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ABSTRACT: The high-affinity metal-binding site of isolated-ATPase from beef heart mitochondria was
studied by high-field (HF) continuous wave electron paramagnetic resonance (CW-EPR) and pulsed EPR
spectroscopy, using Mras a paramagnetic probe. The proteimias fully depleted of endogenous Mg

and nucleotides [stripped;For MF1(0,0)] and loaded with stoichiometric Mrand stoichiometric or
excess amounts of ADP or adenosifd/fy-imido)-triphosphate (AMPPNP). Mnand nucleotides were

added to MF1(0,0) either subsequently or together as preformed complexes. Metal-ADP inhibition kinetics
analysis was performed showing that in all sampled' Mnters one catalytic site onfasubunit. From

the HF-EPR spectra, the zero-field splitting (ZFS) parameters of the various samples were obtained, showing
that different metal-protein coordination symmetry is induced depending on the metal nucleotide addition
order and the protein/metal/nucleotide molar ratios. The electron spin-echo envelope modulation (ESEEM)
technique was used to obtain information on the interaction betwedrakbhthe®!P nuclei of the metal-
coordinated nucleotide. In the case of samples containing ADP, the mea&3arbyperfine couplings

clearly indicated coordination changes related to the metal nucleotide addition order and the protein/
metal/nucleotide ratios. On the contrary, the samples with AMPPNP showed very similar ESEEM patterns,
despite the remarkable differences present among their HF-EPR spectra. This fact has been attributed to
changes in the metal-site coordination symmetry because of ligands not involving phosphate groups. The
kinetic data showed that the divalent metal always induces in the catalytic site the high-affinity conformation,
while EPR experiments in frozen solutions supported the occurrence of different precatalytic states when
the metal and ADP are added to the protein sequentially or together as a preformed complex. The different
states evolve to the same conformation, the MetADP inhibited form, upon induction of the trisite
catalytic activity. All our spectroscopic and kinetic data point to the active role of the divalent cation in
creating a competent catalytic site upon binding to MF1, in accordance with previous evidence obtained
for Escherichia coliand chloroplast £

Mg?" cations generally act as co-activators of a large nucleotide-binding sites located on thedector. f may be
variety of enzymes that use nucleotides as substrates. Amongeasily detached from the membrane-embeddes®é€tor, and
these enzymes, theqf; ATP! synthase catalyses the it acts as an ATPase catalyzing hydrolysis of ATP to ADP
reversible synthesis of ATP from ADP ang R ubiquitous and R.
energy-rich molecule that is involved in many cellular ~ The R moiety is composed of five different subunitss(
energetic processes. ATP synthesis and hydrolysis occur ings, y, 6, ande); it contains six nucleotide-binding sites. Three

of them, mainly located on thre& subunits, participate in
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operation mode is defined as unisite catalysis and involves

a single occupied site operating alorig. (The three other
nucleotide-binding sites are noncatalytic with a much less
clear function. They are located ensubunits with contribu-
tion of some residues from adjacghsubunits. - enzymes
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In the present study, we have extended this approach to
study the interaction of stoichiometric Mnwith beef heart
mitochondrial F, fully depleted of M@" and nucleotides
[MF1(0,0) or stripped], in the absence or in the presence of
a controlled amount of added nucleotides. No crystal

have been purified from a variety of organisms and organelles structure of this fully depleted enzyme is available. The metal

including bacteria, mitochondria, and chloroplasts. The X-ray
3D structure of bovine heart mitochondrialéhzyme (MF1)
has been determined at atomic resolutighgnd used as a
basic model to study also From bacteria and chloroplasts.
F1 has in fact conserveds, 33, andy subunits 8), while ¢
ande have a different function and structure in the different
organelles and organismg, @, 5).

As mentioned above, ATP synthase and isolated F

cation Mr*™ has been added to the stripped enzyme in two
ways, by preloading with Mt and the subsequent addition
of the nucleotide in 1:1 or 10:1 ratio with respect to the metal
or by adding the precoordinated (1:1) Mpnucleotide
complex. In our investigation, we combined two different
approaches, metaADP inhibition kinetics analysis and EPR
spectroscopy. The inhibition kinetic analyses using?Mg
Mn2* and ADP were performed to confirm that the subunit,

necessitate the presence of divalent metal cations for theirwhich interacts with stoichiometric Mn, is one catalytigs
enzymatic reactions. The current model sustains that the truesubunit. In fact, it is well-known that sequential treatment
substrate of ATP synthesis and hydrolysis is the complex of stripped k with Mg?" and a stoichiometric amount of
Mg"—nucleotide; however, some researchers consider theADP induces a catalytic site in the final high-affinifape

divalent cation M@" as an activator and the nucleotide as
the true substrates( 7).

Several studies show evidence that¥@ns are respon-
sible for large differences in nucleotide affinitie®; Q). In
the absence of Mg, all three catalytic sites bind free ATP
or ADP with low affinity and there is no catalysis. In the
presence of Mg, pronounced binding cooperation among
the three catalytic sites is observél. (It is a basic tenet of
all current models of the mechanism that only one catalytic
site is catalytically competent, and as showitstherichia
coli F; (8), this site is formed in the high-affinity state only
in the presence of Md.

In the MF1 crystal structure, Mg cations are associated
to the five occupied nucleotide sites with either ADP or
adenosine '5(j3,y-imido)-triphosphate (AMPPNP) molecules,

conformation, resulting in the generation of the so-called
MgADP-inhibited form (5, 16).

As already mentioned, EPR is a useful technique for
investigating the binding of paramagnetic metals in enzymes,
because the typical EPR parameters, such as hyperfine
couplings, g factors, and zero-field splitting (ZFS) param-
eters, are very sensitive to the environment around the metal
center (7). Specifically, for MA' complexes, CW-EPR
spectra allow for the obtaining of ZFS parameters and the
hyperfine-coupling constant of th&®Mn nucleus, both
providing information on the M& coordination. However,
the CW-EPR spectra of Mrcomplexes, at the normally used
microwave frequency (9.5 GHz, X band), are strongly
influenced by high-order effects, making any simulation
difficult (18). For this reason, we have recorded high-field

the latter one being a nonhydrolysable ATP analogue. The EPR (HF-EPR) spectra at the W band (95 GHz), that can be

f phosphate of ADP and bofhandy phosphate groups of
AMPPNP serve as ligands to the bound Mgofactors.
However, other ligands derived from amino acid residues
in the o and subunits are involved in binding Mg. The
Mg?" ions present in two catalytic sites are coordinated by
the hydroxyl oxygen of-Thrl63 as inferred by the average
distance of 2.1 A between the Kigion and the coordinated
oxygen. The other My ligands are not clearly identified

easily interpreted, because these high-order effects, which
reflect the relative magnitude of the ZFS with respect to the
microwave frequency, strongly decrease at frequencies higher
than the X band ¥9—23). The ESEEM technique is a
valuable method to obtain detailed information on small
hyperfine couplings of long-range nuclei. This technique has
been used in the present study to investigate the interaction
of the Mr?* ion with magnetic nuclei belonging to the

and are presumably water molecules. On the contrary, thesurrounding ligands, in particular th&P nuclei of the

coordination of Mg" appears to be similar in the three
noncatalytic sites, which are occupied by AMPPNP mol-
ecules p).

The Mg" ion has a strong tendency to assume an
octahedral coordination; thus, only metal cations able to

assume the same coordination and with a comparable ionic

radius, such as M, Co?*, and Zi#*, could be cofactors of
ATPase hydrolytic activityX0). Among divalent cations that
could replace the natural Mg in the ATP hydrolysis
reaction, M and V&' are of special interest because of

their paramagnetic properties that can be investigated by

nucleotides coordinating the Mn(24).

We obtained distinctive HF-EPR and ESEEM spectra,
providing clear evidence of different metgbrotein coor-
dinations for samples prepared by adding to the stripped MF1
metal and nucleotides in different molar ratios and different
addition orders. All our spectroscopic results substantiate the
different approach of the metahucleotide complexes to the
enzyme with respect to the metal alone and support the
hypothesis of Senior et al. on the conformational role ofMg
ion in the induction of a competent catalytic si& 9).

continuous wave electron paramagnetic resonance (CW-EPREXpERIMENTAL PROCEDURES
and pulsed EPR techniques, such as electron spin-echo
envelope modulation (ESEEM). EPR techniques have been Purification of MF1 Salts and buffers were from Sigma

used to study the binding site(s) of the metal cation in F
from different sources and in particular to investigate the
specific metatnucleotide interaction in enzymes from

thermophilic bacteria PS3 (TF1) and from chloroplast (CF1)
(11-14).

Aldrich. ATP, ADP, and AMPPNP were from ICN. Pyruvate
kinase, lactate dehydrogenase, NADH, and PEP (phospho-
enolpyruvate) were from Roche. Pure soluble MF1 was
prepared from beef heart mitochondria as in2Z&fNucleo-

tide and Mg-depleted MF1 (stripped MF1) was obtained
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125 EPR Samples PreparatioA sample of stripped MF1 was
centrifuged, and the pellet was suspended at room temper-
-~ e ature in 20 MM HEPES-KOH and 20% glycerol (v/v) buffer
o at pH 8.

The sample for EPR analysis had a final volume of 100
ul, and stripped F1 had a final concentration ofi38. Mn2*
(sulfate salt) freshly prepared or single nucleotides dissolved
in 20 MM HEPES-KOH buffer at pH 8 or Mii—nucleotide
complexes were added using a few microliters of millimolar
concentration solutions, and the sample was immediately
frozen in liquid nitrogen until the EPR spectra were recorded.
If the metal and nucleotide solutions were sequentially added,
0 08 5 74 32 a preincubation for 5 min with Mt was performed before

) the addition of stoichiometric or 10 times more concentrated
min nucleotide solution.
FiGURe 1: Activity measurements: curve 1, 2uM stripped k EPR MeasurementBulsed ESEEM experiments were all

dissolved in 20 mM Tris/HCI and 20% (v/v) glycerol at pH 7.4, : : )
incubated for 15 min at 37C; curves 2 and 3, MF1 preincubated carried out using an X-band ESP380 Pulse EPR Bruker

in the buffer at 37C for 5 min with 2.2¢M metal (Mg or Mn2+), spectrometer, equipped with a dielectric resonator. The
followed by 10 min of incubation with added 2. ADP; curves measurements were performedi& using an Oxford C935

4 and 5 (exactly superimposed to curves 2 and 3), MF1 preincubatedliquid helium flow cryostat and an Oxford ITC4 temperature
in the buffer at 37C for 15 min with 2.2uM meta-ADP complex controller. A three-pulse ESEEM sequence was used to get

MgADP or MNADP); curve 6, MF1 preincubated in the buffer at .
879(: for 5 min with)a large excess (p2.5 mM) of MgS@llowed the echo decay$(), and the proper phase cycle was applied

by 2.2uM ADP. Afterward, i samples were diluted up to 15 nM  t0 eliminate contribution from spurious echoexl); The
in the spectrophotometer cell to measure the ATPase activity in delay timer between the first two pulses was chosen as 120

the presence of 10@M ATP as the substrate, in a buffer containing  or 144 ns, depending on the field setting, to maximize the
20 mM Tris/HCl at pH 7.4, 4 mM MgG| and an ATP regenerating  31p peak intensity and minimize the free proton frequency
system, as described in the Materials and Methods. . . . .

signal. Moreover, experiments with delay time®f 160,
200, and 240 ns were performed to avoid blind-spot effects,
which could possibly hide signals from different magnetic
nuclei, a¥'N (32). The timeT between the second and third
pulse was varied in a step of 8 ns, and 400 points were
recorded, starting with the initial tim& = 80 ns.

6(-55%)

09

according to ref26 in a buffer containing 100 mM Tris/
SO, 4 mM EDTA, and glycerol 50% (v/v) at pH 8. The
enzyme fractions withragy/Azs0 > 1.9, which contain less
than 0.2 mol of nucleotides per mol of MF1, were collected,

g ) . 0
E)éempnated in ammonium sulfate at 50%, and stored at 4 The recorded time decays were processed for dead-time
i . ) o _correction both with algorithm of Mims3@) and with the
The enzyme purity and_the small subunits stoichiometric | psv/p method 84); both methods provided similar recon-
composition were determined by SBBAGE (27) structed spectra. The application of two different algorithms
Activity MeasurementsThe activity measurements were  was used as a double check to verify the correctness of the
performed as described in r28. A total of 2.2uM stripped  reconstruction. After dead-time reconstruction, the echo
MF1 was pelletted by centrifugation and dissolved at room decays were Fourier-transformed to produce ESEEM spectra
temperature in a buffer containing 20 mM Tris/HCI and 20% in the frequency domain.
(viv) glycerol at pH 7.4. Different samples were analyzed:  The HF-EPR spectra were obtained at about 95 and 190
(1) MF1 preincubated in the buffer at 3T for 15 min GHz at the National High Magnetic Field Laboratory in
without added metal and nucleotides, (2 and 3) MF1 Tallahassee (FL) with a homemade Spectromﬁﬁ)’_ (rh|s
preincubated in the buffer at 3T for 5 min with 2.2uM machine is built around a superconducting magnet with a
metal (Mg* or Mn?*), followed by incubation for 10 min 17 T “main” coil and a+0.1 T “sweep” coil (Oxford
with added 2.24M ADP, (4 and 5) MF1 preincubated in  |nstruments Inc.). The source, which has been used in this
the buffer at 37°C for 15 min with 2.2uM metat-ADP study, is a Gunn oscillator emitting in the 998 GHz range
complex (MgADP or MnADP), and (6) MF1 preincubated and equipped with a Schottky diode harmonic generator for
in the buffer at 37°C for 5 min with a large excess (2.5 obtaining higher frequencies (ABmm, Paris, France). The
mM) of MgSQ, followed by 2.2uM ADP (see Figure 1).  operating microwave frequency is measured with and
Afterward, MF1 samples were diluted up to 15 nM in the frequency locked to a source locking microwave counter (EIP
spectrophotometer cell for measuring the ATPase activity 578B from EIP Microwave Inc., Milpitas, CA).
under trisite conditions, i.e., in the presence of LODATP The spectrometer was used in its basic configuration
as the substrate in a buffer containing 20 mM Tris/HCI at (“single pass” transmission mode) that uses oversized-
pH 7.4, 4 mM MgC}, and an ATP-regenerating system (1.5 cylindrical waveguides for propagation of the microwave
mM phosphoenolpyruvate, 1 mM KCI, 1 unit/mL of pyruvate power. The transmission probe is in a liquid helium flow
kinase, 1 unit/mL of lactate dehydrogenase, and 0.3 mM cryostat of the dynamic type (CF 1200 from Oxford
NADH) (29). The reaction was monitored by observing the Instruments Inc.); the temperature is monitored withih 1
disappearance of NADH absorbance at 340 nm until a steady-degree. We used a liquid-helium-cooled In-Sb “hot electron”
state rate was obtained. The activity was calculated in the bolometer (QMC Instruments, Cardiff, U.K.).
initial and final steady-state phases using an extinction The spectra were obtained by modulation of the magnetic
coefficient of 6.22 mM cm?. field at a frequency of 20 kHz with modulation amplitude
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Table 1: ZFS Parameté@, E/D Ratio, and®*Mn Hyperfine Coupling Aiso, 0f the Samples Studied with HF-EPR
molar ratio of

MF1/ nucleotide/MH D (mT) E/D Ao (MT)
MF1 + Mn" 1:1:1 26 0.2 9.56+ 0.03
Mn"MF1 + ADP 1:1:1 20 0.2 9.56+ 0.03
MF1 + Mn"ADP 1:1:1 38 0.2% 9.55+ 0.03
Mn'"MF1 + AMPPNP 1:1:1 43 0.12 9.43+ 0.03
MF1 + Mn"AMPPNP 1:1:1 35 0.3 9.43+ 0.03

aEstimated error of 1094 Estimated error of 20%.

of 0.2-0.4 mT and in the temperature range of-2D K.
The main coil was in persistent mode, and the magnetic field
changed by variation of the additional field of the sweep
coil.

Spectra at 190 GHz were recorded to verify that the
spectral features in the 95 GHz spectra are only due to high-
order effects of the ZFS interaction and not to different metal
sites @3). If the line splitting is a consequence of the ZFS
broadening, then it should be reduced as the frequency
increases from 95 to 190 GHz. The spectra recorded at 190
GHz did not show line splitting, thus confirming that only

326 3.27 328 3.29 3.30 3.31 3.32 3.33

one Mr?* site is present in the protein samples and that there Magnetic Field (Tesla)
is no free Mi* ion in solution. FIGURE 2: W-band EPR spectrunT (= 20 K) of Mn'MF1 with
General analysis of EPR spectra from high sg@mn=(%/,, simulation ¢-+). Simulation was performed with a Gaussian

| = 5/2) Mn! Comp|exes have a|ready been pub“shed in distribution inD with a half-width of 2.0 mT.

various articles (for instance, see rdf and 36). In this (second part of the curve). The same degree of inhibition
study, our analysis is related to experimental data taken at P ’ 9 oL
was developed when the enzyme was treated witli*Mn

95 and 190 GHz; thus, a perturbation theoretical treatment . "
to the third order of the Mhhyperfine and ZFS interactions instead of M@* (curves 3 and 5 overlapped to curves 2 and

. e . 4), suggesting that even at low concentrations these cations
is fully sufficient to describe our MhHF-EPR spectral@). ’ . ' , -
Numgrical data analysis was done by a comF:)uter pr)ogramgmd)theﬁ subunit adopting the same final conformation (i.e.,

. . . . ADP) -
\t';/]gt(t)?; ellg g/lea:::?%eghbey %gg;ai:nés I\?erkehdIOE; ( I[t)earltll(l)wgtlon The inhibitory effect is magnified (55% inhibition of the
the fitting of the experimental spectra by means of manual curve slope) when MF1 is pretreated with saturating*Mg

simulations by variation of the independent parameters, given and a stoichiometric amount of ADP (compare curve 1 and
by the ZFS yarameter@ and E aFr)ld the I\F/I)H h erfin’eg 6) according to Frasch et aBY), who propose that such an

y hg P ; . yp effect is a result of the free Mg binding at the other sites
coupling. An inhomogeneous line width of-% G (18) was

used to account for the small hyperfine couplings of metal- when the inhibitory MUADP is already bound.
. . " yp 1 plings ot EPR and ESEEM Measurement§e have recorded the
coordinated magnetic nuclei® and'H). The simulations

were obtained using either a single setbfand E values EPR and ESEEM spectra of the MRiMn' sample and of
and a Gaussian distribution D with a half-width of 20 or different MF1(0,0) preparations, obtained by loading the

; ) . . protein with stoichiometric Mhand stoichiometric or excess
40 G, as reported in the figures. This last procedure did not amounts of ADP or AMPPNP. Mhand nucleotides were
significantly improve the spectral fitting.

added to MF1(0,0) either subsequently or together as
RESULTS preformed complexes. We will present separately the results
obtained on preparations containing ADP or AMPPNP. The
Inhibition of ATPase Actity by the Dvalent Metal and high-field CW-EPR spectra recorded at the W band (95 GHz)
ADP or Divalent Meta-ADP ComplexTo have evidence  for the samples reported in Table 1 are shown in Figures
that the subunit, which interacts with stoichiometric ¥n 2—4 together with their simulations. The simulations of the
is one catalytigg subunit, inhibition experiments using g HF-EPR spectra provided the ZFS parameterandE, and
Mn?t and ADP were performed in condition of trisite the Mn' hyperfine coupling collected in Table 1. For the
catalysis, which is obtained by adding saturating ATP (see samples, MFt Mn"ADP, Mn'"MF1 + AMPPNP, and MF1
the activity measurements). Figure 1 shows that incubation + Mn"AMPPNP, the previous parameters were obtained by
of stripped MF1 with Mg" and ADP (1:1), added sequen- the simultaneous fitting of the 95 and 190 GHz EPR spectra.
tially or together as a preformed complex, induces the X-band CW-EPR powder spectra of Mgomplexes are
generation of the MEGADP-inhibited form upon induction  quite complicated because the ZFS interaction introduces
of trisite catalysis (compare curves 2 and 4 with curve 1); higher order effects and forbidden transitions in the spectral
i.e., ATP is hydrolyzed with a low initial rate, which pattern, for example, see Figure 5, in which the X-band EPR
increases during turnover to reach an uninhibited steady-spectrum of MF1+ Mn' sample at 20 K is reported. The
state rate. More specifically, in the first 100 s, during which X-band EPR spectra of the other protein samples show
the Md'ADP inhibition is evident, the curve slope is similar line-shape broadening. At high magnetic fields, the
decreased by about 30% with respect to the steady-state rat@igher order effects of the ZFS interaction are almost
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g
s,

326 327 328 329 330 3.31 332 309 330 331 332 333 3.34 335
Magnetic Field (Tesla) Magnetic Field (Tesla)

343 3.44 345 346 3.47 348 3.49 3_\134 3_\135 3.;36 3.537 3.;38 3159 3‘;10
Magnetic Field (Tesla) Magnetic Field (Tesla)

FiGURE 3: W-band EPR spectral (= 20 K) of (a) MA'MF1 + Ficure 4: W-band EPR spectrd (= 20 K) of (a) MA'MFL +
ADP and (b) MF1+ Mn"ADP with simulations {-+). Simulations ~ AMPPNP and (b) MF1+ Mn"AMPPNP with simulations «{:).

were performed with a Gaussian distributiorDiwith a half-width ~ Simulations were performed with a Gaussian distributioB inith
of 2.0 mT. a half-width of 4.0 mT (a) and 2.0 mT (b).

suppressed and the spectra become considerably simpler to
interpret and simulate. At the W band, only the transitions
Ms = —1/, == +1/, are observed and the spectrum consists
of six lines, because of the hyperfine coupling with tdn

| = 5, nucleus. Each line is anisotropically broadened by
the ZFS interaction, which affects thé/, < +/, transitions

to the second and third order. Because of this effect,
simulations of HF-EPR spectra make it possible to get the
ZFS parameterd and E related to the metalligand

300 310 320 330 340 350 360 370 380 390

coordination. In particular, the local coordination symmetry Magnetic Field (mT)
is paramount in determining the ZFS tensor values. = 5. X-band EPR trunT(= 20 K) of Mn'MF1
MF1 + Mn" Sample The HF-EPR spectrum of the MF1 IURE > an spectrum( ) of Mn '
+ Mn" sample (Figure 2) shows ZFS paramet@s~ 20 A deeper insight in the coordination around thea¥inan
mT and|E| ~ 7 mT. be obtained from three-pulse ESEEM spectra. The MF1

TheD parameter is small when compared with othe”Mn ~ Mn" FT ESEEM spectrum recorded B = 327.8 mT is
sites in proteins¥8). The overall distortion from the perfect shown in Figure 6BThe intense peak at about 14.0 MHz
cubic symmetry is not significant as inferred from the low corresponds to the free proton frequency. The broad peaks
D value, while the deviation from the axial symmetry is very at 10.4 and 17.4 MHz and the shoulder at about 13.0 MHz
pronounced because of tB#D ratio reaching the maximum  shift with the magnetic field as the proton frequency. To
value of Y. check if these features are due to protons coupled to tHe Mn

Mn?* in H,O/glycerol (80:20 weight ratio) solution (same ion, we performed simulations of the three-pulse echo decay
solvent used for the protein samples) shows ZFS parameterdollowing the procedure reported in ré#l, which takes into
very similar to those of MFH Mn'. However, the CW- account the contributions of nuclear transitions in all of the
EPR spectra both at the X and W band recorded for the two electron spin manifolds of the high-spin Mion. In Figure
samples in the same experimental conditions, in the tem-6A, we report the experimental echo decay (trace a) along
perature range 1020 K, present very different microwave with the simulation obtained by considering only the
saturation behavior. While the spectra of ¥Mrin water/ frequencies of freéH and *N nuclei (trace c¢) and the
glycerol do not saturate even at high microwave power, in simulation obtained by including a coupled proton with an
the presence of MF1, the EPR spectra can be saturated veraxial hyperfine tensor (trace b). The FT of both the calculated
easily, indicating less efficient spin-lattice relaxation pro- echo decays is reported in Figure 6B. It is evident that the
cesses because of higher rigidity of the metal-coordination experimental time and frequency profiles are reproduced
site in the protein (data not showr§). better by considering the coupled proton (traces b). The
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b FIGURE 7: ESEEM spectraT = 4 K) of (a) MF1 + Mn"ADP
(1:1) (b) MA'MF1 + ADP (1:1) (c) MA'MF1 + ADP (1:10) (d)
c MF1ADP + Mn" (1:10:1). The asterisks indicate tFi® peaks and
the dots indicatéH peaks. Experimental parameters: shot repetition

0 2 4 6 8 10 12 14 16 18 20 time = 5.12 ms; pulse lengtk 16 ns;t = 144 ns; data points:
Frequency (MHz) 400; and step= 8 ns. (a) Magnetic field= 346.3 mT, and

. . ) microwave frequency= 9.67 GHz. (b) Magnetic fiele= 346.3 mT,

FiGURE 6: (A) ESEEM spectrum (trace a) in the time domain of - and microwave frequency 9.67 GHz. (c) Magnetic fiele= 349.2

Mn'"MF1. Experimental parameters: magnetic field327.8 mT; mT, and microwave frequency 9.75 GHz. (d) Magnetic field=

microwave frequency= 9.70 GHz; shot repetition time= 5.12 337.3 mT, and microwave frequeney 9.75 GHz.
ms; 7 = 120 ns; pulse lengtk 16 ns; data pointss 400; step= '
8 ns. Trace b, simulation obtained by taking into account fe MF1 + Mn"ADP. MA'MF1 + ADP. MA'MF1 + ADP

and N Larmor frequencies and a coupled proton wéth= 0.8 . 10
MHz and |Ty| = 3.4 MHz. All of the electron spin transitions of (1:10), and MF1+ ADP + Mn' (1:10:1) SamplesHF-EPR

the S= 5/, Mn ion were considered. It was necessary to introduce SPectra have been recorded for the first two samples in which
a modulation at the free Larmor frequency of &bl to better Mn?*, MF1, and ADP were equimolar. The spectra shown

reproduce the experimental trace. Trace c, simulation obtained byin Figure 3 present marked differences indicating different

considering only the modulation at Larmor frequencies of fig¢e Mn'"—ligand coordination symmetry. MMF1 + ADP

and“N nuclei. (B) Traces ac are the traces-ec of A after dead- o .
time reconstruction (LPSVD method) and Fourier transformation. SNOWS a very similar spectrum (Figure 3a) to that of the MF1

In trace a, the proton peaks are indicated with a dot. In trace b, a+ Mn" sample without added nucleotides (see Figure 2);
slight broadening of the 10.2 MHz component was introduced to the ZFS parameters obtained by spectra simulation indicate

better reproduce the experimental profile. rhombic local symmetry but little overall distortion (loby
. . ) . i value). ZFS parameters similar to those obtained for MF1

simulation has been obtained using the hyperfine parametersy. \init and Md'MF1 4+ ADP were determined from Q-band
determined in re#t3 for the protons of water molecules in  EpR spectra for a metal-depleted CF1 sample supplemented
the [Mn(H,0)s]*" complex in water/glycerol frozen solution  with Mn2+ (Mn/CF1 ratio= 0.3). In this latter sample,
(isotropic couplingAs, = 0.8 MHz and perpendicular  approximately one ADP molecule remains bound to CF1
component of the dipolar tens¢is| = 3.4 MHz). This (14).
hyperfine coupling is similar to that found in many biological On the contrary, the MFZ Mn"ADP sample (Figure 3b)
and inorganic system®2, 39-42), where Mr" is directly  presents @ value about double the value of the MAF1
coordinated to water molecules. + ADP sample; this indicates a much stronger overall

'H peaks similar to those observed for the MFIMn'" distortion of the metal site from the cubic symmetry if the
sample are present also in the ESEEM spectra of all of the preformed MHADP complex is added to the protein.
other protein samples, with added nucleotides that we have The ESEEM spectra of the four samples containing ADP
examined. The intensities of these peaks are stronglyare shown in Figure 7. Besides the free proton peak, all of
dependent on the field position at which the ESEEM the spectra show resonances ascribab®R@oupling, two
spectrum is taken and on the chosen delay tiimethe echo  peaks (marked with asterisks in the figure) approximately
sequence. placed about the fre8P nuclear frequencyf = 5.95 MHz

It has to be noted that the echo decay in Figure 6A can beat B, = 345.0 mT) moving with the field setting as the free
well-reproduced only by also taking into account the free phosphorus frequency. The two peaks form a pattern very
14N frequency. This fact is a further indication that the®In  similar to that reported for other Mr-nucleotide systems
ion is coordinated to the protein, because this frequency is (14, 45), and they can be attributed to the interaction of the
present for paramagnetic centers in a nitrogen-rich environ- Mn?* with the 3'P nuclei of the phosphate ligand of ADP.
ment. However, in the ESEEM spectra of the MFIMn" The peak frequencies and line shapes are different for each
sample, there is no evidence of nitrogen nuclei directly of the four samples. Spectra of MF& Mn"ADP (Figure
coupled to the M#A" ion. 7a) are very weak with splitting of 446 0.1 MHz. Table 2
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Table 2: 3'P Hyperfine Coupling Constants, as Determined by :
ESEEM . *
molar ratio of 3P HCC a

MF1/nucleotide/MH (MHz) .
Mn"MF1 + ADP 1:1:1 4.2+ 0.1 .
MF1 + Mn"ADP 1:1:1 4.6+0.1 i
Mn'"MF1 + ADP (1:10) 1:10:1 4,45 0.10
MF1+ ADP + Mn" (1:10:1) 1:10:1 4.5@ 0.10 b
Mn"MF1 + AMPPNP 1:1:1 4.6+ 0.1
MF1 + Mn"AMPPNP 1:1:1 4.6£0.1
Mn"MF1 + AMPPNP (1:10) 1:10:1 4.60.1
collects the®'P hyperfine coupling measured in all of the ¢
samples that we studied. When ADP is added to the protein — T T T T T T T
after adding the M# ion (Mn"MF1 + ADP sample), the 2 468 I\JIOHQ L

VA

ESEEM peaks are more intense and much broader (FigureFIGURE 8 ESEEM spectral= 4 K) of (2) MFL-+ MTAMPPNP
7p)._The averag&pP hypgrfme coupling is 4.2& 0.; MHz, (1:1), (b) MAMF1 p+ AMPPNP (1:1), and (c) MAMF1 -+
S|gn|f|ca_ntly r_educed with respect to the COUD!'”Q of the AnmPPNP (1:10). The asterisks indicate 4B peaks and the dots
sample in which the preformed MADP complex is added  indicate!H peaks. Experimental parameters: shot repetition time
to the protein. = gltz ms;8pulse( I()er:\%tlx 1?_ n?';rld:: éio_) Bs, ql_ata %Oir\qfrgv(\)/g\;/e

If ADP is added to the MFH- Mn" complex in a 10:1 ]:“‘rg useﬁFé:_ SsésaGHignﬁ 'CMf ot fieldn; '3‘2‘; o T
molar ratio [MA'MF1 + ADP_ (1:10) sar_nple, Figure 7c], migrowaye frequency: 9.6(9)GHz.g(c) Magnetic fiele= 345.é mT,
the peaks are narrower than in the previous case andRhe  and microwave frequency: 9.75 GHz.
hyperfine coupling becomes largét= 4.45+ 0.1 MHz, a
value within the couplings of the first two samples. (TF1) and from chloroplast (CF1). Although TF1 and CF1

The last sample, MF+ ADP + Mn" (1:10:1), with ADP are highly homologous with MF1, the enzymes from different
added to the protein in a 10:1 molar ratio before adding the sources show different metahucleotide dependence. For
Mn2* jon, shows a similar pattern but with broader peaks example, TF1 is stable and fully active in the absence of
(Figure 7d). TheéP coupling isA = 4.50+ 0.1 MHz, very bound nucleotidesd. To be fully active, isolated MF1 must
close to that measured for the previous sample, in which contain three tightly bound nucleotides, and their depletion
ADP was added to the complex MFLMn'" in molar ratio gives MF1(0,0), which is highly unstable in the absence of
of 10:1. high concentrations of glyceroR2( 46). Purified CF1 is

MF1 + Mn'AMPPNP, MHMF1 + AMPPNP, and catalytically inactive and can be activated by depletion of
Mn'"MF1 + AMPPNP (1:10) Sample3Fhe HF-EPR spectra  the ¢ subunit and reduction of disulfides of thesubunit.
of Mn"MF1 + AMPPNP and MF1+ Mn"AMPPNP are Latent CF1 contains only four metahucleotides, two of
reported in Figure 4. When these spectra are compared withwhich are bound with high affinity to catalytic sites (sites 1
the MF1 + Mn" HF-EPR spectrum (Figure 2), striking and 4) and two to noncatalytic sites (sites 2 and 5). Only
differences are evident, which provide clear indication of activated CF1 binds the metahucleotide also in the low-
different Mr?* ligand environments in the three samples. The affinity site 3 (L1).

samples with added nucleotides show similarvalues,
almost two times th® value obtained for the MF+ Mn'"
complex. However, the two samples show very diffeietn
values, in particular, in MIMF1 + AMPPNP, theE/D ratio
is very small and thus the coordination site of the®¥ion

CF1, differently depleted from Mg and nucleotides, was
extensively studied by Frasch et dl1{12, 37, 47), by means
of EPR techniques and substitution of Mgvith VO?*. The
lower affinity metal sites were exhaustively investigated, in
particular, the catalytic site 3, identified as corresponding to

approaches axial symmetry. The other sample, in which the sjte 8z in MF1, which was studied both in the protein-latent
preformed complex MPAMPPNP is added to the protein, form and upon activation. The EPR techniques appeared very
has anE/D ratio close to the maximum value ék. This valuable in identifying different species related to changes
E/D value together with the high parameter points to a in the site conformation because of the replacement of an
coordination site with highly distorted rhombic symmetry. equatorial ligand induced by the protein activation. The
The ESEEM spectra of the three samples with AMPPNP involved amino acids were identified by mutagenesis and
added to the protein are shown in Figure 8. They are recordedESEEM spectra of the mutant37 47). The same approach
at very similar magnetic fields (see the caption). Besides theallowed for the identification in activated CF1 of the metal
peak at the free proton frequency, the spectra contain twoligands when nucleotideADP was bound to the high-
peaks at about 4.0 and 8.5 MHz, which can be attributed to affinity catalytic site, corresponding to sige of MF1 (12).
¥P couplings. The peak splitting is 446 0.1 MHz and MF1 + Mn" Sample.The spectrum shown in Figure 6
remains almost unchanged in the three samples. demonstrates that no lysine nitrogen is involved in théMn
binding site on MF1, because in the ESEEM spectra, only
couplings to protons of coordinated water molecules are
apparent. This is in accordance with the MF1 crystal
As mentioned in the Introduction, EPR and ESEEM structure, which shows no nitrogen close to the catalytic
techniques have been previously applied to study the metal-binding site 2). Conversely, in previous studies on stripped
coordination site(s) in Ffrom thermophilic bacterium PS3  TF1, it was demonstrated that ¥y added in a stoichio-

DISCUSSION AND CONCLUSION
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metric amount, presents a nitrogen ligand, which was complex, and these data can be related to a larger distance
proposed ag-NH; of -Lys164 (4). (i.e., looser binding) between the metal and nucleotide when

No direct comparison is possible between our results on ADP is sequentially added. All of these observations clearly
MF1 and CF1 because, as already discussed, no experimerdemonstrate a different approach of the metal to the enzyme,
exists on this latter protein stripped of nucleotides. when the metal is isolated or bound to ADP in the'ADP

In addition, CF1 containing 0.14 Mg and 0.75+ 0.25 complex. It has to be noted that, according to the literature,
ADP was studied in rei4 by adding to the protein M in ADP surely binds the enzyme in the P loop, which enfolds
different cation/protein ratios. In the 0.8:1.0 sample, the the phosphate moieties in the nucleotide-binding sites
ESEEM spectra showed 3P coupling from a phosphate [(-Lys164 ands-Thrl65 @, 49).
group of the endogenous ADP, but no peaks ascribable to When the enzyme works in trisite catalysis, our kinetic
nitrogen interaction were detected. Instead, in the*Mn data indicate that the sequence of addition to the protein of
complexes with higher Mi{/CF1 ratios“N—metal interac-  the divalent cation and ADP does not influence the final
tion was found and was interpreted as a result of the filling, conformation of a competent catalytic site, because the same
at higher Mi&* content, of additional metal-binding sites, ATP hydrolysis rate, both in the initial inhibited and final
these latter involving“N donors. These results are somewhat steady-state phases, is observed (Figure 1). This indicates
comparable with our results on MF1, in which ¥bl—metal that two different states of the sarflecatalytic site occur
interaction has been found in the high-affinity metal site, before catalysis starts (precatalytic states); these states are
both in the absence and in the presence of nucleotides. Itmonitored in frozen solutions by the EPR spectra.
has to be noted that very different EPR and ESEEM results  Unlike addition of ADP, the adding of AMPPNP to the
were obtained by the same authors on analogous CFlpreformed MF1+ Mn'" complex leads to a dramatic
preparations using VO instead of MA" as a paramagnetic ~ modification of the metal-site symmetry as a consequence
cation (3). of the triphosphate nucleotide binding. The site acquires a

MF1IMn' + Nucleotide and MF1+ Mn"nucleotide quasi-axial symmetry but with a much higher overall cubic
Samplesln samples obtained by preloading the strippedMF  distortion. A higher distortion in the Mg site containing
with Mn?* and later adding stoichiometric ADP, the initial AMPPNP with respect to that containing ADP is described
metal-site symmetry is not modified by the nucleotide by Walker and co-workers in the MF1 crysta?)(and
binding, because the ZFS valuBsand E are identical to interpreted as a result of higher nucleotide affinity for the
those found for the MFH Mn" sample (Table 1). The fpp with respect to the8rp site.
nucleotide is surely coordinated to the Mrbecause peaks When 10 times more AMPPNP is added to the MF1
due to the interaction with'P nuclei occur in the ESEEM  Mn'" complex, no significant changes appear in the ESEEM
spectra. spectra with respect to the 1:1 complex. This is in accordance

In the following analysis of the ESEEM spectra, we will with the observation that the filling of regulatory and catalytic
focus mainly on peak distances, because of the difficulty to sites with AMPPNP does not result in the dramatic confor-
account for line shapes and line widths. mational changes that the excess of ADP inducé®. (

The ESEEM spectra of MFE Mn" after addition of 10 If the complex MAAMPPNP is added to MF1, the
times ADP (Figure 7c) show narrower peaks and lafger parameter® and E are very similar to those obtained by
hyperfine coupling owing to some conformational change. adding to the protein the MADP complex. We checked
In fact, the larger coupling is related to a shorter distance that the complexes are actually bound to the protein by
between the interacting spins localized on the metal ion andcomparing the HF-EPR spectra obtained for the model
on the®'P nucleus or to an increase in the MrO—P angle complexes Mh—nucleotides in the same solvent (B!
(42); moreover, the minor peak broadening can be related glycerol = 80:20). These spectra gave very different ZFS
to a reduced dispersion in the Mn3'P distances and/or in  parameters (MMADP, D = 10.0 mT, E = 3.0 mT;
the Mn'—0O—P angles. Similar spectral features pointing to Mn"AMPPNP, D = 30.0 mT,E = 8.0 mT) showing a
the same conformational effect are obtained by preloading different coordination in the Mh-nucleotide complexes with
the stripped enzyme with 10 times ADP before stoichiometric respect to the ternary complexes obtained by adding the
addition of Mr?* (Figure 7d). These results are in agreement protein. Then, the preformed complexes 'MDP and
with previous findings that ADP excess induces the enzyme Mn"AMPPNP coordinate the protein with much of the same
to adopt a closer structure as a consequence of the filling ofsite symmetry as shown by their similar ZFS parameters.
catalytic and regulatory binding site¢8). The HF-EPR Also, the 3P coupling is similar in the two samples; only
spectra of the two samples with a large excess of ADP werethe ESEEM line shapes are different, with the peaks of the
not recorded, but their X-band spectra confirm the ESEEM ADP complex being much broader than those of the
results. In fact, the spectra of these latter samples are veryAMPPNP complex (Figures 7a and 8a). All of these
similar to each other but different from the X-band spectra observations point to a minor ability to approach the protein
of samples with ADP added to the protein in a 1:1 ratio.  of the preformed metalADP or metal-AMPPNP com-

In the sample obtained by adding the preformed-Mn plexes with respect to the metal alone.

ADP complex to MF1, theD and E parameters are very The samples obtained by addition to the protein of the
different from those of the previous sample, in which®¥n  preformed MAAMPPNP complex or by sequentially adding
and ADP were sequentially added to the enzyme (see TableMn?" and AMPPNP show similab but very differentE

1). In both samples, the ESEEM spectra show interactions parameters (see the Results). Conversely, the ESEEM spectra
between the metal and the nucleotide phosphate(s), althouglshow similar3'P coupling (see Table 2); there is only some
the measured'P couplings are different. The coupling is differences in the line shapes, as the progressive broadening
significantly smaller when ADP is added to the MFIMn'" of thev_ peak and the appearance of a shoulder orvihe
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peak in the MF1+ Mn"AMPPNP sample. These different binding sites in MF1 and TEIThey found that the Mg
observations can be rationalized by admitting that the changesons not only influence the nucleotide binding tg But also
in the metal-coordination symmetry are mainly related to alter the structure and geometry of the nucleotide-binding
nonphosphate ligands. T coordination must be involved  site. This compares well with the results of our study that,
very little, because théP coupling remains almost un- in a direct way, using a paramagnetic cation probe instead
changed in all of the samples with AMPPNP. The different of a labeled nucleotide probe, provides evidences of the im-
peak line shapes can be interpreted as the result of slightlyportance of the cation binding in preforming the nucleotide-
more anisotropic coupling in the samples where AMPPNP hinding site in stripped MF1. Moreover, like in the investiga-
was added to the proteirMn" complex. tion of Burgard et al. §1), which revealed differences

We stress that in the case of ADP different HF-E&l between MF1 and TF1 in the structure of the nucleotide-
different ESEEM spectra were obtained for MiFIMn" ADP binding sites, we obtained, regarding the Mibinding to
and MF1IMA + ADP samples. Concerning the ZFS param- the stripped MF1, different results with respect to those
eters, the difference is mainly in th2 values (see table); previously obtained in a similar TF1 preparatidd), (3)
this means that the overall site distortion is much more The direct loading of MF1(0,0) with preformed MADP
pronounced in the MF# Mn"ADP sample and, because or Mn"AMPPNP gives similar MA" coordination geom-
the3P couplings are also different, the phosphate ligand mustetries, which differ from those obtained by adding sequen-
be involved in the change of the metal coordination. tially the Mr?* cation and the nucleotide. However, in the

We can make a comparison between our results obtainedcase of stoichiometric ADP, the different EPR spectra are
with the MF1+ Mn"ADP and the MF1+ Mn"AMPPNP probably an indication of two functional precatalytic con-
samples and previous ESEEM and HYSCORE studies onformations. Upon induction of the trisite catalytic cycle, the
the Mr?* coordination in TF1%0). In this latter work, the latter conformations give rise to the same final mefaDP-
samples were prepared by adding, to stripped TF1, theinhibited form of the enzyme, as a result of the entrapment
preformed MHADP, Mn'ATP, and M#AMPPNP com- of metal-ADP at the high-affinity site. In addition, the filling
plexes, in a 1:1 ratio. The three-pulse ESEEM spectra of by the excess of ADP of the catalytic and noncatalytic sites
these samples showed peaks due to coupling betwe&h Mn of MF1 (preloaded or not with stoichiometric ¥ir) similarly
and®'P nuclei, but differences were present, depending on affects the two EPR species. Both results confirm the role
the bound nucleotide. In the samples containing ADP and of “cross-talk” between the different nucleotide-binding sites
ATP, the two*'P ESEEM peaks showed different phosphorus (2). (4) By studying protein samples prepared in different
couplings. Moreover, in the TF+ Mn"AMPPNP sample,  ways, we were able to prove for MF1 what Senior et al.
the v, peak appeared structured, suggesting metal coupling(52) and FraschX(1) have demonstrated for respectivély
with two 3P nuclei. The HYSCORE spectra supported this coli F1 and CF1: the active role of the divalent cation in
interpretation for the samples containing ATP and AMPPNP, creating a competent catalytic site upon binding.
because the contour peaks showed an elongated shape HF CW-EPR and ESEEM techniques appear to be very
resulting from the presence of two correlations. Conversely, sensitive and suitable spectroscopic methods for conforma-
our ESEEM spectra show simil&*P coupling in both tional studies of MFL1 in frozen solution, after replacing the
samples containing ADP and AMPPNP, although in the ADP natural cation Mg" with paramagnetic divalent metals. The
sample, the peaks are broader, indicating a more anisotropiqresence of a metahucleotide in only one catalytic site
coupling and/or a dispersion in the Manucleotide binding slows down the transitions through different protein re-
geometry. In the case of AMPPNP, we cannot say if the arrangements, making it possible to observe by EPR tech-
ESEEM peaks can derive from metal coupling with one or niques the induced conformations, with the advantage of
two 3P from the nucleotide phosphates. Unfortunately, our using proteins in solution. The geometries that we observed
samples gave very weak echo signals, preventing thewith stoichiometric metatnucleotide could mimic the
acquisition of HYSCORE spectra. On the other hand, in ref functional states of the high-affinity catalytic site during the
50, it was also observed that metal coordination to only one unisite cycle.
31p could not be excluded on the basis of the relatively weak To elucidate the geometry of the metalucleotide
ESEEM signals of the samples containing ATP and complex bound to the high-affinity site related to functional
AMPPNP. In this alternative interpretation, the complex line conformations of the trisite catalysis, experiments on the
shape of the HYSCORE spectra could reflect the anisotropy enzyme fully loaded with metainucleotides are underway.
of the hyperfine interaction.
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