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Abstract

The membrane sector (F;) of H* -ATPase was prepared by trypsin and urea
treatment of F —F; and reconstituted with purified F;. The oligomycin
sensitivity of the reconstituted F,—F, complex obtained by treating F, or F,
with Mg** before binding is much higher than that obtained without Mg?*
treatment. The greater change in the intrinsic fluorescence of the reconstituted
F,-F, complex obtained by Mg?* treatment suggests that conformational
changes may occur during the reconstitution. We deduce that Mg?* binds to
membrane lipids, thus decreasing membrane fluidity and changing the physical
state of the lipids to provide a suitable microenvironment for conformational
changes in F;,. The data also suggest that the conformational change in the F,
portion of the F,—F; complex can be transmitted to the F, portion, the
conformation of which is in turn altered, resulting in the formation of an F -F,
complex with high oligomycin sensitivity. On the other hand, Mg** may act
on F, directly to induce a suitable conformational change which is then
trnsmitted to Fy, resulting in the formation of an H*-ATPase with greater
sensitivity to oligomycin.

Key Words: Conformational interaction; Mg**; H* -ATPase; reconstitution;
soluble F|-ATPase; mitochondria.

! Abbreviations: STED, 0.25M sucrose, 10 mM Tris-SO,, 0.2mM EDTA, and ! mM dithio-
threitol, pH 8.0; NADH, nicotinamide adenine dinucleotide, reduced form; olig., oligomycin;
OSCP, oligomycin sensitivity conferring protein; F,, coupling factor 6; F,, coupling factor one
(ot F|~ATPase); FiM&" and FyMe®* | the F, treated and untreated with 1 mM Mg?* respec-
tively; F,, the membrane sector proteins of the H*-~ATPase; TUF,, trypsin—urea —F,;
EUF,, EDTA-urea —F,; Ff™®* and F;M&" | the F, treated and untreated with 1mM
Mg?* respectively; (F, « Fo)*M&* and (F, - F;) M#*, the reconstituted F, - F, complex con-
taining Mg**-treated F, and F, and untreated F, and F, respectively; F,- FfM&* and
F,» FyM#* | the reconstituted H*~ATPase complex derived from the binding of purified F, to
the F, treated and untreated with Mg?* respectively; FM#* - F; and F;M8 - F, the recon-
stituted H*—~ATPase derived from the binding of F, to the purified F, treated and untreated
with Mg>* respectively.
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Introduction

Since Boyer (1965) proposed the conformational coupling hypothesis to
account for the mechanism of oxidative phosphorylation, considerable
evidence was accumulated indicating the occurrence of energy-linked con-
formational changes in the F, sector of ATPase. Recently Penefsky (1985)
observed that DCCD and oligomycin which bind to the F, sector impair
binding of substrate to the F, catalytic sites. This is strong evidence that
DCCD binding produces a conformational change in the F, portion of the
complex that is transmitted to F,. Our experiments also showed that free
Mg** (0.67mM) induced competitive inhibition of free F, but competitive
activation of membrane-bound F, (Ye and Lin, 1985). The differing effects
of Mg’* may be explained if there is a conformational difference in the
catalytic sites of the free and membrane-bound F,. The conformation of the
latter may be influenced by the F; embedded in the membrane lipids. In this
paper we report evidence for a conformational interaction between F, and F;
based on studies which are carried out by binding the F,-depleted H*—
ATPase complex and purified F,. These experiments indicate that con-
formational changes in F, or F, induced by Mg can be transmitted to F,
or F, respectively, which in turn affects the efficiency of the reconstitution.

Materials and Methods

Preparation of Oligomycin-Sensitive ATPase

Oligomycin-sensitive ATPase complex was prepared according to the
method of Yu and Yang (1985), which is a modification of the method of
Hatefi et al. (1974). Briefly, submitochondrial particles from pig heart are
solubilized with cholate (0.15mg/mg protein; 10 mg protein/ml) in 0.25M
sucrose, 10 mM Tris-SO,, pH 8.0, 100 mM (NH,),SO,, and 0.1 mM EDTA.
After dialysis against 200 volumes of 0.25M sucrose, containing 10mM
Tris-SO,, pH 8.0, 0.5mM EDTA, 0.1 mM 2-mercaptoethanol. 2% (v/v)
methanol, 1 mM MgCl,, and 0.1 mM ATP with four changes in 16 hours, the
suspension was diluted with 1/2 volume of distilled water and precipitated at
30% ammonium sulfate saturation. The precipitate was removed and the
supernatant was brought to 50% ammonium sulfate saturation. The pre-
cipitate was collected and dissolved in sucrose, 10 mM Tris, pH 7.4, 0.2mM
EDTA, and 1 mM dithiothreitol. This F;—F, had an activity of 0.28 ymol x
min~' x mg~' protein in P,-ATP exchange and hydrolyzed ATP with an
activity of about 10 umol x min~' x mg~'. The oligomycin sensitivity of
the ATPase was over 95%. Its lipid content was unusually high, 390 ug/mg
protein.
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Preparation of F,

F, was prepared according to the method of Senior ef al. (1970) with
some modifications (Lin er al., 1981). The specific activity of F, was
80—100 umol ATP hydrolyzed x min~' x mg~' protein. It was kept at 4°C
in 55% saturated (NH,),SO,. Before use, the suspension was spun down, and
the F, pellet was redissolved at 1 mg protein/ml in a solution containing
40mM Tris-SO, and 1mM EDTA, pH 8.0.

Preparation of F,-Depleted H* -ATPase (F,)

The depletion was carried out by two methods. (1) F,-Depleted H* -
ATPase (trypsin—urea—F; or TUF,) was prepared according to the method
of Racker (1963) for submitochondrial particles. After incubating the
oligomycin-sensitive ATPase complex and trypsin in a ratio of 10:1 (w/w)
at 30°C for 45min, trypsin inhibitor was added (five times the amount
of trypsin). Urea was added to 2M at 0°C for 45min and centrifuged
at 0°C for th at 105,000g. The supernatant was discarded and the F,
pellets homogenized in a solution containing 0.25M sucrose, 10 mM Tris-
SO,, 0.2mM EDTA, and I mM DTT at pH 8.0 (STED). (2) F,;-Depleted
H*-ATPase (EDTA-urea —F, or EUF,) was prepared according to the
method of Lee and Ernster (1967) from EDTA particles. The H*-ATPase
complex (10 mg protein/ml) containing 2mM EDTA at pH 8.5 was saturated
with N, and subjected to sonic oscillation for 30 sec. An equal volume of 8 M
urca was added at 0°C for 30 min. Then the suspension was diluted with
4 volumes of 0.25M sucrose and centrifuged at 105,000 g for 40 min. The
sediment was washed by homogenization with 10 volumes of 0.25 M sucrose
and centrifuged at 105,000 g for 40 min. The particles were finally suspended
in STED.

Reconstitution Experiments

Mg?* treatment of F, particles was carried out in 1 mM Mg?* at 0°C for
4h, and dialyzed at 0—4°C against Mg”* -free buffer, which was changed four
times in 2 hours. The treatment with ammonia (30mM NH,") or Ca?*
(1 mM) was carried out similarly as the Mg** treatment.

Mg?* -treated F, was prepared by incubating the F, in 1 mM Mg?* at
room temperature (20-25°C) for 30 min. When it was added to the recon-
stitution system, the concentration of Mg’* was greatly diluted, by 50-100
fold. The reconstitution experiments were carried out by incubating F,
(400-500 pg) and F, (about 0.1 activity unit) (Kagawa and Racker, 1966) in
the STED solution for 5min (except Fig. 1) at 30°C in a final volume of
210 ul. Other experimental conditions are indicated in the figures and tables.
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Measurement of the Reconstituted ATPase Activity

ATPase activity was measured spectrophotometrically by coupling the
reaction to pyruvate kinase and lactate dehydrogenase reactions, and
monitoring the oxidation of NADH at 340 nm (Pullman et al., 1960; Li and
Sun, 1983) in 2ml of reaction medium containing 42 ymol Tris-maleate, pH
8.0, 1.67 umol MgSO,, 1 umol phosphoenol pyruvate, 0.15 umol NADH,
1.73 unit pyruvate kinase, 1.0 unit LDH, and 1 umol ATP-Na,. The reaction
was started by adding F;-ATPase or H*-ATPase complex. The specific
activity of ATPase was expressed as ymol NADH x min~' x mg~'.

Measurement of Intrinsic Fluorescence

The measurement was carried out in 2ml of the reaction mixture con-
taining 0.25 M sucrose, 10 mM Tris-SO,, 0.02mM EDTA, | mM DTT, pH
8.0, and a certain amount of the F,, F,, or F,—F, complex. The intrinsic
fluorescence of F; or F, or reconstituted F, - F, complex was traced with a
Hitachi 650-60 spectrofluorimeter using 270 and 295 nm as the excitation
wavelengths and the fluorescence emission of each as scanned at 280-410nm
and 305-410 nm. The scans were compensated for background fluorescence.

Determination of Mg’* Bound to F,

The Mg?® was determined by atomic absorption spectrophotometric
analysis.

Protein content was determined by Lowry’s method (Lowry et al., 1951)
using bovine serum albumin as standard.

Results and Discussion?

The efficiency of reconstitution of Fy with F, was determined by the
extent of inhibition by oligomycin. The ATPase activity of F, was reduced by
80% in the presence of 0.67mM Mg?* and that of F,—F, increased by 140%.
Figure 1A shows that the reconstitution efficiency of EUF, and F, in the
presence of Mg?* is high and 95-100% oligomycin inhibition is seen within
5min, while in the absence of Mg>* only about 60% oligomycin sensitivity
can be reached. In the latter case the inhibition by oligomycin increases
gradually with increasing incubating time; after a 30-min incubation about
95% oligomycin sensitivity is reached as well. Obviously, Mg** does promote
efficient reconstitution of EUF, and F,. The results obtained here of the
reconstitution in the absence of Mg?™ are similar to those obtained by
reconstitution of F,-depleted submitochondrial particles and F, reported by
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Fig. 1. Comparison of the reconstitution efficiency of binding purified F; with EUF, or TUF,
in the presence and absence of Mg?* . ATPase activity was measured by the spectrophotometric
method as described in Materials and Methods. The reaction was started by adding 60 ul of the
reconstituted F; + F; complex to 2ml of the reaction medium as described in the text. For
the assay of oligomycin sensitivity, 2 ug oligomycin was introduced into the assay medium.

, Reconstitution in the presence of Mg?*;

, reconstitution in the absence of Mg?*.
(A), Reconstitution of EUF; with F,; (B), reconstitution of TUF; with F,.
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Slater’s laboratory (Vadineanu et al., 1976). However, the improved efficiency
of the reconstitution produced by Mg?* can likely be interpreted in terms of
cationic screening of negative membrane charges, thus increasing the affinity
to F,, as suggested by Ernster’s laboratory (Sandri ez al., 1983). In Fig. 1B
it may be seen that the reconstitution efficiency of TUF, and F, following
a 5-min incubation in the presence of Mg’ is about 100% higher than in the
absence of Mg?". Both in the presence and absence of Mg’*, the recon-
stitution efficiency measured by the extent of inhibition by oligomycin
increases with increasing incubation time. Even after a 60-min incubation,
the reconstitution efficiency in the presence of Mg’* remains double that in
the absence of Mg?*. The difference in reconstitution efficiency between
TUF, and EUF, may be related to their different preparative methods. The
trypsin used in the preparation of TUF, may damage the membrane and
retard some of the conformational changes in F,, especially OSCP, and F;
may be degraded.

Table I compares the oligomycin sensitivity of reconstituted F,-F,
complex, when the TUF, is pretreated with 1 mM Mg’" or untreated TUF,
is used. It is seen that the efficiency with this Mg** -treated F, was over 20
times higher than that with untreated F,.

Table IT compares the efficiency of different cations in the reconstitution
of F, - F, containing TUF, treated with different cations. The efficiency of
reconstitution containing 1 mM Mg*" -treated F, was higher than that con-
taining the same concentration of Ca* -treated F, and much higher than that
containing 30mM NH; -treated F,. According to Ernster’s laboratory
(Sandri et al., 1983) the amount of negative membrane charges neutralized

Table I. Comparison of the Oligomycin Sensitivity of F, - Ff&" and F, - FyMe*

ATPase activity”

(AA340/min) Sensitivity to
oligomycin
Samples - Oligomycin + Oligomycin (%)
F, - FiMe?t 0.096 0.028 70.8
F, - FyMe* 0.069 0.067 2.9

“The assay of ATPase activity is described in the text. The reaction was started by adding 60 ul
of the reconstituted F, + F, to 2ml reaction medium as described in Materials and Methods. 2 ug
oligomycin was added just prior to the start of the reaction for the assay of oligomycin sen-
sitivity. As,/min represents the activity of ATPase under the same condition. F, - FyMe?®
and F, - F; ™" denote the reconstituted H* -ATPase complex derived from the binding of
purified F, to F,, treated and untreated with Mg®* respectively.

*All experiments in the figures and tables except Fig. 1A were carried out with trypsin-urea
H*-ATPase particles.
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Table Il.  The Efficiency of the Reconstitution of Cation-Treated TUF, with Purified F: Effect
of Various Cations®

Oligomycin sensitivity

Cations (%)
— 4.0
NH; (30mM) 25.0
Ca* (1 mM) 52.0
Mg?* (1 mM) 72.0

“The reconstitutions of purified FF; and TUF, pretreated with 1 mM Mg?* or ImM Ca’* or
30mM NHj respectively were carried out at 30°C for 5 min. For the detailed description, refer
to the text.

by 30mM NH; was greater than that neutralized by 1mM Ca’". So,
from our results the effect of cations promoting the reconstitution of
F,+ F, can be interpreted not only as the cationic neutralization of the
negative charges on the membrane, but also as the cationic effect on the
conformation of F,.

We further determined the Mg®* content of Mg”*-treated F, and
untreated F, by atomic absorption spectrophotometric analysis. It was found
that the Mg?* content in the former was 20- to 50-fold higher than that in the
latter. Yang et al. (1983) reported that when Mg?* was bound to the lipid part
of the reconstituted H*-ATPase in the proteoliposomes, it reduced the
fluidity of the lipid matrix. In our laboratory also we found that the fluidity
of membrane lipids of H*-ATPase complex decreased in the presence of
Mg’*, and Mg** exhibited an activating effect on the hydrolytic activity of
H*-ATPase (Ye and Lin, 1985). So we deduced that in the reconstitution of
F,-depleted particles with purified F,, Mg?* decreased the fluidity of the lipid
environment of F; to provide a suitable physical state of the lipid for altering
the conformation of F,,. This conformational change of F,can be transmitted
to F,, regulating its conformation and promoting the formation of F, « F,
complex with maximal oligomycin sensitivity. Recently Penefsky (1985) also
proposed that the conformational change of F; can be transmitted to F,.
Furthermore, when F, was treated with 1 mM Mg** and reconstituted with
untreated F, particles, we found that the reconstitution efficiency of Mg?* -
treated F, was about three times higher than that of untreated F, (Table III).
This indicates that the reconstitution of F, - F, can be promoted not only by
treating Fy, with Mg>* but also by treating F, with Mg?>*. We prefer the
explanation that the effect of Mg’* in promoting the reconstitution with
higher efficiency was derived from the direct effect F,, resuiting in a con-
formation change, and after being bound, this conformation change of F, is
transmitted to F, regulating the conformation of F; so as to better promote
reconstitution with conferral of greater oligomycin sensitivity.
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Table ITI. Comparison of the Oligomycin Sensitivity between FfM&* « Fj and FyMe* - F,

ATPase activity”

(Ad ;49 /min) Sensitivity to

) . oligomycin
Samples — Oligomycin + Oligomycin (%)
FiMet . Ry 0.095 0.078 17.9
FMet . F 0.143 0.136 4.9

“The assay of ATPase activity and its sens1t1v1ty to oligomycin is described under Materials and
Methods. The F;iM¢** - Fy and F;yM&* - F denote the reconstituted H*-ATPase complex
derived from the bmdmg of Fyto the purxﬁed Mg** -treated and untreated F, respectively. The
same amount of Mg?* was added in control (FrMeT - By as in FjrMe?t FO

We have measured the intrinsic fluorescence of F,, F,, and F,+F,
complex both in the presence and absence of Mg?". When using 270 nm as
the excitation wavelength (Fig. 2), the tyrosine and tryptophan residues
absorb the energy to emit fluorescence, while using 295 nm as the excitation
wavelength (Fig. 3) only the tryptophan residues emit fluorescence. Since
only a small amount of F, (0.1 activity unit = 2 ug, generally) was added to
the reconstitution system, 210 ul in volume, and only 30 ul was taken to
measure the intrinsic fluorescence, the emission fluorescence of F, was very
weak at the two excitation wavelengths. The emission fluorescence spectra
follow roughly a straight line (Figs. 2 and 3). However, the F, which consists
mostly of hydrophobic proteins, contained more nonpolar amino acids such
as tryptophan. Because of the high quantum yield of tryptophan, the
fluorescence emitted from tyrosine may be masked by that emitted from
tryptophan. Therefore, with the two excitation wavelengths stated above,
only one emission from tryptophan with a maximum at 330 nm was observed.
Although the intrinsic fluorescence spectrum with emission maximum at
330 nm for the reconstituted F, - F, complex appeared similar to that of the
F, at any of the two excitation wavelengths, the intensity of fluorescence of
the F, - F, complex was weaker than that of the F;. Even in the absence of
Mg?* a difference of fluorescence intensity did exist between F, * F, complex
and F,. Although the differences in fluorescence intensity are small in Figs. 2
and 3, they have been reproduced in several experiments. The decrease of
fluorescence intensity exhibited by the reconstituted F, - F, complex in the
absence of Mg?>* was greater than that in the presence of Mg?* . This showed
that after binding of F, with F,, a conformation change of F, resulted no
matter whether the Mg?* was present or not. It may be interpreted that the
conformational change of F, altered the microenvironment of some tryp-
tophan residue in F, and resulted in a significant decrease in the intensity of
the fluorescence. But in the absence of Mg?*, the ATPase activity had low
oligomycin sensitivity in the reconstituted F, - F, complex. F, and F, hence
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Fig. 2. The intrinsic fluorescence of (F, - F))*M&** and (F, - F,)~™&* using 270 nm as exci-
tation wavelength. 30 ul of F, - F, complex was added to 2ml of the reaction medium as
described in Materials and Methods. F, and F; were added in the controls in the same amount
as the F| and F, in the F, - F, complex. The change in the intrinsic fluorescence was monitored
on a Hitachi 650—60 spectrofluorimeter. (F, - F,)*™&* and (F, F,) & denote respectively
the reconstituted F, - F, complex containing Mg’ -treated F, and F and untreated F, and F,.
The fluorescence emissions of F, (- - -), Fy (——), and F, - Fycomplex (——-) were monitored from
280 to 410 nm.

appear to be bound together to form a functionally “incomplete” complex.
By means of ultracentrifugation, F, and F, particles can be separated again.
When F,-ATPase is centrifuged alone or with Mg”>* added, the total activity
can be recovered in the supernatant. After reconstitution in the absence of
Mg**, again full activity remains in the supernatant (Table 1V). However,
reconstitution with Mg?* -treated F, and subsequent centrifugation yields
practically no F, in the supernatant. We interpret the phenomenon as
resulting from a sequence of interactions, each with its consequence. First,
Mg?t is bound to membrane lipids, decreasing the fluidity of the micro-
environment and leading to the induction of a suitable conformation for F,.
This conformational change in F, is transmitted to F, which in turn under-
goes conformational alteration. Alternatively, the first step in the sequence
could also be a direct interaction between Mg?* and F, with consequent
change in its conformation which is then transmitted to F,, with the regu-
lation of F, conformation. Thus, the F, * F, complex with high oligomycin
sensitivity and better structural integrity is formed. Thirdly, it should also be
noted that the interaction between F, and F, appears quite weak in the absence



282 Li et al.

Intensity

S
o

N
=]

Relative Fluorescence

—Mg2*

B Ty TP S

nm 300 350 400 nm

Wavelength

Fig. 3. The intrinsic fluorescence of (F, - Fy)*™&* and (F, - Fy)~M&" using 295 nm as exci-
tation wavelength. (F, + F,)*™¢*" and (F, » F;)~M¢*" are as shown in Fig. 2. Other experimental
conditions are the same as in Fig. 2. The fluorescence emissions of F) (---- - ), Fo € ), and
F, - F, complex (————- ) were recorded from 305 to 410 nm.

Table IV. Tightness of F, and F, Binding in (F, - F,)*™#* and (F, - F,)-M&*

Activity of free F,
in the supernatant

Samples* (A Ay /min)
FMet 0.086
F+Me2* 0.077
(F, + Fp)~Me* 0.082
(F, - Fp)*Me* 0.003

“The symbols (F, - F))*™#* and (F, - F,)~M#* are described in Fig, 2. Fi™&®* and Fyvet
denote the F, treated and untreated with Mg?* respectively. The amount of F, used in F;M¢**
and F;M2* was the same as in the reconstitution of (F, - F,)*M#* and (F, - F))"™¥* . Each
sample was centrifuged at 100,000 g for 20 min at room temperature in an AU-110 type air-driven
ultracentrifuge (Chinese made). The hydrolytic activity of free F, in the supernatant was
measured as stated in the text.
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of Mgt (Table IV), which raises the question whether F, may be going on or
off the membrane. If so, the ability of Mg’" to increase oligomycin sensitivity
of the ATPase reaction may be simply related to keeping F, bound to F,. We
regard the first sequence as more important and likely.
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