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Abstract

An unusual effect of temperature on the ATPase activity of E. coli F|F, ATP synthase has been investigated. The rate of ATP hydrolysis by the
isolated enzyme, previously kept on ice, showed a lag phase when measured at 15 °C, but not at 37 °C. A pre-incubation of the enzyme at room
temperature for 5 min completely eliminated the lag phase, and resulted in a higher steady-state rate. Similar results were obtained using the
isolated enzyme after incorporation into liposomes. The initial rates of ATP-dependent proton translocation, as measured by 9-amino-6-chloro-2-
methoxyacridine (ACMA) fluorescence quenching, at 15 °C also varied according to the pre-incubation temperature. The relationship between
this temperature-dependent pattern of enzyme activity, termed thermohysteresis, and pre-incubation with other agents was examined. Pre-
incubation of membrane vesicles with azide and Mg>", without exogenous ADP, resulted in almost complete inhibition of the initial rate of
ATPase when assayed at 10 °C, but had little effect at 37 °C. Rates of ATP synthesis following this pre-incubation were not affected at any
temperature. Azide inhibition of ATP hydrolysis by the isolated enzyme was reduced when an ATP-regenerating system was used. A gradual
reactivation of azide-blocked enzyme was slowed down by the presence of phosphate in the reaction medium. The well-known Mg?" inhibition of
ATP hydrolysis was shown to be greatly enhanced at 15 °C relative to at 37 °C. The results suggest that thermohysteresis is a consequence of an

inactive form of the enzyme that is stabilized by the binding of inhibitory Mg-ADP.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

F,F,-ATP synthases, present in mitochondria, chloroplasts
and bacteria, catalyze ATP synthesis driven by proton or sodium
translocation across the membrane. In some bacteria, this
enzyme can also function as an ion translocator driven by ATP
hydrolysis. The enzyme consists of two distinct parts: Fy,
containing six nucleotide-binding sites and three catalytic
centers, and membrane-embedded F, responsible for proton
translocation [1]. In the E. coli ATP synthase F; is composed of
five subunits in a stoichiometry of az33yde [2]. F, consists of

Abbreviations: DCCD, N,N’-dicyclohexylcarbodiimide; FCCP, carbonyl
cyanide p-(trifluoromethoxy)phenylhydrazone; ACMA, 9-amino-6-chloro-2-
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three subunits in a stoichiometry of ab,cig [3.,4]. It is well
established that the coupling between the ATP hydrolytic
reaction and proton translocation is mediated by rotation of the
central stalk yec;q (rotor) relative to the stator (az33ab,0) [S—
11]. F; can be separated physically from F, and it catalyses
energy-uncoupled ATP hydrolysis at a high rate. The isolated F,,
can act as a passive proton pore. Despite great success in
studying this nano-motor, many mechanistic aspects of its
function remain unknown. The E. coli ATP synthase is among
the simplest of those that have been studied. Studies of the
homologous enzymes from Bacillus PS3, P. modestum and I.
tartaricus have also contributed to our understanding of ATP
synthesis [9,12,13]. These enzymes share many, but certainly
not all, features with the more complex enzymes found in
mitochondria.

A common feature of ATP synthases is that the soluble F;-
ATPases, but not the whole complex F;F,, undergoes cold
inactivation accompanied by dissociation of the enzyme into
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sub-complexes [14—16]. The intact F{F, complex is less
sensitive to incubation at low temperature, and its sensitivity
to the cold has been interpreted as mediated by dissociation of
F, from the membrane and subsequent cold inactivation of the
soluble F; [14]. A different type of temperature effect on the rate
of ATP hydrolysis by the E. coli F|-ATPase was described by
Laget over 25 years ago [17]. The rate of ATP hydrolysis as
measured at 10 °C was found to be dependent upon the
incubation temperature of the enzyme prior to the assay. This
was interpreted as a slow conversion between two conforma-
tional states of the enzyme, termed a high activity state and a
low activity state. It was called a hysteretic property, according
to the definition of Frieden [18,19], in which such an enzyme
responds slowly to a rapid change in ligand concentration. In
this case, it is a slow response to a change in temperature, and so
can be referred to as thermohysteresis.

Laget also examined the effects of ATP and ADP on the
hysteretic properties of the E. coli F;-ATPase [20]. Pre-
incubation of the enzyme with ATP or with ADP affected
both the equilibrium between the two states, and the kinetic
properties of the two states. Both nucleotides shifted the
equilibrium towards the high activity state, but they had
different effects on kinetic properties. The results were
interpreted in terms of a high activity state that is stabilized
by binding ATP, and a low activity state that is stabilized by
binding ADP. The ratio of ATP/Mg*" was kept constant at 2.0
during assays, and thus the role of Mg”" was not investigated.

An intriguing feature of mitochondrial and chloroplast F;-
ATPases is unidirectional inhibition by Mg-ADP in the
direction of hydrolysis of ATP [21-24]. Hysteretic behavior
with respect to ADP binding has been described in a variety of
systems [20,21,25,26]. Mg-ADP inhibition has been studied
extensively in the F{-ATPase from the thermophilic Bacillus
PS3 [27-29], but less so in the enzyme from E. coli [30,31]. In
the case of the bacterial F;-ATPase, studies of inhibition can be
complicated by the epsilon subunit, an endogenous inhibitor
that can partially dissociate during assay conditions [32,33].

Recent studies in this laboratory have resulted in a rapid
procedure for isolation of the ATP synthase from E. coli in a
highly active form [34]. Procedures for the measurement of ATP
hydrolysis and ATP-dependent proton translocation in contin-
uous assay systems were optimized. During the course of these
studies an unusual temperature dependence of ATP hydrolysis
by the isolated FF, was observed, which resembled prior
results obtained by Laget using F,-ATPase [15,18]. Therefore,
the sensitivity of F;F, to low temperature was explored
systematically, and its possible relationship to Mg-ADP
inhibition was examined.

2. Materials and methods
2.1. Purification and preparations

F,F, was purified from E. coli strain DK8 harboring plasmid pFV2, as
previously described [34]. Growth of cultures, preparation of membrane
vesicles, purification of F F,,, and reconstitution into liposomes were also carried
out as described previously [34]. Azide-treated membrane vesicles, termed N-
particles, were prepared by two-fold dilution with medium containing 250 mM

sucrose, 10 mM HEPES, pH 8.0, 5 mM MgCl,, 100 mM KCl, 0.1 mM EDTA,
2 mM malonate (potassium salt), | mg/ml bovine serum albumin, and 2 mM
NaNj. Phosphate-treated membrane vesicles, termed P-particles, were prepared
by two-fold dilution with medium containing 250 mM sucrose, 10 mM HEPES,
pH 8.0, 10 mM phosphate (sodium salt), 100 mM KCl, 0.1 mM EDTA, 2 mM
malonate, 1 mg/ml bovine serum albumin. Pretreatment was carried out for 1 h
at room temperature.

2.2. Functional assays

ATP hydrolysis activity was measured either with an ATP regenerating
system or with the pH-indicator phenol red, using the following conditions,
unless otherwise specified. For measurements with an ATP regenerating system
the medium (1 ml) contained 10 mM HEPES/KOH, pH 8.0, 100 mM KClI,
2.5 mM MgCl,, 0. mM EDTA, 1 mM ATP, 200 uM NADH, 2 mM
phosphoenolpyruvate, lactate dehydrogenase (5 units/ml), pyruvate kinase
(5 units/ml), and 5 uM FCCP (in the case of reconstituted F;F,). Activity was
measured by following the decrease in optical density at 340 nm. Using the pH-
indicator phenol red, ATP hydrolysis activity was measured at 557 nm by
following scalar proton release, essentially as described [34]. The medium (2 ml)
contained 10 mM HEPES/KOH, pH 8.0, 100 mM KCl, 10 mM ATP, 4 mM
MgCl,, 0.1 mM EDTA, 60 uM phenol red, and 5 uM FCCP (in the case of
membrane vesicles). The phenol red assay was always checked at pH 8.0 to
ensure that the ratio of protons released to phosphate released during ATP
hydrolysis was approximately 1.0. Measurements of ATP-dependent ACMA-
fluorescence quenching were performed as described previously [34]. In all
assays, volumes of enzyme added were 5-20 pul per reaction. ATP synthesis by
preparations of membrane vesicles was monitored using a modified PTI Delta-
Scan 1 fluorimeter, which allowed real-time measurement of ATP synthesis
using luciferase. Prior to measurement of ATP synthesis, membrane vesicles
were resuspended in 1 ml of French press buffer (200 mM Tricine/HCI, pH 7.8,
100 mM KCl, 5 mM MgCl,, 0.1 mM EDTA, and 2.5% glycerol), passed through
a 10-ml Sephadex column, equilibrated with the same buffer, ultracentrifuged as
before, and resuspended in French press buffer. This step eliminated any
energization-independent ATP synthase activity. The membranes were diluted
twice with buffer used for preparation of P-particles. The reaction was initiated
by addition of 20 mM succinate to 2 ml of a medium containing 200 pg
membrane protein, 10 mM Tricine/KOH, pH 8.0, 100 mM KCI, 5 mM MgCl,,
1 mM P;, 0.1 mM ADP, 125 pM luciferin, and 100 ng luciferase. 20 nmol ATP
was added for calibration after each reaction was finished. No ATP synthesis
was observed without ADP or P;, or with uncoupler FCCP.

2.3. Analytical methods

Native electrophoresis and determination of protein concentration were
performed as described earlier [34].

3. Results
3.1. Temperature dependence of ATP hydrolysis

Fig. 1A shows the time course of ATP hydrolysis by isolated
E. coli F|F, using an ATP-regenerating assay at 15 °C. When
enzyme was taken directly from ice (“cold” enzyme), its activity
demonstrated a pronounced lag phase (trace b). Conversely, the
activity of the enzyme after pre-incubation for 5 min at room
temperature (“hot” enzyme) showed no lag phase, and was
higher than in the first case (trace a). If the “hot” enzyme was
returned to ice for 5 min before activity measurement, the time
course became similar to that of the “cold” one (trace ¢). When
the enzyme was subjected to additional cycles of warming and
cooling, it exhibited the behavior of the “hot” or “cold” enzyme,
according to its last incubation (data not shown). When the
activity measurements were made at 37 °C, the duration of the
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Fig. 1. Time-course of ATP hydrolysis by isolated FF, (A, B) and by F,F, incorporated into proteoliposomes (C, D) at 15 °C (A, C) and at 37 °C (B, D). ATPase
activity was measured with an ATP regenerating system as described in Materials and methods. The reactions were initiated by addition of 2.5 pg (A), 0.7 pg (B),
1.2 pg (C) or 0.4 pg (D) of protein. In all panels trace a represents “hot” enzyme, in which the sample was taken from ice and pre-incubated at room temperature for
5 min before measurement. All traces b represent “cold” enzyme, in which the sample was taken directly from ice for measurement In panels A and C trace ¢
represents enzyme that was taken from ice, then incubated at room temperature for 5 min, and returned to ice for 5 min, before measurement, and the lines marked d
represent the initial rates of “cold” enzyme (trace b). Numbers shown near the curves indicate the rates of ATP hydrolysis expressed in pmol ATP per min per mg of

protein.

lag phase for the “cold” enzyme (Fig. 1B, trace b) was much
shorter, and there was no significant difference in the steady-
state rates of the two forms of enzyme. In panel A the initial rate
of the “cold” enzyme is shown by the straight line marked d. In
five different experiments, the average ratio of the initial rates
(traces d and a) was 0.53+0.06 for isolated F,F,,.

The same set of experiments were conducted for the case
of FF, reconstituted into liposomes (Fig. 1C, D). Similar
patterns of activity were observed: a lag phase for the
“cold” enzyme when assayed at 15 °C with a reversible
transition between the “hot” and “cold” enzyme (Fig. 1C),
and no significant difference between the two forms of
enzyme when assayed at 37 °C (Fig. 1D). In panel C, the
initial rate of the “cold” enzyme is shown by the straight
line marked d. In five different experiments, the average
ratio of the initial rates (traces d and a) was 0.49+0.06 for
proteoliposomes.

The two forms of enzyme were also tested for ATP-
dependent proton translocation by the ACMA fluorescence
quenching assay. At 15 °C, the initial rate of ATP-dependent
ACMA fluorescence quenching by the “cold” enzyme,
previously reconstituted into liposomes (Fig. 2A, trace b),

was about one half that of the “hot” enzyme (trace a). In
eight experiments, the average ratio of initial rates was 0.54=+
0.03. As before, the rate of quenching by the “hot”
reconstituted enzyme, returned to ice for 5 min, was the
same as that of the “cold” enzyme (trace c). There was no
difference in the initial rate of quenching between the two
forms of enzyme when the assay was carried out at 37 °C
(Fig. 2B). One difference between the ATP hydrolysis assay,
shown in Fig. 1, and the proton translocation assay, shown in
Fig. 2, is the length of time from addition of the enzyme until
the start of recording. For technical reasons, this interval is
about 30 s for ATP hydrolysis, and about 1 min for proton
translocation, and this might affect the estimation of the initial
rates.

3.2. Dissociation of the enzyme

As was first shown about 40 years ago, soluble F;-
ATPase promptly loses its activity at low temperature [15].
This cold inactivation is accompanied by dissociation of F,
into sub-complexes. In contrast, the thermohysteretic behav-
ior of E. coli F{-ATPase as discovered by Laget [17], is not
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Fig. 2. ATP-dependent ACMA fluorescence quenching by reconstituted F,F, at
15°C (A) and at 37 °C (B). The assay was carried out as described in Materials
and methods using 1.2 pg of protein. The reaction was initiated by the addition
of 0.2 mM ATP. In both panels trace a represents “hot” enzyme, in which the
sample was taken from ice and pre-incubated at room temperature for 5 min
before measurement; trace b represents “cold” enzyme, in which the sample was
taken directly from ice for measurement. In panel A trace ¢ represents enzyme
that was taken from ice, then incubated at room temperature for 5 min, and
returned to ice for 5 min before measurement.

due to cold dissociation of the subunits. To check for the
possibility of subunit dissociation by F;F,, two approaches
were used: estimation of ATPase activity after multiple
cycles of temperature variation, and analysis of treated
samples by native gel electrophoresis.

In the first approach, the “cold” enzyme was frozen at
—20 °C for 1 h and subsequently thawed at 0 °C for 40 min. The
thawed enzyme was divided into two portions. One portion was
incubated on ice, and the other was incubated at room
temperature for 5 min before measurement of activity. The
time course of ATP hydrolysis by these enzymes was similar to

the unfrozen “hot” and “cold” ones. Recovery of the ATPase
activity of the “hot” enzyme after freeze—thawing was 80%
(data not shown).

In a second approach, FF, was first pre-incubated either
on ice or at room temperature for 5 min, and then frozen
rapidly in liquid nitrogen (<5 s). The frozen suspensions were
thawed at 37 °C until reaching 0 °C (about 5 s) and
immediately thereafter the ATPase activity was measured.
Even this severe freeze—thaw cycle did not considerably
change the time courses (or activities) of ATP hydrolysis
observed, relative to the unfrozen “hot” and “cold” enzymes,
shown previously.

Finally, the possibility of subunit dissociation was
investigated directly by native gel electrophoresis. FF,
was taken up either from ice or after a slow cycle of
freezing—thawing and was run on native gels at 4 °C, and at
room temperature, for 50 min, as described previously [34].
At both temperatures only a single band was observed,
indicating that FF, remained intact under all conditions and
did not undergo cold dissociation (data not shown).

3.3. Investigations into the mechanism of thermohysteretic
behavior

F,-ATPases are well known to be inhibited generally by
ADP, and the E. coli enzyme in particular is inhibited by
Mg®" ions [34,35]. Furthermore, a Mg-ADP inhibited form
of F; has been identified in several different species, leading
to hysteretic behavior [36,37]. Azide is thought to stabilize
the Mg-ADP inhibited form of F;, [31,37,38] although in E.
coli this is controversial [30,39]. The E. coli F; is inhibited
by azide, with a K; of 25 uM at 37 °C and 7 pM at 25 °C
[40]. Therefore, the relationship of Mg>* ions, ADP and
azide to the thermohysteretic properties described above was
investigated.

In the previous experiments (Fig. 1), ATP hydrolysis was
measured using an ATP regenerating system, in which little
or no ADP accumulates during the assay. To investigate the
consequences of the accumulation of ADP as ATP is
hydrolyzed, a phenol red system was also used. The
difference between the two assay systems can be demon-
strated by comparing the rates of ATP hydrolysis by the
isolated F{F, ATP synthase, previously incubated for 5 min at
room temperature (“hot” enzyme), at both 37 °C and at
15 °C. At 37 °C the rate found in the phenol red assay
system is 95% of that using the ATP regenerating system. At
15 °C the rate in the phenol red system is only 31% of that in
the ATP regenerating system. This suggests that the isolated
F,F, is especially sensitive to inhibition by ADP at low
temperatures. Furthermore, in the presence of 100 uM azide,
while the enzyme is seen to be inhibited using both assay
systems, the rate is essentially zero using the phenol red
assay, and is less than 5% of the rate in the ATP regenerating
system.

In contrast to the isolated enzyme (Fig. 1), the ATPase
activity of membrane vesicles did not depend upon the
temperature of pre-incubation when measured at 15 °C as
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shown in Fig. 3A. In trace b, the membranes were taken directly
from ice, and in trace a, the membrane were pre-incubated for
5 min at room temperature. There was also no effect of pre-
incubation when assayed at 37 °C (data not shown). These
measurements were made using the phenol red assay, to avoid
complications due to NADH dehydrogenases present in the
membranes. For comparison, the results from isolated F,F,
assayed under the same conditions of Fig. 3A are shown in
panel B, in which a lag phase for the “cold” enzyme is apparent.
Pre-incubation of the enzyme (isolated, reconstituted FF,, or in
membrane vesicles) on ice for more than 5 min did not change
the pattern of activities seen in Figs. 1, 2, or 3. The traces shown
are typical ones from several experiments.

The addition of up to 200 uM ADP to the pre-incubation
medium had no effect on ATPase activity under all conditions
tested. In contrast, pre-incubation with 1 mM azide, even in the

A membrane vesicles

%
%

Fig. 3. Time-courses of ATP hydrolysis by membrane vesicles (A) and by
isolated F{F, (B) without an ATP-regenerating assay system. In both panels,
ATPase activity was measured with phenol red at 15 °C as described in Materials
and methods, using 220 pg (A) or 7 ng (B) of protein. In both panels trace a
represents “hot” enzyme, in which the sample was taken from ice and pre-
incubated at room temperature for 5 min before measurement; trace b represents
“cold” enzyme, in which the sample was taken directly from ice for
measurement. Numbers shown near the curves indicate the rates of ATP
hydrolysis expressed in pmol ATP per min per mg of protein.

absence of exogenous ADP, had profound effects on the initial
rates of ATPase activity, as shown by the following experi-
ments. Membrane vesicles that were pre-incubated with 1 mM
azide for 1 h at room temperature (called N-particles) were
compared with those that were pre-incubated without azide
(control). The results, as shown in Table 1, indicate that azide is
a potent inhibitor of the initial rate of ATPase activity, in a way
that depends upon both temperature and the concentrations of
ATP and Mg®". When assayed at 10 °C, membrane vesicles had
initial rates of ATP hydrolysis that varied with the ATP
concentration (Mg”" was kept at 4 mM). Under the same assay
conditions, membranes pre-incubated with azide (N-particles)
had initial rates of zero. After 7 min, the rates increased
somewhat, if assayed at higher concentrations of ATP (Table 1
and Fig. 4). If the assay medium also included 10 mM P;, the lag
phase was extended, and the rate decreased, as shown in Fig. 4
(comparing traces b and c). Inhibition of initial rates due to pre-
incubation with azide was completely eliminated if the assay
medium included 0.3% LDAO (Table 1, assay 4). Under assay
conditions of 10 mM ATP/4 mM Mg?", if the assay temperature
was increased from 10 °C (assay 3) to 25 °C (assay 5) or to
37 °C (assay 6) the initial rates increased dramatically at the
higher temperatures. In addition, the effect of pre-incubation
with azide decreased from 100% inhibition at 10 °C to only 6%
at 37 °C.

The effects of azide seen here are due primarily to the pre-
incubation, since if the equivalent amount of azide is diluted
into the assay medium the inhibition is only about 7%, if
measured at 10 °C. Furthermore, the effects of azide are limited
to ATP hydrolysis, since pre-incubation of membrane vesicles
with azide had no effect on the rates of ATP synthesis when
assayed at 5 °C to 22 °C. For example, at 10 °C, the measured
rates of ATP synthesis were between 11 and 13 nmol ATP/min/
mg protein for N-particles and control particles, with or without
a pre-incubation with 2 mM P;. No lag phase was apparent at
any temperature. Likewise, the rates at 22 °C were between 28
and 30 nmol ATP/min/mg protein in each case.

The effect of Mg®" concentration on the thermohysteretic
properties of FiF, was also investigated, and the results are
presented in Fig. 5. The ATP concentration was fixed at 10 mM
and the Mg®" concentration was varied from 1 to 20 mM. Rates
of ATP hydrolysis by isolated F;F, (panel A) and by membrane
vesicles (panel B) were measured using the phenol red method.
Samples were pre-incubated for 5 min at room temperature, and
assayed at 15 °C (filled circles) or 37 °C (open circles). The
rates of ATP hydrolysis by isolated FF, at both temperatures
show a similar dependence upon Mg>" concentration (A), but
by plotting the ratio of the rate at 15 °C over the rate at 37 °C it
can be seen that ATP hydrolysis by isolated F{F, at 15 °C is
increasingly inhibited by Mg”" (panel C, squares). This
indicates that Mg>" is an essential component of the thermo-
hysteretic properties of the “cold” enzyme. In contrast, the ratio
of the rates of ATP hydrolysis by membrane vesicles at the two
temperatures does not depend upon Mg”" concentration (panel
6C, triangles). This is consistent with the prior observation (Fig.
4) that F;F, in membrane vesicles does not exhibit thermo-
hysteretic properties. A plot of the ratio of rates at the two
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Table 1
Inhibition of ATP hydrolysis by pre-incubation with azide at 23 °C*

Assay Assay conditions® Initial rates of ATP hydrolysis Ratio of rates Rates of ATP hydrolysis
number (mM ATP/mM Mg*") (umol/min/mg protein) (N-particles/Control) by N-particles after 7 min
Control N-particles in assay medium
1 10 °C (0.5/4) 0.16 0 0 0
2 10 °C (2/4) 0.27 0 0 0.045
3 10 °C (10/4) 0.31 0 0 0.12
4 10 °C (0.5/4) 0.2 0.2 1.0 ND*
0.3% LDAO
5 25°C (10/4) 0.75 0.56 0.74 ND
6 37 °C (10/4) 1.54 1.44 0.94 ND

? Rates shown are a typical set of values from at least three different experiments with similar results. N-particles were prepared by two-fold dilution of membrane
vesicles with medium containing 250 mM sucrose, 10 mM HEPES, pH 8.0, 5 mM MgCl,, 100 mM KCl, 0.1 mM EDTA, 2 mM malonate (potassium salt), 2 mM NaN3,
and incubated at room temperature for 1 h. Control particles were treated similarly, without the NaNj.

b Reactions were initiated by addition of 415 j1g membrane protein (up to 20 pl) to 2 ml of medium, using the phenol red system.

¢ ND, Not determined.

temperatures by FF, reconstituted into liposomes falls between
the other two plots (data not shown).

4. Discussion
The thermohysteretic behavior described previously by

Laget [17,20] for hydrolysis of ATP by the soluble F;-ATPase
from E. coli has been shown to occur in the isolated F;F, ATP

membrane vesicles

1 min

-

AA,, =0.008 (62.5 uM H*)

:

Fig. 4. Time courses of ATP hydrolysis by membrane vesicles pre-incubated
with azide. Rates of ATP hydrolysis were measured using the phenol red assay
system at 10 °C in the presence of 4 mM Mg?". Trace a shows the rate of control
membrane vesicles using 10 mM ATP. Traces b—e are from azide-treated
membranes (N-particles). Trace b shows the rate of ATP hydrolysis by N-
particle in the presence of 10 mM ATP. Trace c is the same as trace b, except that
the medium contains 10 mM Pi. Trace d shows the rate of ATP hydrolysis by N-
particles using 2 mM ATP, and trace e shows the rate with 0.5 mM ATP. All
samples were kept at room temperature prior to the assay. The traces shown were
typical ones from at least three sets of measurements.

synthase. Laget showed that the rate of ATP hydrolysis at 10 °C
depends upon the temperature of pre-incubation of the enzyme.
He found that F;-ATPase incubated at low temperature had
lower rates than did identical samples pre-incubated at higher
temperatures. We found a similar dependence upon the rate of
ATP hydrolysis by the isolated FF, ATP synthase when
measured at 15 °C. These results appear to extend to both ATP
hydrolysis and ATP-driven proton translocation by the isolated
enzyme, reconstituted in liposomes. Remarkably, ATP hydro-
lysis by membrane vesicles at 15 °C did not exhibit a lag phase
when pre-incubated on ice, suggesting that the transition was
too rapid to be observed. This might be a consequence of the
native lipid environment, but further studies will be necessary to
understand this.

Hysteretic behavior was not a consequence of the well-
known cold denaturation of F;-ATPase [14—16]. Native gel
electrophoresis showed that subunit dissociation did not occur
as a result of the incubation on ice, and multiple cycles of pre-
incubation temperatures showed that this transition was readily
reversible. As was concluded by Laget [17,20] with respect to
Fy, this behavior is consistent with two states of the enzyme in
equilibrium: a high activity state and a low activity state. At
temperatures above 25 °C, the states are in rapid equilibrium,
and the high activity state is favored. At temperatures below
15 °C, the low activity state becomes more prevalent, and the
rate of inter-conversion between the two states is reduced.

Further experiments showed that the low temperature state of
the F1F, ATP synthase is more sensitive to inhibition by the
presence of ADP or Mg?" in the assay medium, and to azide in
the pre-incubation medium. Therefore, it is proposed that the
low activity state of the isolated F(F, can be stabilized by
tightly-bound Mg-ADP. Both mitochondrial and chloroplast F-
ATPases are thought to be subject to inhibition by tightly-bound
Mg-ADP [21,26,37,38], leading to hysteretic behavior. This
inhibition is gradually lost after the addition of sufficient ATP,
such as occurs during an assay of ATP hydrolysis, and can be
seen as a lag phase in ATP hydrolysis. The F,-ATPase from the
thermophilic Bacillus PS3 has been extensively studied with
respect to such inhibition [28,29,41]. For example, the loss of
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Fig. 5. The effect of Mg>" concentration on the thermohysteretic properties of
FiF,. In panel A, the rates of ATP hydrolysis by “hot” isolated F,F, were
measured using the phenol red system at 37 °C (open circles) and at 15 °C (filled
circles). In panel B, the same measurements were made using membrane
vesicles at 37 °C (open circles) and at 15 °C (filled circles). In panel C, the ratios
of the rates at 15 © and at 37 ° are plotted for the isolated F,F, (squares) and for
membrane vesicles (triangles).

ATP binding due to mutations at non-catalytic sites was shown
to greatly enhance the inhibition of ATP hydrolysis by tightly-
bound Mg-ADP. LDAO was found to eliminate Mg-ADP
inhibition when included in the assay medium at a concentration
of 0.1%, and similar results were shown here in Table 1.

Prior studies of the E. coli F;-ATPase have failed to detect
Mg-ADP inhibition of ATP hydrolysis under assay conditions at
room temperature or above [30]. Hyndman et al. [31]
demonstrated a lag phase in ATP hydrolysis by incubating the
F,-ATPase, free of its epsilon subunit, in Mg-ADP, then diluting
into 50 nM ATP, 50 pM Mg>". Since the studies reported here

used intact FF,, there were no complications from dissociation
of the inhibitory epsilon subunit that can occur by dilution of the
F-ATPase during the assay. The low temperatures used in this
study appear to have been essential for observation of the lag
phase in ATP hydrolysis by isolated F;F,,.

The apparent initial rate of ATP hydrolysis depends
primarily upon temperature, but is also influenced by the
method of assay. The thermohysteretic effect is enhanced when
using an assay that does not regenerate ATP. It appears that at
low temperatures inhibitory ADP binds with high affinity to the
isolated F{F,. This ADP could be from commonly found
endogenous ADP [30,42], from ATP hydrolysis, or from ADP
contamination of commercial ATP. Recent results by Turina et
al. [43] showed that at 34 °C, the rate of ATP hydrolysis as
measured by the phenol red system were virtually identical to
the rates measured by an ATP regenerating system, using
membrane vesicles from Rhodobacter capsulatus. At 23 °C, the
rate measured by phenol red was only about 70% of the
maximal rate measured using a regenerating system, and it
exhibited a slight lag phase. Those authors did not invoke
temperature as an explanation of the difference in rates, but our
results would support such an interpretation.

Results presented in Fig. 4 suggest that inorganic phosphate
might play a similar inhibitory role to azide at low temperature.
Fischer et al. [44] showed that ATP hydrolysis by the E. coli
F,F, ATP synthase in liposomes was inhibited sharply by a
combination of inorganic phosphate and ADP in the assay
medium. Our results indicate that such inhibition is enhanced at
low temperature, and when using a phenol red assay.

The essential role of Mg?" in the thermohysteretic properties
of FF, is also demonstrated by results presented here. The
inhibition of ATP hydrolysis by the E. coli enzyme due to high
concentrations of Mg”" is well known [34,35]. The optimal
ratio of Mg”>*/ATP for ATP hydrolysis is approximately 0.3—
0.5, and at higher concentrations Mg>" is inhibitory. Our results
show that the response to Mg of ATP hydrolysis by isolated
F,F, is temperature dependent. Above the optimal concentra-
tion of Mg*", the isolated enzyme is increasingly inhibited at
15 °C relative to at 37 °C, as shown in Fig. 5C.

Inhibition of the mitochondrial and chloroplast F,-ATPase
by azide is thought to occur by stabilization of the Mg-ADP
inhibited state. Hyndman et al. [31] have shown a correlation
between inhibition of ATP hydrolysis of the E. coli F{-ATPase
by azide, and the amount of tightly bound ADP present after
passage through a centrifuge column. Their results were
seemingly contradicted by studies [39] that showed that 3
molecules of ATP are bound at catalytic sites in the presence of
inhibitory azide, by monitoring the fluorescence of reporter
tryptophan residues at the catalytic sites. Those results show
that ADP binding at catalytic sites is not necessary for inhibition
by azide, although ATP binding did occur. Other studies, using
the Bacillus PS3 enzyme, have shown that it may not always be
possible to distinguish between the binding of ADP and ATP
[45] through such fluorescence measurements. Results pre-
sented here show that at low temperatures, and in the presence
of Mg-ADP, azide is a potent inhibitor of ATP hydrolysis, but
not of ATP synthesis.
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The epsilon and gamma subunits are likely to play a role in
the conformation of the low activity state, and in the binding of
inhibitory Mg-ADP. For example, Yoshida and colleagues
[10,46] have discovered a partially-rotated state of the gamma
subunit during assays of ATP hydrolysis using video micros-
copy. Gamma appears to pause after a rotation of about 85°,
before it continues to the fully rotated position of 120°. It has
been previously been suggested that the position of gamma is
related to the binding of inhibitory Mg-ADP [47]. The position
of the C-terminal alpha-helices of the epsilon subunit have also
been implicated in the inhibition of ATP hydrolysis, in a
nucleotide and inorganic phosphate dependent way [48,49].
Recently, Yoshida and colleagues [50] have shown that the C-
terminus of epsilon and the N-terminus of gamma can form a
cross-link by a disulfide bond during conditions that promote
ATP synthesis, but not during ATP hydrolysis. LDAO is known
to increase the rate of ATP hydrolysis by the E. coli Fy and F{F,
and also to prevent a cross-link between the C-terminus of the
epsilon and beta subunits [51,52]. We propose that the low
activity form of the E. coli F|F, seen at low temperatures
represents a low energy state, in which the gamma subunit is at
an intermediate position, and the C-terminal alpha helix of the
epsilon subunit is docked near the N-terminus of gamma. At
sufficiently low temperatures the enzyme can entrap inhibitory
Mg-ADP and show hysteretic behavior when assayed. This
might be related to strengthening electrostatic interactions
between the C-terminal alpha-helix of epsilon and the DEL-
SEED region of the beta subunit. At higher temperatures, the
enzyme more easily escapes from the low activity state. Azide is
proposed to stabilize the low activity state, increasing the
affinity of Mg-ADP.

Studies by Fischer et al. [44] have shown the importance of
Afiy; in stimulating the rate of ATP hydrolysis by the E. coli
F,F, reconstituted into liposomes and measured at 23 °C.
Activation was seen only if ADP or inorganic phosphate,
which were inhibitory, were included in the assay. In the
absence of ADP and inorganic phosphate the rate of ATP
hydrolysis was equal to the activated rate. It can be imagined
that this transient energization is able to rotate the gamma
subunit in the direction of ATP synthesis, allowing escape from
the deactivated state. Lack of a lag phase in ATP synthesis
supports this view.

The results presented here also have important implications
for interpretations of the temperature dependence of rates of
ATP hydrolysis by the E. coli ATP synthase. Cold temperature
deactivation of an enzyme could lead to breaks in an Arrhenius
plot, as has been discussed by Silvius et al. [53,54]. Membrane-
dependent effects on the temperature dependence of ATP
hydrolysis have been reported with the E. coli enzyme [55].
Other studies [56], using the bovine F,-ATPase have demon-
strated breaks in the Arrhenius plot of ATP hydrolysis without a
membrane environment. The activation energy at temperatures
below the transition temperature, about 18 °C, was diminished
if the enzyme was depleted of endogenous nucleotides. Their
results were entirely consistent with our findings that the E. coli
ATP synthase undergoes cold deactivation that depends upon
Mg?" and ADP.
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