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ABSTRACT. The catalytic sites of beef heart mitochondrial F1-ATPase were studied by electron spin echo
envelope modulation (ESEEM) spectroscopy, using Mn(ll) as a paramagnetic probe, which replaces the
naturally occurring Mg(ll), maintaining the enzyme catalytic activity. F1-ATPase was purified from beef
heart mitochondria. A protein still containing three endogenous nucleotides, named MF1(1,2), is obtained
under milder conditions, whereas a harsher treatment gives a fully depleted F1, named MF1(0,0). Several
samples were prepared, loading MF1(0,0) or MF1(1,2) with Mn(ll) of AP in both substoichiometric

and excess amounts. When MF1(1,2) is loaded with Mn(ll) in a 1:0.8 ratio, the FT-ESEEM spectrum
shows evidence of a nitrogen interacting with the metal, while this interaction is not present in MF1(0,0)
+ Mn(ll) in a 1:0.8 ratio. However, when MF1(0,0) is loaded with 2.4 Mn(ll), the FT-ESEEM spectrum
shows a metatnitrogen interaction resembling that present in MF1(#2¥In(Il) in a 1:0.8 ratio. These

results strongly support the role of the metal alone in shaping and structuring the catalytic sites of the
enzyme. When substoichiometric ADP is added to MF1(1,2) preloaded with 0.8 equiv of Mn(ll), the
ESEEM spectra show evidence of a phosphorus nucleus coupled to the metal, indicating that the nucleotide
phosphate binding to Mn(ll) occurs in a catalytic site. Generdty,coordination to the metal is clearly
identified in the ESEEM spectra of all the samples containing more than one metal equivalent. One point
of note is that the relevant nitrogen-containing ligand(s), responsible for the signals in the ESEEM spectra,
has not yet been identified in the available X-ray structures.

Mitochondrial ATP synthase is composed of a membrane different conformation at any given time. During catalysis,
portion named FO and a soluble portion named F1. The two they interconvert sequentially among the different conforma-
parts are connected structurally and functionally by the tions, by the rotation of the central stalk with respect to the
peripheral stalk, which organizes the stator and the centralogfs subcomplex. Boyer's model is commonly accepted, but
rotor: the synthesis and hydrolysis of ATP are driven by the number of states for a single catalytic subunit is still
the rotation of this rotor{—3). The F1 portion contains six  debated§, 9). Another open question is the role of Rign
nucleotide-binding sites, three of which, located in the the catalysis. It is well-known that the true substrates, in both
subunits, are catalytic, and the other three, located irxthe synthesis and hydrolysis of ATP, are Mgucleotide com-
subunits, do not exchange nucleotides during catalysis andplexes, and not just the nucleotides. As elegantly demon-
are referred to as noncatalytic sites. Many X-ray structures strated by Senior fde. coli F1-ATPase10, 11), the Mg(ll)—
are available, obtained for crystals of the bovine heart F1, nucleotide complexes bound to the enzyme are strategic in
grown under different conditions, mirroring different func- inducing the asymmetry of the catalytic sites necessary for
tional states4—6). In 1993 Boyer proposed a mechanism the sequential enzyme cycle: in fact, only in the presence
for the catalysis known as the binding change mechanismof Mg?" is pronounced binding cooperation among the three
(7), which requires that the three catalytic sites are in a catalytic sites observed. The aim of our work is to highlight

the role of the metal ion or of the metal ienucleotide
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(1,2), which contains an average of two noncatalytic sites solution and, in some cases, of ADP solution were added to
occupied by tightly bound nucleotides and one catalytic site the protein aliquots to form the EPR samples with the wanted
occupied by a Mg(l-nucleotide complex12). The in- metal:nucleotide:protein ratios. The samples were transferred
volvement of the metal ion in constructing and maintaining in the EPR tubes and stored in liquid nitrogen until use. The
the conformation of a potentially competent catalytic site is samples were (1) MF1(1,2y Mn(ll) with a protein:metal
studied by using ESEEMspectroscopy. Mit, a paramag-  ratio of 1:0.8 (sample A), (2) MF1(1,2} Mn(ll) + ADP
netic ion that replaces Mg, maintaining the catalytic  with a protein:metal:nucleotide ratio of 1:0.8:0.8 (sample C),
activity, has been used, as in previous successful studies 0f3) MF1(1,2)+ Mn"ADP with a protein:metatnucleotide

F1 from mammals, chloroplasts, and bactetia<17). Mn?* ratio of 1:2.4 (sample D), (4) MF1(0,0) Mn(ll) with a

has been added both alone and as a metatleotide protein:metal ratio of 1:2.4 (sample E) [the sample MF1-
complex to each of the two purified enzymes. Our results (0,0)+ Mn(ll) with a protein:metal ratio of 1:0.8 was already
clearly show that the metal ion alone plays a central role in studied in a previous investigation (sample B) and the results

shaping a competent catalytic site. significant for the discussion of the present work will be
briefly recalled], and (5) MF1(0,0}- ADP + Mn(ll) with a
EXPERIMENTAL PROCEDURES protein:nucleotide:metal ratio of 1:10:2.4 (sample F).

Purification of MF1(1,2) and MF1(0,0)5alts and buffers ~ EPR Measurement§he CW-EPR spectra were recorded
were from Sigma-Aldrich. ATP and ADP were from ICN. @t 20 K using an ELEXSYS Bruker spectrometer, equipped
Pure soluble MF1 was prepared from beef heart mitochondria Vith @ dielectric resonator, an Oxford CF935 liquid helium
as in refL8or as in refl9, precipitated in ammonium sulfate flow cryostat, and an Oxford ITC4 temperature controller.
at 50%, and stored at 2 in the presence of 4 mM Na/ For some samples, the CW-EPR spectra were recorded also
ATP. ’ on an ECS106 instrument, equipped with a resonatag;TE

The enzyme MF1(0,0), fully depleted of nucleotides and and a liquid helium cryostat Oxford ESR900. A very low
magnesium, was obtained according to 1&fin a buffer microwave power was usgd to avoid sature.ttlon.
containing 100 mM Tris/SQ 4 mM EDTA, and glycerol, Pulsed ESEEM experiments were carr!ed out'on the
50% (v/v), at pH 8 starting from MF1 purified as in r&®. ELEXSYS Bruker spectrometer, equipped with the dielectric
The enzyme fractions withesdAzso > 1.9, which contain resonator. The measurements were performed at 5 K. The
less than 0.2 mol of nucleotides/mol of MF1, were collected, three-pulse ESEEM sequence was used to obtain the echo
pulled together, and stored a0 °C. decays 22), and the proper phase cycle was applied to

MF1(1,2) was prepared from MF1 by removing loosely gliminage contribl;]tio?_s from spulrious echoéhS)(The del%%
bound nucleotides. An aliquot of protein stored atClin time 7 between the first two pulses was chosen as ns,

ammonium sulfate at 50% was centrifuged, resuspended inUNIess Specified, to minimize the free proton frequency
20 mM HEPES-KOH, pH 8, loaded onto a céntrifugatien signal. The timeT between the second and third pulse was
gel filtration column, ‘and concentrated by microconcentra- V&ried in steps of 8 ns, and 400 points were recorded, starting

tors, if necessary. The enzyme contained2.8.1 mol of with the initial t'm_eTi = 80 ns. ]

tightly bound nucleotides (mainly ADP), assayed by HPLC ~ The recorded time decays were processed for dead time

analyses on a strong anion-exchange column (Partisil SAX- correction both with Mims’s algorithm2¢) and with the

10, Whatman), as in reg0. LPSVD method 25): both methods provided similar re-
The enzyme purity and the subunit stoichiometric com- constructed spectra. The application of two different algo-

position of each preparation were determined by SDS rithms was used as a double check to verify the correctness
PAGE @1). of the reconstruction. After dead time reconstruction, the echo

decays were Fourier transformed to produce ESEEM spectra

. in the frequency domain (FT-ESEEM spectra). We resorted
EPR Sample PreparatiorMnSQrH,0 (ACS reagent, to the frequency tracking method in the more complicated

purity 98%) was from AldrichA 1 mM solution of Mr#t ESEEM spectra to reliably assign the peak$'®, H. or
was freshly prepared by dissolving '\"’?5920 in HEPES- N nuclei.pln this method?/FT-EgSEEM Epectra at d}fferent
KOH buffer. A 1 mM ADP stock solution was prepared by |4 positions are recorded: the nucleus giving rise to a

dissolving ADP in HEPESKOH buffer. Aliquots of MF1- : . . -
) o articular signal can be assigned from the shift of the peak
(0,0) for EPR were obtained from the dilution of the glycerol paruc !9 15319 P
L . position with the magnetic field.
buffer containing the concentrated protein that had been
stored at—20 °C. The dilution of the protein was carried ResSULTS
out in a 20 mM HEPESKOH plus 20% glycerol (v/v)
buffer, pH 8, at room temperature. Aliquots of MF1(1,2) for =~ X-Band CW-EPR Spectrén Figure 1 the X-band CW-
EPR were freshly prepared from MF1 as reported in the EPR spectra recorded at= 20 K of samples AF are
previous section. The enzyme final concentration washa5 compared. For Mn(ll) withS = 5/2, there are five fine
in all EPR samples. Suitable small volumes of Mn(ll) structure transitions between the six electronic states, cor-
responding tams = £5/2, £3/2, and+1/2. Each of these
! Abbreviations: ADP, adenosiné-8iphosphate; EDTA, ethylene- trans'tégns are split into six lines by the hyp?rf'ne coupling
diaminetetraacetic acid; EPR, electron paramagnetic resonance; ESEEM{O the>>Mn nucleus [ = 5/2). In frozen solution thens =
glec_tror;lspin echo ﬁnvgl_opfe lTodulatiOdn;hl;ﬂ'fll((l()é()))i:mgase ;rom —1/2 < +1/2 transition, which, to the first order, does not
ovine heart mitochondria fully stripped; , ase rrom _fi HYH H
bovine heart mitochondria with tightly bound nucleotides; TF1, F1- depenq on the zero-field sphttm-g (ZFS) parameter's,' is much
H*-ATPase from thermophiliBacillusPS3: CF1, F1-E-ATPase from more intense than the other fine structure transitions and
chloroplast. gives rise to the familiar six-line pattern, dominating the

Enzyme activity was monitored as described in26f
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FiIGURE 2: Three-pulse ESEEM of sample A, MF1(1;2)Mn(lI)
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mT . . X
whereQ is the nitrogen quadrupole moment amtihe electric
Ficure 1. X-Band CW-EPR spectra of the six samples (traces Q genq P an

A—F). The spectra, which were recorded at slightly different field gradient at the nucleus, andy is the asymmetry

microwave frequencies, have been aligned to allow a better Parametery = (Qu - Qy)/Qz, WhereQq, Qyy, andQ,, are
comparison. A simulation is included (first trace, dotted line, the principal values of the quadrupolar tensz, 29). When

?btain?_d b;;gu:I(Har_niltonian diagona?g\zl\?tion)aElxrierimentéll_ltcgndi- the exact cancellation condition does not hold, the spectrum
lons: 1= , microwave power £V, modulation ampiitude  apnears more complicated, due to anisotropic contributions
%imT' Simulation parameter® = 21 mT,E =6 mT,A = 9.4 making peaks broader and shifting peak frequen@6g A
more complicated situation occurs for a spin system Bith
powder spectrum. The other fine structure transitions result= 5/2 andl = 1, where other peaks are possible, due to
in a broad unresolved line shape mainly visible on the wings transitions from the outer electron spin manifol@3)( So
of the main spectrum. Between the six main peaks, small far no detailed theoretical analysis has been done for the
features appear, arising mainly from semiforbiddevi, = ESEEM spectra of aB= 5/2,1 = 1 spin system; therefore,
+1 transitions that depend on the ZFS terms. From the EPRwe will compare our spectra with literature results: Lee et
line shape, we can obtain information on the Mn(ll) hyperfine al. (32) studied some Mn(ll) complexes with Diocleinae
coupling and on the ZFS parametddsandE, that provide lectins and obtained ESEEM spectra at a magnetic field of
insight into the symmetry of the Mn(ll) spher2q). Large 325.8 mT with'*N peaks at frequencies of 4.5, 3.3-
D values ande/D ratios are characteristic of less symmetric 3.4, and 4.8-5.0 MHz very similar to the peak positions of
sites. Figure 1 also shows a calculated spectrum (first trace)our spectrum. They attributed the pattern to histieliivin-
obtained by a complete diagonalization of the spin Hamil- (ll) coordination. McCracken et al. considered several
tonian. The parameters used for the calculated spectrum arémidazole-Mn(Il) complexes, obtaining peaks at 1.4 and 3.5
|ID| =214 0.5mT (0.0196 cm?), |E| = 6 mT £ 0.5 (0.0056 MHz along with a peak from 4.9 to 5.3 MHz depending on
cm™1), andA = 9.4 mT. the field setting 83): this latter peak, showing a slight shift
The simulation could reasonably fit all the experimental with the field setting, was interpreted as th& double
spectra, which appear almost identical. This fact put in quantum peak. Morrissey et aB4), for Mn—GMP and Mn—
evidence that the metal site is very similar in all samples ribozyme complexes, obtained ESEEM spectra at 360 mT,
A—F and almost indistinguishable on the basis of the ZFS with peaks at 1.8 and 2-53.0 MHz along with the double
parameters. The ZFS parameters determined by the simulaguantum peak at 5.2 MHz. They attributed the pattern to
tion are very close to the ZFS parameters obtained for otherMn(Il) —“N interaction from N7 of the guanine. The issue
nucleotide-binding proteins containing the consensus P-loopof the identification of the nitrogen coordinated to the¥in
motif (see ref27 and references therein). In particular, as in ion, from the ESEEM spectra, was undertaken by Tipton et
our case, they all show large/D values indicating a al. (35 in a study on the Mntartrate dehydrogenase
considerable deviation from the axial symmetry of the Mn- complex. Analysis of model complexes, aimed at distin-
(I site. Instead, the relatively lo® value indicates a small  guishing between different potential ligands, such as the
extent of the global distortion from the cubic symmeg)( €-amino group of lysine or the imine nitrogen of imidazole
MF1(1,2) + Mn(ll) (1:0.8). Figure 2 shows the FT-  from histidine, demonstrated that Mamino and Mra-imino
ESEEM spectrum of sample A recorded at 328.0 mT: the complexes give rise to very similar ESEEM spectra. This
spectrum presents strong peaks in thebQVIHz region. In was explained by considering that the quadrupole moment
particular, peaks at 1.55, 3.1, 3.55, 4.0, and 4.7 MHz are of free amino and imino nitrogens are often similar and the
narrow and well resolved. These peaks can be ascribed tohcc of directly coordinated amino and imino nitrogens can
1N coordination to the M#t ion. A detailed discussion of  be the same or very similar.
the N ESEEM peaks for Mn(Il) complexes is not feasible: Itis important to compare the ESEEM spectrum of Figure
for a spin systens = 1/2, 1 = 1 with mainly isotropic 2 (sample A with the ESEEM spectrum reported in Figure
hyperfine coupling near the exact cancellation condition, the 3 for the MF1(0,0+ Mn(ll) (1:0.8) sample (sample B). This
FT-ESEEM spectrum contains three sharp lines occurring spectrum, widely discussed in a previous paf&y,(shows
at frequencies+ = K(3 + ), vo = 2Kz, andv_- = K(3 — only signals deriving from the interaction betweenaand
n) and a “double quantum” peak at the frequengy= 2[(v| protons of directly coordinated water molecule(s). No low-
+ aisdMs)? + K3(3 + 1)?Y2 The parameteK is e2qQ/(4h), frequency peaks attributable N interactions are present,
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Ficure 3: Three-pulse ESEEM of sample B, MF1(0;6)Mn(ll)

(1:0.8): (a) experimental, (b) simulation performed including one
proton coupled.

Frequency (MHz)

Ficure 4: Three-pulse ESEEM of sample C, MF1(1;2)Mn(ll)
+ ADP (1:0.8:0.8) (field 357.2 mT).

as a clear indication that no Mn(H)*N coordination occurs
in this sample.
MF1(1,2¢+ Mn(ll) + ADP (1:0.8:0.8).Sample C (Figure

Zoleo et al.

Frequency (MHz)

Ficure 5: Three-pulse ESEEM of sample D, MF1(1,2) Mn-

(INADP (1:2.4), at 367.6 mT: (upper trace)= 264 ns, (lower
trace)r = 136 ns. Inset: magnification of the zone-50 MHz to
show the3!P features.

The 3P pattern (the doublet at about 4.0 and 8.6 MHz,
with hyperfine splittinga = 4.6 MHz) is very similar to that
normally found in the ESEEM spectra of Mn(Hhucleotide
complexes with ADP or ATP, both in model systems and in
proteins (e.g., see Table 2 in r27). In the case of a Mn-
(I)—ADP complex, the3P doublet derives from the
phosphorus nucleus of the ADRphosphate group which
is directly coordinated to the Mn ion (16, 17, 37). This
attribution is in accordance with the available MF1 crystal
structures &, 44, 45). The occurrence of phosphate binding
shows that ADP is bound to the same site previously
occupied by Mn(ll), therefore identifying this site as a
catalytic one.

MF1(1,2)+ Mn"ADP (1:2.4).ESEEM spectra of sample
D, recorded at the same field setting (367.6 mT) with two
different r values (136 and 264 ns), are reported in Figure
5. The differentr values allow a more precise assignment

4) was prepared by subsequently adding 0.8 equiv of ADP of the ESEEM peaks. Both spectra contain two peaks at 8.5
to sample A. This was done to verify that, when added to and 9.15 MHz that shift with the magnetic field ap-

the protein in substoichiometric amount, Mrenters into

proximately as’'P signals do. We attribute these peaks to

one of the catalytic sites. The rationale was that a substo-the coupling of Mn(ll) to the-phosphate group of the

ichiometric amount of ADP binds to one of the catalytic sites,

which are characterized by a much higher affinity with
respect to the noncatalytic sit€36. Then, if ADP binds to

coordinated ADP (see the results for sample C) and interpret
the presence of two well-resolved signals as deriving from
different ADP—Mn(ll) interactions in the two filled metal

the same site already occupied by Mn(ll), this means that sites. In principle, the splitting could derive also from the

also substoichiometric Mn binds to a catalytic site. Figure
4 shows the ESEEM spectrum at 357.2 mT aned 136 ns:

anisotropy of the hyperfine coupling. However, our inter-
pretation is supported by considering that tHe signals are

intense and narrow peaks are present at 1.55 and 1.82 MHzsingle peaks, without evident splittings, in all the ESEEM
along with broad and less intense resonances at 2.8 and 4.@pectra present in the literature, showing coupling between
MHz with shoulders at 4.5 MHz, and less evident, at about Mn(ll) and the ADPS-phosphate¥5—17, 37). In the few

3.8 MHz. An intense and broad peak is evident at 8.6 MHz,

which is attributable to®P coupling, on the basis of

frequency tracking and of many literature data on protein-

Mn(Il) samples 16, 27, 37—43). The peaks at low frequency
(1-3 MHz) do not move in a clear way with the magnetic

available HYSCORE spectr27, 37) the 3P signals from
ADP are largely isotropic and do not show the typical
extension along the long axis of the line shape coming from
a significant anisotropic interaction. The dipolar part of the
Mn?* interaction with3'P of ADP in ATPase and GTPase

field, supporting their assignment to quadrupolar peaks has been inferred in ref7, 37, and 40 from the peak

deriving from *“N—Mn(ll) interaction. The broad peak at
4.0 MHz probably contains contributions from the low-
frequency component of t& doublet and fror¥N signals.
Therefore, we attribute the peaks in the range88IMHz, a

broadening of the ESEEM and HYSCORE spectra. A
maximum value of 0.9 MHz has been determined: this
anisotropic contribution to th#P hyperfine coupling is not
consistent with the presence of two features at 8.54 and 9.15

component of the peak centered at 4.0 MHz, and the shouldeMHz observed in Figure 5.

at 4.5 MHz to the pattern deriving from the coordination of

The 3P low-frequency signals are more clearly evident

Mn2* to a nitrogen nucleus. This pattern appears similar, in the spectrum at = 264 ns, where they are magnified

but does not exactly overlay th&\ pattern shown by sample
A (see Figure 2).

with respect to the high-frequency pattern components. The
suppression of the peaks at8 MHz and amplification of
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peaks at 3-4 MHz are further support of their identification
as constituting &'P pattern. From the peak frequencies, we
can estimate two differedtP hyperfine couplingsy; = 5.5
+ 0.1 anda, = 4.4+ 0.1 MHz, in the two filled metal sites.
In principle, when Mn(II)ADP is added in stoichiometric
excess with respect to the protein, the complex might occupy
only the two vacant catalytic sites or in part the vacant
catalytic sites and the vacant noncatalytic sites. However,
the much higher affinity for nucleotides of the catalytic sites
supports the first situation as the prevalent o3@.(Slight
differences in the coordination of the Fgions in the three 1 2 3 4 5 6 7 8 9
catalytic sites (principally related to metdigand distances) Frequency (MHz)
have been observed also in the X-ray structures of bovine. . ¢ Three-pulse ESEEM of sample E, ME1(0:8)Mn(ll)
heart F1-ATPased, although in these structures no N- (1.5 4y (field 324.6 mT).
containing ligands have been identified (see the Discussion).

In the spectrum recorded with= 136 ns, in the region
3—4 MHz, a single broad peak is evident at about 3.7 MHz.
This peak should correspond toN peak superimposed
onto the®'P pattern, which is much less intense with this
value.

In both spectra of Figure 5, there are features at low
frequency: peaks at 1.27 and H80.05 MHz are present
in both spectra, and the peak at 2.8 MHz, present in the
spectrum atr = 136 ns, is probably hidden by the intense
31p resonance in the spectrum at 264 ns. These peaks, along
with the broad resonance centered at about 5.9 MHz, are 1 2 3 4 5 6 7 8 9
attributed to “N interaction on the basis of the weak Frequency (MHz)
frequency dependence on the magnetic field setting. This Fgure 7: Three-pulse ESEEM of sample F, MF1(00)ADP +
latter peak can be identified as the putati¥dl double Mn(ll) (1:10:2.4), at 358.4 mT.
guantum peak: it is significantly shifted at higher frequency
with respect to the corresponding signals in other similar The comparison among the spectra of samples A, D, and
systems (see the results for samples A and C and previouslyE suggests that the nitrogen quadrupolar interaction is similar
reported literature examples). If we assume that the relation-in samples E (Figure 6) and A (Figure 2), while tH&

3.65

5.75

10

1.24

10

shipvaq = 2[(m + asoms)? + K3 + 7)?]*2 holds also for
an S = 5/2 system, the shift implies that a larger Mn¢tl)
1N hyperfine interaction occurs in sample D with respect
to samples A and C.

hyperfine coupling is definitely larger in sample E than in
sample A and very close to that found in sample D (Figure
5). However, thé“N pattern of sample E does not suggest
the presence of distinct Mn(H)nitrogen interactions occur-

The double quantum peak appears structured (this is morering in the filled metal sites. This can be explained“f
evident in the spectrum at= 264 ns), and this can be due coordination is established only in the second filled metal
to a more anisotropi¢*N coupling in sample D or, taking  site. Alternatively, conformational changes can occur when
into account also the presence of t#® couplings, to a  MF1(0,0) is loaded with more than one Rmequivalent,
slightly different Mn(ll)—nitrogen coordination in the two  and these changes result in simitéd coordination in both
filled metal sites. the filled metal sites.

MFZ1(0,01 Mn(ll) (1:2.4). Some experiments were per- MF1(0,0)+ ADP + Mn(ll) (1:10:2.4). Sample F (Figure
formed on MF1 fully depleted of metal ions and nucleotides. 7) has been prepared by preloading F1(0,0) with an excess
This was done to clarify whether the different conformations of ADP and then adding M in a protein:metal ratio of
of the catalytic sites, suggested by Figure 5, can be inducedl:2.4. Figure 7 shows the ESEEM spectrum recorded at 358.4
by binding the metal alone or by binding the Mn(HADP mT. The narrow signals at 1.24 and 1.76 MHz do not move
substrate at two catalytic sites. When MF1(0,0) is loaded with the magnetic field, while the broad peak at about 5.9
with 2.4 equiv of M@+ (sample E), we obtain the FT- MHz has a small dependence on the field setting, supporting
ESEEM spectrum reported in Figure 6, which shows main their assignment to quadrupolar and double quanttih
peaks at 1.53, 3.65, and 5.75 MHz and a less intense signapeaks. As in the previous samples, containing ADP, the peak
at 2.20 MHz. Frequency tracking demonstrates that theseat 8.5 MHz is attributed to the high-frequency component
signals constitute &N pattern. The peaks at 1.55 and 3.65 of the 3P pattern deriving from the Mn(l)ADP coordina-
MHz compare well with the corresponding peaks obtained tion. The 3.9 MHz peak could correspond to the low-
for sample A, although in the case of sample E the signals frequency®'P component, although it can take contribution
are broader, and in particular the peak at 3.65 MHz is lacking from the!“N feature generally found in the-3} MHz region
any structure. The double quantum peak at 5.7 MHz is shifted (see the results for sample C). With this attribution, ¥
to higher frequency if compared with the corresponding pattern (1.24, 1.76;-3.9, and 5.9 MHz) is very similar to
signal of sample A, but it is about at the same frequency asthat shown by sample D. Furthermore, it has to be noted
the double quantum peak of sample D. The peak is broad,that the *N signals at lower frequencies are modified
but it does not appear structured. between samples E and F, i.e., upon ADP binding to MF1-
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(0,0): this correlates well with the analogous modification PS3) loaded with Mff (TF1:Mn(ll) = 1:0.4) (L6). These
of the“N pattern that occurs in sample A after ADP binding authors proposed that, in the absence of nucleotides, Mn(ll)
(sample C). is coordinated to the-amino group of thg-Lys162 (bovine
The3!P signals do not show any evident splitting, as seen Numbering), which is perhaps replaced by jhphosphate
in the case of sample D. This result points to a very similar of ATP upon nucleotide binding (although their data were
Mn(ll) —ADP coordination in all of the filled metal sites. not conclusive). Our results show that ADP binding does
The lack of splitting of théP peaks and the appearance of Not replace*N in the coordination sphere of Mn(ll),
the 1N pattern support the hypothesis that the two Mn(ll) Supporting the hypothesis tha N donor occurs in the
sites are structurally very similar, probably because, differ- absence ofy-phosphate oxygen. In fact, in the closed
ently from sample D, the noncatalytic sites do not contain conformations of thg subunit found in the crystal structures
Mg(ll) —ADP complexes, as only excess free ADP has been ©f MF1, f-Lys162 is involved iny-phosphate charge

added to sample F. stabilization; instead, in the empt§ subunit, 5-Lys162
adopts an extended conformation, able to bind the catalytic
DISCUSSION substrates. However, also the guanidine groupgsAfg189

and a-Arg 373 are localized very near the Rtgion and

In this paper we describe the spectroscopic properties ofinteract withy-phosphate in the closed conformationsgof
catalytic sites of F1-ATPase from bovine heart filled with subunits. In addition, all these residues are important in the
Mn?* added alone or as a metaiucleotide complex. The  catalytic process, and their side chains move significantly
occupancy of catalytic sites has been proved initially by the during catalysis. Two other nonbackbone nitrogens, localized
ESEEM spectrum obtained upon sequential addition of within a 6 Aradius from the Mg" ion, are those g8-Arg260
substoichiometric Mff and ADP to MF1(1,2) that still  andj-Asn257. Different backbone nitrogens could poten-
contains endogenous nucleotides. This spectrum shows thaially be ligands of Mn(ll), such ag-Val164,3-Lys162, and
occurrence of'P—Mn(ll) interactions not observed when  3-Thr163. Nevertheless, the similarity between the ESEEM
only Mn** was added (compare Figures 2 and 4). As the spectra of different Mn(Il) complexes containitfy ligands
chelating properties of ADP versus Knare quite low  reported in the literature (see previous comments) does not
(MaxChelator), thus avoiding the possibility that ADP caused allow the 14N signals of our spectra to be attributed to a
Mn?* dissociation/rebinding, we concluded that ADP binds specific amino acidic residue.
to the same catalytic site previously occupied by?MiThis The main result of our work is the finding that the first
approach has been successfully applied in our previous studyMn2+ cation added to the “less structurally constrained” fully
where we combined EPR spectroscopy and kinetic analysesgepleted MF1(0,0) has the same structural effect as the
(17). In fact, the kinetic measurements demonstrated that theendogenous MgADP complex bound to the high-affinity
sequential binding of substoichiometric Knand ADP  catalytic site in the “more structurally constrained” MF1-
occurs to a catalytic site of MF1(0,0), and this matched the (1 2). In fact, ESEEM spectra of MF1(0,0) loaded with 2.4
occurrence of3'P—Mn(ll) interactions in the ESEEM  equiv of Mr?t and of MF1(1,2) loaded with 0.8 equiv of
spectrum. This provided a tool to identify catalytic sites. Mn2+ evidenced similaFN coordination of the metal cation.
Filling of catalytic sites occurred also in MF1(1,2) incubated On the other hand, ESEEM spectra of MF1(0,0) loaded with
with 2.4 equiv of Mn(ll}-ADP complex, due to the much 0.8 equiv of Mn(ll) showed no evidence of metalitrogen
higher affinity for nucleotides of the catalytic site3¢. interaction (7). The pivotal role of the metal ion in shaping
Similarly, incubation of MF1(0,0) with 2.4 equiv of Mnh the catalytic site was further evidenced by the observation
induced metal ion binding most probably to catalytic sites that the nitrogermetal coordination was not altered in the
(samples E and F). In fact, from the literature, it is known sample obtained by adding to MF1(0,0) an excess of free
that metal ions bind to noncatalytic sites only in the presence ADP and afterward 2.4 equiv of Mh. These results indicate
of large metat-nucleotide excess, like in MF1 crystak< that different Mn(ll) coordinations exist in the first and
6, 19). We underline that all the samples are characterized second metal sites, at least when sequential ion loading is
by almost identical CW-EPR spectra, supporting that they performed. These two sites might correspond to the two tight-

originate from a unique kind of M center. On the other  pinding sites for M&" originally characterized in beef heart
hand, different ESEEM spectra are obtained, but all of them F1-ATPase, where metal ions were not necessarily bound

show*N coordination to Mn(ll) when more than one metal in association with nucleotidesi). Mg?* in these sites
ion is present in the protein. appeared to play fundamental roles: in fact, filling of the
This finding is apparently in contrast to the available X-ray first site was necessary to avoid the enzyme depolymeriza-
structures of bovine F1-ATPase. In the inhibited forms with tion, while the following binding of Mg to the second site
ADP and beryllium fluoride ) or aluminum fluoride 44) induced a parallel increase of the enzyme activity. Such
there is evidence that MY binds: the oxygen of the properties suggest different structural effects, in accordance
B-Thr163 hydroxyl group; three water molecules H-bonded with our data which put into evidence different interactions
to 5-Glu192 ands-Asp256; thes-phosphate oxygen of the  with the surrounding amino acid residues.
bound nucleotide; a fluorine ion mimicking the oxygen of In conclusion, the ESEEM technique appears to be a very
the released phosphate. The more recent ground-state strucsensitive and suitable spectroscopic method for conforma-
ture @5) confirmed thaty-P oxygen completed the octahedral tional studies of MF1, after replacement of the naturally
coordination. Nevertheless, Buy et al. obtained an ESEEM occurring Mg " cation with the paramagnetic Mh The use
pattern indicative of &*N—metal interaction (peaks at 1.8, of EPR techniques made possible observation of the protein
3.1, and 4.85 MHz at a magnetic field of 346.0 mT) on a rearrangements induced by the added metal or métaP
sample of TF1 (F1 from thermophilic bacteriuBacillus complex, with the advantage of using the protein in frozen
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solutions. Crystal structures of MF1 showed that the binding
of the substrate to thg subunit empty of nucleotide has a
dramatic effect on its conformation: there is & 16tation

of the C-terminal domain that results in a partial closing of

the

interface between th& subunit and the neighboring

subunit, allowing the cyclic interconversion of the sites. Even
relatively small structural differences at the catalytic sites

have a marked effect on catalysis, as evidenced by mutation

of a catalytic carboxylate in TF}4{). We cannot define the
structural changes induced by Rirbinding, nor can we refer

to a specificf conformation observed in MF1 crystal
structures. In fact, the filling of the six nucleotide sites by
metak-nucleotide complexes in our preparations is different
from that of the crystallized protein. Nevertheless, our results

clearly show that the metal alone is able to shape the catalytic

sites as the Mgnucleotide complex.
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