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Nucleotide and Mg?* Dependency of the Thermal Denaturation of
Mitochondrial F,-ATPase

Joaquim Villaverde,* Josep Cladera,* Aloysius Hartog,” Jan Berden,” Esteve Padrés,* and Mireia Dufiach*

*Unitat de Biofisica, Departament de Bioquimica i Biologia Molecular, Facultat de Medicina, Universitat Autonoma de Barcelona, 08193
Bellaterra, Spain, and *E. C. Slater Instituut, Universiteit van Amsterdam, 1018 TV Amsterdam, the Netherlands

ABSTRACT The influence of adenine nucleotides and Mg®* on the thermal denaturation of mitochondrial F,-ATPase (MF,)
was analyzed. Differential scanning calorimetry in combination with ATPase activity experiments revealed the thermal
unfolding of MF, as an irreversible and kinetically controlled process. Three significant elements were analyzed during the
thermal denaturation process: the endothermic calorimetric transition, the loss of ATP hydrolysis activity, and the release of
tightly bound nucleotides. All three processes occur in the same temperature range, over a wide variety of conditions. The
purified F,-ATPase, which contains three tightly bound nucleotides, denatures at a transition temperature (T,,,) of 55°C. The
nucleotide and Mg?* content of MF, strongly influence the thermal denaturation process. First, further binding of nucleotides
and/or Mg®" to MF, increases the thermal denaturation temperature, whereas the thermal stability of the enzyme is
decreased upon removal of the endogenous nucleotides. Second, the stabilizing effect induced by nucleotides is smaller after
hydrolysis of ATP (i.e., in the presence of ADP - Mg?™") than under nonhydrolytical conditions (i.e., absence of Mg®* or using
the nonhydrolyzable analog 5'-adenylyl-imidodiphosphate). Third, whereas the thermal denaturation of MF, fully loaded with
nucleotides follows an apparent two-state kinetic process, denaturation of MF, with a low nucleotide content follows more
complex kinetics. Nucleotide content is therefore an important factor in determining the thermal stability of the MF, complex,
probably by strengthening existing intersubunit interactions or by establishing new ones.

INTRODUCTION

The ATP synthases {F, type) are found in the membranes sites are mainly formed by th@ subunits, and conversely,

of bacteria, chloroplasts, and mitochondria. They are thehe noncatalytic sites are formed mainly with theubunits.
final coupling factor between an electrochemical protonThe nucleotide filling pattern as well as the precise orien-
gradient and ATP synthesis during oxidative or photosyntation of subunits were found to be asymmetrical in this
thetic phosphorylation. The structure and catalytic mechastructure. Thus twg subunits contained bound nucleotide
nism of the enzyme have been exhaustively revieweqapp or AMPPNP), whereas the binding site on the tigrd
(Boyer, 1993; Weber and Senior, 1997). In all organisms thgpunit was empty. The thrggsubunit conformations were
ATP synthase is composed of a transmembrafedrion, ifrerent and were designed as tight, loose, and open, re-

Whi(f‘h actsh asa prftoﬁ dchsprégl, IinkgdAt_:_)Pan hyﬁro!"hiﬂc F spectively. Moreover, the singlesubunit had asymmetrical
portion, where nucieotide binding an SYNtNesIS 0CCUryniats with the3 subunits. These differences in confor-

The_ R molety can b_e |solatt_ad as a soluble compl_ex, COM mation and in nucleotide content have been related in the
taining five subunits in a stoichiometry of;B5yde, with a

molecular mass of 370,000 Da. This complex has onI)Paloer O_f Abrahams 9t al. (1994) to the binding-change
ATPase activity, the reverse of the physiological function.rmaCh"’m!Sm of cata_|y3|s proposeq by Boyer (1993). I_n this
An important step toward our understanding of the enzymdn€chanismg subunits go sequentially through three differ-
has been the publication of the high-resolution structure ofNt conformations: tight, loose, and open, which might be
beef heart F (Abrahams et al., 1994), crystallized in a Similar to the three found in the crystal structure. Abrahams
buffer containing the nucleotides ADP and-d&denylyl- €t al. (1994) suggested that during catalysis, as e&ach
imidodiphosphate (AMPPNP). The overall structure showssubunits goes through these three statesqtiis complex
o and B subunits with a similar folding, alternatively ar- may rotate around the centrglsubunit. This suggestion,
ranged in a hexamer around the centyabubunit. Two  although not in line with several data on the properties of
important features regarding the nucleotide binding sitesthe nucleotide binding sites of the mitochondrial enzyme
reported in Abrahams’ work, are their location within the (Berden et al., 1991), has recently been corroborated
protein and their asymmetry. As expected from many phothrough the use of different techniques (Junge et al., 1997).
tolabeling experiments, the nucleotides are indeed found athe authors presented a direct observation of a unidirec-
the interfaces between the and g subunits; the catalytic tional rotation of they subunit around the immobilizags3;
complex during ATP hydrolysis.
Received for publication 20 January 1998 and in final form 29 June 1998. ATP hyd_rOIySIS k_)y f ATPase dlsplays complex fe.atures'
Address reprint requests to Dr. Mireia Caain, Unitat de BidBica, Facultat de From _the first studies On_ the_ meChamsr_n of CataIySIS, CO_Op-
Medicina, Universitat Autooma de Barcelona, 08193 Bellaterra, Spain. Tel.: erativity between Catalyt'c sites was evident, because bind-
+34-93-581-1870; Faxt34-93-581-1907; E-mail: m.dunach@cc.uab.es.  ing of the substrate to at least two sites is needed for rapid
© 1998 by the Biophysical Society catalysis. In addition, two apparent valueskyf for ATP
0006-3495/98/10/1980/09  $2.00 are obtained under conditions of rapid catalysis (Grubmeyer
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and Penefsky, 1981; Cross et al., 1982). In other words(1992) to obtain MEwith three tightly bound nucleotides. This preparation

binding to a second site accelerates the release of productgs stored at-80°C as a 15 mg/ml solution in a buffer containing 50 mM
. . . - 0,

from the first site (Gresser et al., 1982; Nalin and CrossHEPESNaOH (pH 7.0), 2 mM EDTA buffer, and 20% glycerol. The

h L. . . _(}c)rotein concentration was determined by the Bio-Rad protein assay. For
1982), and nucleotide binding at an additional site, catalyti alculations, a relative molecular mass of 370,000 Da was used for MF

or noncatalytic, modulates the properties of the catalyticsamples with different nucleotide content were prepared by the addition of
sites (Milgrom and Cross, 1993). Involvement of a honcata<oncentrated protein aliquots to a solution containing the desired amount of
lytic site in the apparent negative cooperativity of binding nucleotide/Mg" in the same buffer, and incubatedrfa h at room

. : emperature to ensure equilibration. Nucleotide-depleteg WHs obtained
has been shown (Edel etal.,, 1993; Jault and Allison, 1993215 described (Garret and Penefsky, 1975), using a 12-cm Sephadex G-50

1994). The modulating role of noncatalytic sites is SUP-column in 100 mM Tris-SQbuffer (pH 7.0) containing 4 mM EDTA and
ported by the finding that the nucleotide-depleted enzymeaoy, (wiv) glycerol. After elution the protein was concentrated by ultra-
shows only oneK,,, value for ATP hydrolysis (Reynafarje filtration and diluted with a sufficient amount of 50 mM HEPES-NaOH
and Pedersen, 1996). On the other hand, the role &ﬁmg buffer (pH 7.0) to obtain a final glycerol concentration of 20% (w/v).
also important. The presence of R/fginduces the asym- | Thg ATP concen'trauon' was measured 'Wlth the luciferin-luciferase

K . L. : . uminiscence assay in a BioOrbit 1250-Luminometer. The ADP concen-
metry of the catalytic sites dEscherichia coliF, (Senior et tration was measured after phosphorylation to ATP by pyruvate kinase,
al., 1995; Weber and Senior, 1996). They showed that th@sing phosphoenol pyruvate as phosphate donor. Each sample was sepa-
catalytic binding sites have the same affinity for ATP in therated in two aliquots for nucleotide determination. In the first one, the free
absence of Ma, but display different affinities for nucleotide content was measured after separation of ftfin medium

ATP - Mgz+. Furthermore, in the presence of ATP and nucleotides by ultrafiltration on polysulfone _membranes (Millipore Ultra-
free-MC). In the second one, total nucleotide content was measured by

Mgz+’ the enzyme evolves after catalysis to an Ir]mbltedadding an equal volume of 4% trichloracetic acid to extract bound nucle-

state, containing tightly bound ADPMg®" at a catalytic  otides from MF. Finally, bound nucleotides were determined by subtract-

site (Murataliev, 1992; Murataliev and Boyer, 1994). ing free nucleotide from the total nucleotide content. When a large excess
These observations suggest that several conformation&i nucleotide was employed, free and loosely bound nucleotides were

. - & inA removed by centrifuge elution through 1-ml syringe columns of Sephadex
changes should occur in Epon nucleotide or Mg" bind G-50 (Cross and Nalin, 1982).

ing. These changes preserve the main arrangement (alter'The hydrolytic ATPase activity was measured spectrophotometrically at
nating a5 complex around the central subunit), but  30°C in 50 mM HEPES-KOH (pH 8.0), 5 mM Mg, and 20% glycerol,
cause intra- and intersubunit movements, which are imporusing an ATP-regenerating system in which ADP production was detected
tant for catalysis (Futai et al., 1995). by measuring NADH oxidation at 340 nm (Edel et al., 1992). Small

In this study the thermal stability of beef heart Was aliquots were heated in closed plastic containers, placed in a water bath,

. . . &M and heated at a constant rate of 19°C/h, or kept at a constant temperature.
analyzed under conditions of different nucleotide an 9 When the desired temperature or time was reached, the aliquot was quickly

content, including the conditions used in the above-mencooled to 30°C and assayed for ATPase activity.
tioned crystallization studies. Differential scanning micro-

calorimetry (DSC) and inactivation studies provide infor-

mation on the thermal unfolding process of the proteins, an®ifferential scanning calorimetry
may allow conclusions to be drawn on intersubunit and

subunit-ligand  interactions (HaItia and Freire 1995_DSC measurements were carried out on a MicroCal MCicrocalo-
9 ! 'rimeter (MicroCal, Northampton, MA). Data were processed with the

S’mCheZ'RL.IiZ, 1992, 1995)- In this study, we report dataorigin software. ME samples were introduced into the chamber cell at a

demonstrating a strong influence of the nucleotide occufinal concentration of 1.0 mg/ml in the same HEPES buffer as used for
pancy of the enzyme on the temperature of denaturation, g#orage and containing the desired amount of nucleotides: ATP, ADP, or
well as on the denaturation process itself, reflecting the®MPPNP (Sigma, Madrid, Spain) and fg The same medium was

different functional stat f the enzvme. In thi ntext I:placed in the reference cell. The heating rate was 19°C/h, unless otherwise
ere unclional states o € enzyme. S context, stated, and data were collected from 25°C to 80°C. After the first scan each

ATPase from chloroplast was previously studied by Wangsample was cooled back to 25°C and reheated in the same conditions to
et al. (1993) by DSC. Their work relies on the nucleotidecheck reversibility. All of the thermal transitions were found to be irre-

filling pattern described by Shapiro et al. (1991), and in allversible; therefore the thermograms corresponding to the reheating scans
experiments M§+ was present. The interpretation of the were taken as instrumental baselines and subtracted from the first scan.

hemical baselines were constructed and subtracted as described by Ta-
results of Wang et al. (1993) was hampered by the fact th ahashi and Sturtevant (1981) to obtain the excess heat cap@ffyof

CFl is SUbje_Cted to two types of inhibiti?” not present in theyansition. If necessary, data were smoothed by adjacent point average. A
mitochondrial F-ATPase (ME) preparations: CFhasto be  second-order polynomial was fitted to the 10% top of the calorimetric
reduced to be fully active, and tlesubunit acts as an inhibitor trace, and the maximum of the fitted polynomial was taken as the transition
of CF,. The functional and structural differences between(émperature T) and the maximum excess heat capaciGy't). The

. . calorimetric enthalpyAH) was calculated by numeric integration over the
CFl and MFl make MFl a more attractive SUbJECt of StUdy' transition and normalization of the MFoncentration. The calorimetric

traces were analyzed as describetn(®@z-Ruiz et al., 1988; Galisteo et

MATERIALS AND METHODS al., 1992; Sachez-Ruiz, 1992).

To rule out the possibility that the effects of millimolar concentrations
Enzyme preparation, nucleotide content, and of nucleotides and Mg on the calorimetric profile could be a conse-
activity essays quence of an increase in ionic strength, some controls were carried out. The

presence of 40 mM NaCl or 13 mM B8O, which gave an ionic strength
MF, was prepared according to the method of Knowles and Penefskgomparable to the highest concentrations of nucleotides 6 Mgamined
(1972). The purified enzyme was then treated as described by Edel et a5 mM), did not modify the temperature of MEenaturation. Therefore, it
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can be concluded that the changes observed in the presence of nucleotides T T T T T T T T
were not caused by an increase in ionic strength but by specific binding.

Fluorescence measurements

MF, (1 mg/ml) was preincubated for 10 min at 25°C with the indicated &
concentration of  Z3)-o-(trinitrophenyl)adenosine-8riphosphate O
(TNPATP) (Molecular Probes, Eugene, OR) in the same buffer used for
DSC experiments. Fluorescence measurements were carried out in an
SLM-Aminco spectrofluorimeter. The cuvette holder was thermostatted,
and the temperature was increased at a constant rate of 50°C/h, higher than
that used in DSC experiments, to minimize the degradation of the probe.
Excitation was at 410 nm, and emission was recorded between 440 and 700
nm. Control experiments were carried out in the absence of Mth the

same concentration of TNPATP in the cuvette, to subtract the contribution

—
o
T

of free TNPATP to the measured fluorescence. — °
H S
RESULTS AND DISCUSSION 2 | IS
c k=
Thermal denaturation of purified MF, §0.5 §
[«] N—
The purified MF, diluted to 1 mg/mlin EDTA and glycerol s o
buffer, contained three endogenous, tightly bound nucleo- § %
tides (two ADP and one ATP), in agreement with earlier L =2

data (Edel et al., 1992). Fig.Ashows a calorimetric profile 0.0
of such a sample together with a second scan taken after-
ward. A broad and asymmetrical endothermic transition is I ‘ ' ' '

observed with a maximum at 55°C and a denaturation gs o o C
enthalpy value of 5400 kJ mot. The thermal unfolding is S [ R o

irreversible, because the reheating scan shows no endo- £ MRS ‘\\‘ 4

therm. The transition temperature coincides with the mid- —~ 2 |- o N

point of unfolding visualized by infrared spectroscopy fzj ;

(Cladera et al., 1995). As expected, an irreversible loss of & ] R AN

ATPase activity was observed over the same temperature § i <> \&

range as the calorimetric transition (FigBL The loss of B P 5o \\
enzymatic activity implies, at least, denaturation of the Eop L ‘I‘;--I .
catalytic binding sites or the loss of intersubunit cooperat- 30 40 50 60 70 80
ivity needed for catalysis. To correlate the loss of activity Temperature (°C)

with the release of endogenous nucleotides, bound nucleo-
tides were measured as a function of temperature. As ShOWFIGURE 1 Thermal denaturation of purified MAVIF, was dissolved at
in Fig. 1 C, all three endogenous nucleotides are releaseg-ng);g/mldiggfp(E/S-)NaloH 5? ETI;'\ST(KHb 7f-f0))bUTff:r, ﬁontt_aininth mM

H H H o H H H H an o (WiV, cero -putrer). e heating rate was
with ‘?‘. midpoint of 55°C, again matching the Calo”memc 19°C/h. @) [, First DSCgs)::an at 19°C/h. —, Reheating DgC scBh. (
transition. Because two of the endogenous nucleotides a'@, Fraction of irreversible loss of ATPase activity as a function of tem-
bound at noncatalytic sites (Kironde and Cross, 1986; Edélerature. ——, Fraction of calorimetric transition, as fraction of enthalpy.
et al., 1992), it can be concluded that both catalytic andC) Release of endogenously bound nucleotides as a function of tempera-
noncatalytic binding domains lose their structure irreversiure, during heating scar#, Nucleotide bound to Mf ©. Free nucleo-

ibly at the temperature range of the calorimetric transitionide: —— Best fitting of sigmoidal function, with midpoints at 56
y P 9 1.5°C, and 55+ 1.5°C, respectively.

Kinetic analysis for the thermal

denaturation of MF, indicates that the ATPase activity does not decay as a single

Because the thermal denaturation is completely irreversible€xponential, but can be well fitted with two overlapping
no thermodynamic information can be obtained from theeXponentials. This kind of decay implies the existence of at
DSC trace. A kinetic approach, however, can reveal usefuast one significantly populated intermediate state between
information on the denaturation process’r(@aez-RuiZ, the native and the final irreversible state (Arriaga et al.,
1992, 1995; Lepock et al., 1992). The kinetics of inactiva-1992). We used a simple three-state model:

tion of MF, were studied by monitoring the loss of ATPase ok

activity at different temperatures in the range of the DSC N==U— F (1)
transition (Fig. 2). Analysis of the decay curves in Fig. 2 ke
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10 ' T ™ of activity and the calorimetric transition should overlap, as
they do in our experiments. The precise nature of the
intermediate form accumulated during the denaturation pro-
08 ) cess cannot be determined from these experiments only, but
o )
2> at least it should be a catalytically inactive form. The
% 0.6 - reversible intermediates are usually considered as partially
< or fully unfolded states (Freire et al., 1990;r6hez-Ruiz,
-‘E 0.4 L i 1992, 1995).
G B -
< 02 T N Thermal denaturation of nucleotide-depleted MF,
ot o To determine the role of the endogenous nucleotides on the
0.0 ] thermal stability of MF, the thermal denaturation of MF
90 120 150 depleted of nucleotides (nd-MFwas studied. Denaturation
Time (min) of nd-MF, diluted in the same buffer as native MBccurs

at T,, = 53°C, ~2° lower than ME. The enthalpy of the
FIGURE 2 Kinetics of inactivation of purified M- Samples of MEin -~ transition determined from the calorimetric trace is 4600 kJ
the same conditions as in Fig. 1 were incubated for the indicated tim%orl (Fig 3. trace @ Thus the three endogenous nucle-

periods, at 50.0°CL(]), 53.0°C ), 55.0°C (), 58.0°C, {/), and 60.0°C . . o .
(). After cooling, the remaining ATPase activity at 30°C was measuredOtldes play a minor stabilizing role, because the effect of

and normalized relative to the activity measured without heating (zero’€moving them from ME caused only a small decrease in
time). —— —,Best fits to the kinetic three-state model depicted in Eq. 1. Theboth enthalpy and,,.
fitted parameters are listed in Table 1. The kinetics of inactivation of nd-Mfwas similar to that

of MF; and was fitted to a three-state kinetic process (Table

) o ) 1). The main difference residesky, which is clearly lower

where the formation of a reversible intermediate (U) pre-at high temperature for the nucleotide-depleted enzyme. As
cedes the irreversible step to the final state (F). Using the yegylt, the equilibrium is shifted, favoring the intermediate
corresponding differential equations (Lepock et al., 1992)gtate  This is evidenced as a destabilizing effect observed
the decay of the native state can be easily simulated. Findingpon the removal of the endogenous nucleotides.
the appropriate values for the kinetic constakytsk,, and
ks, the theoretical decay can be reasonably fitted to th
experimental data (Fig. 2 and Table 1). Two observation
can be made about these values. First, the igtlg (e.g.,
the equilibrium constant of the first step) is close to unity.
Second, the rate of the irreversible stép, is only 2-10  Addition of adenine nucleotides to MEontaining the three
times slower thark,; or k,. Both observations indicate that endogenous tightly bound nucleotides caused notable
approximations used to analyze thermal denaturation as an

Effect of nucleotide binding to exchangeable
3ites on the thermal denaturation of MF, in the
absence of Mg?*

apparent two-state kinetic process (Lepock et al., 1992;
Sanchez-Ruiz, 1992) are not valid for native MHFinally, 1200
because, is very slow (half-life> 30 min below 50°C) in
comparison with the few seconds required for cooling the .
sample in the inactivation experiments, little recovery of the v
native enzyme is expected from the intermediate reversible g 800
state upon cooling. As a consequence, the irreversible loss ;
2
~ 400
TABLE 1 Values of the kinetic constants calculated to fit the 5Q_
three-state model depicted in Eq. 1 to the experimental data @]
of activity decay at each temperature
MF, containing three 0] .. o
endogenous nucleotides Nucleotide-depleted MF 30
Temperature  k; ky ks k, ky ks Temperature (°C)
(°C) (min™Y) (Min™Y) (min™%) (min~Y) (Min~%) (min~Y)
s o0 oos oms 003 002 0ods Ll Bl 1. Calormetc
53 0.073 0.10 0.044 0.120 0.072 0.067 Vg - EXp . . 9- - .
55 0117 0128 0060 - _ - traces are given after subtraction of the instrumental baseline; the correc-
56 - T _' 0.41 0126 0105 tion for the chemical baseline was almost negligibla) Nucleotide-
) ) ) depleted ME. (b) Purified MF,. (c) MF; in the presence of 40M ADP.
58 0.65 0.40 0.082 0.79 0.129 0.114 . -
60 147 072 014 o - 7 (d) MF, in the presence of 5 mM ADPe( MF, in the presence of 5 mM

ATP. The parameters obtained from these transitions are listed in Table 2.
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changes in the DSC profiles. Table 2 displays the main This general pattern of thermal stabilization upon nucle-
parameters of the calorimetric transition recorded after inotide binding is in agreement with previous studies on,MF
cubation with different nucleotide concentrations. At low (Cladera et al., 1995), GRWang et al., 1993), and the
concentrations, 10-50M, the thermal transition became whole enzyme TFF, from the thermophylidacillus PS3
narrower, but without any significant change in enthalpy or(villaverde et al., 1997) or CJ§F, from spinach chloroplast
T (see Fig. 3frace q. In this range of concentrations we (unpublished observations). The more nucleotides are
found four or five nucleotides bound to MFThese extra  poyund at the interfaces between theand 8 subunits, the
one or two nucleotides bound to the starting M#fe not  mre additional stabilization is provided to the complex, at
tightly bound, however, because they were removed during 4ot through hydrogen bonding and hydrophobic contacts.
Sephadex column centrifugation. Thus the sites filled in the Because a direct determination of loosely bound nucleo-

micromolar range of nucleotide concentration are eas;in[ides is not possible in the presence of a large excess of

(fast) exchanged with the medium. . . . nucleotides, the fluorescent derivative TNPATP was used to
In contrast, the presence of adenine nucleotides in the

. . : . monitor its release from these sites upon heating. This ATP
millimolar range noticeably shifted th€,, to higher tem- . S )
peratures with a further narrowing of the transition. Incu_analog bmds o th? vacant catalytic §|t§s of Mﬁ.lth a
bation with 5 mM ADP increased boff, to 64°C andAH sevenfold increase in fluorescence emission, apd in cgqtrast
to 5800 kJ mol’, whereas incubation with 5 mM ATP to ATP, TNPATP binds to these sites with high affinity
increasedT,,, to 66.8°C andAH to 6800 kJ mol™® (Fig. 3, (Grubmeyer and Penef§ky, 1981; Murataliev and Boyer,
traces dande). At this high nucleotide concentration, all of 1994)- A sample of MEwith 2 mol of bound TNPATP/mol
the nucleotide binding sites are probably filled, but only MF1 was heated at a constant rate, and its fluorescence was
tightly bound nucleotides could be accurately determinedontinuously measured. A sharp drop in fluorescence was
after separation from the nucleotide excess. Incubation wit@bserved with a midpoint at 61°C (see Fig. 4), caused by the
5 mM ADP did not modify the amount of tightly bound release of TNPATP due to denaturation of the TNPATP
nucleotides present in the starting Mgreparation, whereas binding sites (i.e., catalytic sites for ATP). Cooling the
incubation with 5 mM ATP resulted in three ATPs and onesample did not restore the initial value of fluorescence,
ADP being tightly bound. So only ATP significantly in- which remained similar to that of free TNPATP. An aliquot
creased the total amount of tightly bound nucleotide, disof the same sample was analyzed by DSC; the fraction of
placing one of the originally bound ADP molecules as well,the calorimetric transition is shown in Fig. 4. There is an

most likely the ADP at the tight catalytic site. excellent agreement between the calorimetric transition and
the unbinding of TNPATP. It can be concluded that tight
TABLE 2 Calorimetric parameters for the thermal and loose nucleotide binding sites lose their native structure
denaturation of MF, under different nucleotide or over the same temperature range.
Mg?* content
Total
Added nucleotide  nucleotide T, AH < E*
or Mg** (mM) (°C) (kImolY  (kImolY

—* ~10°3 52.8 4600 — .
-8 7103 55.2 5400 — ~1.0 1.0 o
ADP 15102 554 5600 220 ~ ] c
ADP 50102 555 5500 320 8 2
ADP 2.0 62.4 5400 550 o 2
ADP 5.0 64.0 5800 580 @ - g
ATP 0.3 62.2 5200 540 §o05r 105 9
ATP 2.0 66.5 5600 490 b o
ATP 5.0 66.8 6800 520 s °

S s
Mg?* 7103 59.5 6100 — 5 5

© 3 1
ADP - Mg?* 5.0 61.9  ~4000 — i 5o 00 &
ATP - Mg?* 0.3 62.7 ~5000 — T P ——
ATP - Mg2* 5.0 625 6000 o 45 50 55 60 65; 70 75

Temperature (°C
AMPPNP: Mg>*1 0.25 68.4 6600 700 P 0
. 2+

AMPPNP- Mg 5.0 701 6000 20 FIGURE 4 Release of tightly bound TNPATP from MFMF, was
Experimental conditions were as in Fig. 1. Samples containingMegre dissolved at 0.9 mg/ml in EDTA buffer and fluorimetrically titrated with
supplemented with 7 mM MggGl TNPATP until 2 mol of TNPATP/mol ME was bound to the protein.
*Activation energy of denaturation process calculated from the calorimet{Total TNPATP equals 8.1M.) One aliquot has been scanned at 50°C/h
ric trace, using an apparent two-state model (see Eq. 2). in the DSC, and a second one was heated at the same rate, and its
#Nucleotide-depleted Mf fluorescence emission at,,, was continuously collected. ——, Net irre-
SPurified MF, containing three endogenous nucleotides. versible change in fluorescence of bound TNPATR.Fraction of the

The incubation media also contained 3 mM sodium azide guill ADP. calorimetric transition expressed as a fraction of enthalpy.
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Kinetic analysis of the thermal denaturation of
MF, in the presence of excess nucleotides

The kinetics of inactivation of MfFwere also measured in

Thermal Stability of F; by DSC

1985

equation

k
N—F

the presence of 5 mM ATP. They can be fitted to a single

exponential decay. Fig. Ashows the loss of activity versus
time, for MF, samples in 5 mM ATP at five different
temperatures. From the slopes of the linear regressi

o)
curves, the kinetic constant of inactivation was determinec?

at each temperature. The inset in FigA Shows the Arrhe-
nius plot of the data, which gives an activation energy) (
of 420 + 15 kJ mol * for the thermal inactivation process.

The single exponential kinetics of inactivation sugges
that a two-state kinetic model {Behez-Ruiz et al., 1988;
Sanchez-Ruiz, 1995) is sufficient to analyze the calorimet-
ric profiles observed for MFin 5 mM ATP following the

Ln Activity

2,92 294 296 298

10077 (K1)
] T T T T T T T T T T T
0 20 40 60 80 100 120
Time (min)
1500 T T
-~ g B
! i 0]
= 3 o 4
[ 0 @ Qo -
‘TE 100 f Q‘
w [)] Q@
2 3 %
= 500 ’59 o §
°q i &63 )
S M <
0| R,
—— 1 —
330 335 340 345

Temperature ( K)

FIGURE 5 Two-state kinetic model of the thermal denaturation of MF
in EDTA-5 mM ATP. Samples were prepared as in Fig. 1, but with 5 mM
ATP added. &) Kinetics of inactivation. Samples were heated during the
indicated times at 61.5°C(), 63.5°C (), 66.0°C (), 68.0°C {), and
69.5°C (¢). After cooling, the remaining ATPase activity at 30°C was
measured. ——, Linear fittings to first-order kinetics: In(Activity) —kt.
Inset Arrhenius plot of the kinetic constantsB)(Nonlinear least-squares
fit of the DSC trace, to the equation predicted by the two-state kinetic
model.O, Experimental excess heat capacity; ——, calculated best fitting
(C,"® = 1260 kJ K'* mol™*, T, = 340.2 K,E, = 510 kJ mol%).

t

Mathematical elaboration (Galisteo et al., 1992nSeez-
Ruiz et al., 1988; Sechez-Ruiz, 1995) leads to an algebraic
xpression that describes the calorimetric profile as a func-
ion of three parameters,,,, CJ'; andE,. Fig. 5B shows
the fitting of the experimental DSC points to this equation,
which gives arE, value of 510+ 20 kJ mol *. Three other
independent expressions (seén&#z-Ruiz et al., 1988)
allow us to estimat&,, and an average value of 53020

kJ mol * was found. This value deviates by20% from the
value calculated from the kinetics of inactivation (42015

kJ mol™%). Moreover, theE, calculated from the effect of
the heating rate on tHE, gave ark, of 430 + 20 kJ mol .

Hence it seems that a two-state kinetic model, although
valid as a first approximation, is a too simple approach to
describe the thermal denaturation process of, MFcom-
plex multimeric enzyme, containing nine subunits and six
nucleotide binding sites. A way to deal with the irreversible
denaturation of complex protein systems was developed by
Sanchez-Ruiz (1992), based on the three-state model de-
picted in Eqg. 1, and assuming that ligand binding or disso-
ciation into subunits is included in the first equilibrium step.
In case the equilibrium step is fast and strongly shifted to
the folded state, quantitative relationships between protein
or nucleotide concentration effects on tfig can be de-
duced from this model. However, if the irreversible step is
very fast, the folding equilibrium will not be stablished, and
no effects of protein or nucleotide concentration on The
will be observed. An experimental confirmation of the ex-
istence of protein or nucleotide concentration effects on the
T,, would suggest that either monomerization of subunits
or nucleotide equilibrium exists as a step previous to
denaturation.

A protein concentration effect on the temperature of
inactivation was hardly observed for Min 5 mM ATP,
because a 100-fold dilution lowered tfg, by only 1°C.
Considering ME as a hexamero35), the model described
by Saxchez-Ruiz (1992) would predict a decreasd jnof
7°C. Thus it can be concluded that in the presence of excess
nucleotide, no dissociation equilibrium into subunits is es-
tablished before denaturation.

The effect of nucleotide-binding equilibrium of,, is
plotted in Fig. 6. According to Sehez-Ruiz (1992), and
assuming that no dissociation equilibrium into subunits
occurs, the slope of this plot isEJ/(Rv), wherewv is the
number of ligand binding sites in equilibrium. From the
value ofE, obtained at 5 mM nucleotide,was estimated as
0.85% 0.15 for ATP and 1.G 0.2 for ADP. In both cases
a value close to one binding site in equilibrium was ob-
tained, suggesting that the notable stabilizing effect (in-
crease ifT,,)) observed at 5 mM nucleotide can be attributed
to the shift of the equilibrium from an MForm filled with
five nucleotides to a form fully loaded with six nucleotides.
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FIGURE 6 Effect of nucleotide concentration on ffig of denaturation
of MF, incubated with ADPQ) or ATP (@). ———,Least-squares linear fits
to the data points. Experimental conditions as in Fig. 1.
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Comparing this result with the more complex decay ob- o
Temperature (°C)

served for MK without added nucleotides (Fig. 2), it can be
ConCI_Ude_d that high Con(_:entr_ations of nUCIeOtideS_ mOdifyFIGURE 7 Thermal denaturation of MFn the presence of Mg and
the kinetic constants, giving rise to an apparent single eXyg?* - nucleotides. Conditions are the same as in Fig. 1, but with 7 mM
ponential kinetics of inactivation, thus stabilizing the en-MgCl,. The DSC scans correspond to MR Mg?* buffer with (@) no
zyme. It is tempting to speculate that the large stabilizinghucleotide; ) 5 mM ATP; () 5 mM ADP; (d) 5 mM AMPPNP; and €)
effect at high nucleotide concentrations is related to binding-2°> ™M AMPPNP, uM ADP, 3 mM NaN;. Tracedd ande are corrected

. .. . Yor instrumental baselines and displaced on yhaxis for clarity. The
at the low-affinity noncatalytic site (Jault and Allison, 1993; parameters measured from these transitions are listed in Table 2.
Edel et al., 1993).

Mg?* is that in its presence the enzyme is hydrolytically
active. After ATP hydrolysis, or simply by incubation with
ADP - Mg?*, MF, shifts to an ADP- and Mg -dependent
The effect of M@" and nucleotide plus Mg on the inhibited state, which contains tightly bound ADP at a
thermal denaturation of MFwas also analyzed. The amount catalytic site (Murataliev, 1992). The presence of an inhib-
of tightly bound nucleotides was measured. Incubation withited state in the ADP Mg?*- and ATP- Mg®*-MF, sam-
5 mM ADP-Mg*" increased the amount of tightly bound ples was confirmed by the measurement of a slow rate of
nucleotides only slightly to a total of 3.5 mol/mol M[F  ATP hydrolysis during the first 1-2 min after dilution of the
whereas 5 mM ATP-Mg' increased the tightly bound preparation in the regenerating system used for activity
nucleotides to a total of 4.5 mol/mol MFThe kinetic ~measurements. Thus both findings, the latge, and the
analysis of the denaturation process of Mirthe presence small stabilizing effect of nucleotides plus Mg can be
of excess nucleotide plus Mg closely correlated with an  attributed to the formation of this inhibited state.
apparent two-state process, similar to the situation found in A way to study the effect of nucleotideMg®* binding
the presence of nucleotides without #g The Arrhenius  on the stability of MK, avoiding catalysis and subsequent
plot of the kinetic denaturation constants yielded an activaformation of the ADP- Mg?" inhibited state, is to use the
tion energy for denaturation of 328 25 kJ mol *. nonhydrolyzable analog AMPPNP. Fig. face d shows
The calorimetric profiles recorded for MBamples ex- the thermogram obtained from a MBample incubated
posed to M§*, ATP - Mg?", or ADP - Mg®" are shown in  with 5 mM AMPPNP- Mg?". This trace did not show any
Fig. 7 ¢races a, bandc), and the corresponding parameterssignificant difference inC, between the native and the
are listed in Table 2. Addition of Mg to MF, samples denatured states. Moreover, this sample is remarkably sta-
caused a remarkable increaseTjpfrom 55.2°C to 59.5°C, ble: T, is 70.1°C (see Table 2). The effect of
whereas subsequent addition of nucleotides only caused AMPPNP- Mg®" on MF, stability, then, resembles the
small stabilizing effect T, ~ 62°C). The DSC thermo- effect of ATP in the absence of Mg.
grams of the nucleotideMg?®* - MF, samples tfaces b Abrahams et al. (1994) suggested that the structure of
andc) show a large difference in heat capacity before andMF, crystallized in the presence of 2%M AMPPNP and
after denaturation, which arises from comparatively IOy azide could be that of the ADP-inhibited form. Fig.traCe
values of the enzyme at low temperatures. However, thig; see also Table 2) shows the calorimetric trace of 3 MF
AC, was not detected in the MFsamples containing only sample incubated under the same conditions as used by
Mg?* or nucleotides. The main functional difference due toAbrahams et al. (1994) for crystallization (buffer containing

Effect of nucleotide binding on the thermal
denaturation of MF, in the presence of Mg®*
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AMPPNP 0.25 mM, ADP fuM, sodium azide and Mg).  presence of AMPPNPMg?* could correspond to an inter-
This sample shows again a transition without any increasenediate state in the catalytic cycle, rather than the
in C, between the native and the denatured state.Tths  ADP - Mg?" inhibited state, as originally suggested by
lower than in trace c, probably because one nucleotiddbrahams et al. (1994).
binding site is still empty after incubation with 0.25 mM  Finally, it is noticeable that the two incubation media we
AMPPNP, whereas all of the nucleotide binding sites ardfound to yield the most stable states of MEATP in the
filled in the presence of 5 mM nucleotide (Senior et al.,absence of M§" and AMPPNP in the presence of Kig
1995; Lthau et al. 1997). This result suggests that the, MF are the media used in crystallization studies by Pedersen et
structure crystallized in the presence of AMPPNRg®" is  al. (1995) and Abrahams et al. (1994), respectively. The one
not exactly the same as that of the ADRIg®*-inhibited  state, however, may be considered as a “ready” state, the
state formed under functional conditions for the enzyme. other as an intermediate state in the catalytic cycle, with
consequences for the symmetry of the structure.

CONCLUSION

The general trend observed in this work is the stabilizingWe are indebted to Elodia Serrano for technical assistance.
effect of nucleotide binding on the thermal stability of MF  This work was supported by grants from the European Community (Bio-
The three endogenous, tightly bound nucleotides stabilizéchnology, Bio 2 CT-930078), from the Coniisidnterministerial de
the enzyme only slightly as compared with the nucleotide_&enuayTecnologa (Bio93-1058-CE), and from the Dire¢oi@eneral de
. Recerca (1995SGR 00481).

depleted enzyme. Both forms of Menature with accu-
mulation of one reversible intermediate state. In the absence
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