a Macro-prep High S column (Bio-Rad Laboratories, USA) as described previously @thik®081). The pure

inhibitor was eluted at 0.8 M on a linear gradient of 0—1 M sodium chloride in a 50 mM sodium acetate buffer (pH 5.0). Lane 1, molecular-weight
markers; lanes 29, fractions of the purified inhibitor. The arrow shows the position of the inhibitor. (c) Expression of bovine ATPase irfhilgiodr in

JM109 cells containing the expression plasmid were grown on a rich medium with (lane 2) or without (lane 1) IPTG (1 mM). The cells were harvested
and lysed in a loading buffer of SDS-PAGE, and the aliquots were analyzed on 15% polyacrylamide gels. The arrow shows the position of the inhibitor.
(d) Purification of the bovine inhibitor by Macro-prep High S column. The cells were induced with 1 mM IRT&H 1 L of rich medium, and

harvested by centrifugation. A 2.6 g of cells (wet weight) was obtained. Proteins were extracted from the cells by hé@tiiog $8@in), and separated

on the column, as described above. The inhibitor eluted at about 0.8 M NaCl. Lane 1, molecular-weight markers; lane 2, extract before loading on the
column; lane 3, flow-through; lanes 4-12, fractions of the purified inhibitor. The arrow shows the position of the inhibitor.
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Fig. 3. CD Spectra of the purified inhibitors. Spectra for the 0.1 mg/mL solution of the inhibitors in 50 mM potassium phosphate buffer (pH 6.5 (a)
or 8.2 (b)) were recorded as described in Materials and Methods section.

Inhibition of the Bovine Heart F ;Fo-ATPase activity of the mammalian inhibitors on yeast ATPase are
by the Inhibitors comparable to that of the yeast inhibitor.

The mammalian and yeast inhibitors were tested for o _
their ability to inhibit the FFo-ATPase from both bovine  Effects of the Inhibitors to E. coli F,Fo-ATPase

and yeast. The results for the bovine ATPase are shown o o
in Fig. 4(a). The human and bovine inhibitors inhibited ~ The activities of the inhibitors on the,F,-ATPase
the bovine ATPase in a similar way. The yeast inhibitor in the plasma membrane d. coli were also exam-

also inhibited the bovine ATPase (Fig. 4(a)), although ined. As shown in Fig. 4(c) and (f), none of these in-
the activity was lower than the mammalian inhibitors. hibitors inhibited the enzyme. These results show that the

The I5g values of the human and bovine inhibitors were mitochondrial ATPase inhibitor cannot inhibit bacterial
3.1 and 2.4 times lower than that of the yeast inhibitor FiFo-ATPase.
(Table ).

pH-Sensitivities of the Inhibitors

Inhibition of the Yeast F;Fo-ATPase by the Inhibitors
As shown in Fig. 4(d) and (e), the activities of

All three inhibitors inhibited the yeast;Fo-ATPase all inhibitors decreased at higher pH (pH 8.2). How-
in a similar way (Fig. 4(b) and Table 1), indicating that the ever, the magnitudes of the decrease were different for
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ATPase activity (%)

ATPase inhibitor (« g)

Fig. 4. Inhibition of F;Fo-ATPase from various organisms by the inhibitors. The indicated amounts of human (
bovine @ ), and yeast({) inhibitors were incubated with the inhibitor-depleted submitochondrial particles prepared
from a bovine heart (a and d) othl~ mutant yeast (b and e), or inverted membrane vesicl&s céli (c and f) (each
containing 0.2 units of fro-ATPase), in a medium containing 50 mM Tris-maleate buffer (pH 6.5), 5 mM MgSO
and 5 mM ATP (a, b, and c) or 50 mM Trisg®uffer (pH 8.2), 5 mM MgSQ@, and 5 mM ATP (d, e, and f) in a final

volume of 50uL. After 10 min at 25C, remaining ATPase activity was measured &t@5s described previously
(Ichikawaet al., 2001).

each individual inhibitor and f~¢ (Fig. 4 and Table I). highly dependent on the origin of the inhibitor and the
At pH 8.2, the kg values of the human, bovine, and F;Fy-ATPase.

yeast inhibitors on bovine 1y increased about 22.7-,

8.3-, and 16.4-fold, respectively. On yeagEf; the value DISCUSSION

of the bovine and yeast inhibitors increased 3.0- and

14.5-fold at pH 8.2, and in the same condition, the hu- In this study, we overexpressed and purified human

man inhibitor was almost inactive (Fig. 4(e)). These re- and bovine ATPase inhibitors and compared the properties
sults show that the pH-sensitivity of the inhibitor is of the inhibitors with those of the yeast inhibitor.
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Table I. Amount of Inhibitor Required to Inhibit 50% of the ATPase
Activity in the Condition in Fig. 4 (o)

Amount of inhibitor (ko) («g)

Origin of the R Fy Iso (pH 8.2)/
and inhibitor pH 6.5 pH 8.2 sb (pPH6.5)
Bovine RFg
Human inhibitor 0.07 1.59 22.7
Bovine inhibitor 0.09 0.75 8.3
Yeast inhibitor 0.22 3.6 16.4
Yeast RFg
Human inhibitor 0.23 >52 —
Bovine inhibitor 0.24 0.72 3.0
Yeast inhibitor 0.21 3.05 145

aSubstantial inhibitory activity not detected in this condition.

The mammalian and yeast inhibitors are very simi-
lar in primary structure and were expected to have sim-
ilar conformation. However, the CD Spectra shown in
Fig. 3 reveal that the secondary structures of the puri-
fied inhibitors are significantly different. The contents
of the «-helix of the yeast inhibitor were much lower
than those of the mammalian inhibitors, although both
inhibitors had similar inhibitory activity on yeast; -
ATPase (Fig. 4(b)). Recent NMR studies (Gordon-Smith
et al, 2001) also showed that a fragment of the bovine
inhibitor consists of residues 10-48, which still have suf-
ficient inhibitory activity (van Raaigt al., 1996), is near
or at a random coil in solution (Gordon-Smitt al,,
2001), while the X-ray structure of the complete inhibitor
is highly helical (Cabeariet al,, 2001). These results in-
dicate that the low helical contents of the purified yeast in-
hibitor and fragment do not directly affect their inhibitory
activity. The structures of the inhibitor and the fragment
may change to the helical form after binding teFg-
ATPase.

Previously, it was shown that the histidine residues
at positions 48, 49, and 55 of the bovine and rat in-
hibitors were important for its pH-sensitivity (Lebowitz
and Pedersen, 1996; Schnie¢ral, 1996). However, the
residues are lacking in the yeast inhibitor (Fig. 1), and
we examined the pH-sensitivity of the inhibitors’ effect
on both bovine and yeast-ATPase. The inhibitory
activities of all the inhibitors decrased at higher pH, but

405

2001), the natural residues required may not be stringently
conserved.

As shown in Fig. 4(e), the inhibitory activities of
human and bovine inhibitors on yeastH-ATPase at
pH 8.2 were significantly different, although the primary
and secondary structures of the inhibitors are very similar
(Figs. 1 and 3). This effect may be caused by the minor
amino acid substitution between the human and bovine
inhibitors. In fact, single amino acid replacement of the
yeast and mammalian inhibitors by site-directed muta-
genesis causes marked changes in the activities at high
pH (Ichikawaet al., 2001; Lebowitz and Pedersen, 1996;
Schnizeret al, 1996). Therefore, the minor amino acid
substitution on the human and bovine inhibitors (for exam-
ple, position 37 or 51; see Fig. 1) may affect the activities
of the inhibitors at high pH.

Previously, it was shown that the bovine inhibitor in-
hibits purified yeast FATPase even better than the yeast
inhibitor (Cabeph et al, 2002). These results are incon-
sistent with our results that the activity of the yeast in-
hibitor on yeast submitochondrial ATPase was compara-
ble to that of the mammalian inhibitors (Fig. 4(b)). This
discrepancy may be due to the action of the mitochon-
drial inner membrane proteins that bind to the inhibitor
(Ichikawaet al., 2002; Lopez-Mediavillat al, 1993) or
facilitate and stabilize the binding of the inhibitor tgHg-
ATPase (Hashimotet al., 1984).

As shown in Fig. 4(c), yeast and mammalian in-
hibitors did not inhibitE. coli F{Fy-ATPase. In bacterial
F1Fo, homologous proteins of the mitochondrial ATPase
inhibitor have not been found, but the enzyme contains a
regulatory subunit called (Kato-Yamadaet al., 1999;
Sternweis and Smith, 1980). The carboxyl-terminal
helix domain ofe is not required for the function and
assembly of the fFy complex, but is required for its in-
hibitory activity (Kukietal, 1988). Recent studies showed
that the basic residues at thedomain interact with the
acidic DELSEED region of thg and inhibit the enzyme
in a “ratchet” or “clutch” manner (Harat al, 2001). The
primary structures of the mitochondrial ATPase inhibitors
are not similar to the C-terminal region of theand the
inhibitor requires not only basic residues, but also acidic
(yeast Glu25; see Fig. 1) or aromatic (yeast Phel7 and
Phe28) residues for its activity (Ichikave al., 2001).

the magnitude of the decreases were different accordingThus, the regulatory mechanism of mitochondrigh¢-

to the origin of the inhibitor and the ATPase (Fig. 4 and

ATPase by the inhibitor appears to be different from that

Table 1). These results suggest that the pH-sensitivities of of the bacterial enzyme by

the inhibitors are not defined by only conserved residues,

but also involve unique residues from each inhibitor and
F1Fo-ATPase. Because the pH-sensitivity is not an es-
sential factor for the release of the inhibitor fromMy
and the activation of ATP synthase (Ichikavwea al.,

As shown in Fig. 4(b), the mammalian and yeast
inhibitors inhibited yeast fro-ATPase in a similar way.
The yeast inhibitor also inhibited the bovingHy-ATPase
(Fig. 4(a)). These results indicate that the mechanism of
the inhibition of mitochondrial Fy by the inhibitor is
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basically shared in yeast and mammals. From the resultsATPase rather than binding to the enzyme (Ichikahal.,

of site-directed mutagenesis, we previously showed that 2001), the clusters appear to be inhibitory sites of the in-
the residues from Phe 17 to Leu44 of the yeast inhibitor are hibitors.

involved in its inhibitory activity (Ichikawaet al, 2001). Because the mammalian inhibitors inhibited the
Especially, the five residues essential for the inhibitory ac- bovine ATPase more strongly than the yeast inhibitor
tivity (Phe 17, Arg20, Arg22, Glu25, and Phe28) and one (Fig. 4(a) and Table 1), any residues lacking the yeast
residue required for pH-sensitivity (Glu21) are concen- inhibitor also appear to contribute to the activity of the
trated at a region from Phe 17 to Phe28 (Fig. 1) (Ichikawa mammalian inhibitor. These results are consistent with
et al, 2001). If the region forms am-helix, these six previous results reported by van Ragijal. (1996) that
residues form clusters on the surface of the putative helix residues 10-21 and 47-56 of the bovine inhibitor, which
(Fig. 5(a)). Furthermore, recent X-ray studies (Calmez” are lacking in the yeast inhibitor, are also involved inits in-
et al, 2001) showed that the homologous residues of the hibitory activity or stabilization of the inhibitor-f, com-
bovine inhibitor (Phe22, Arg25, Glu26, GIn27, Glu30, and plex. The results obtained in this study indicate that these
Tyr33; see Fig. 1) also form clusters on the surface of the residues of the mammalian inhibitor are not essential, but
helix (Fig. 5(b)). Because the five essential residues of are required for the maximum inhibition of mammalian
the yeast inhibitor are involved in the inhibition offp- FFo-ATPase.

Glu30

Val18 Glu25

Fig. 5. Putative inhibitory sites of the yeast and bovine inhibitors. (a) Positions of residues 17-28 of the yeast ATPase
inhibitor in a putativex-helical wheel. Essential residues (Phe 17, Arg20, Arg22, Glu25, and Phe28) and Glu21 which
are required for pH sensitivity are indicated. (b) Position of the homologous residues of the bovine ATPase inhibitor in
an X-ray structure reported by Calmet al. (2001). The positions of Phe22, Arg25, Glu26, GIn27, Glu30, and Tyr33
(corresponding to yeast Phel7, Arg20, Glu21, Arg22, Glu25, and Phe28) are indicated. This figure was generated by
RasMol computer software (version 2.6) on Power Macintosh G4 computer (Apple Computer, Inc., USA).
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