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A number of enzvmes or proteins involved in nucleotide
binding or phosphate group transfer are sensitive to fluoride
anions, Kinases and phosphatascs arc inhibited. while ade-
nyvl cvclases arc gencrally activated.! [n all cascs milimolar
concentrations of [luoride arc needed. [t was also demon-
strated that the presence of traces of aluminum or beryllium
were required to activated adenyl cyclase with (luoride.” [n
G protcin svsicms 1L was proposcd that AlF; and BeFx
might act as phosphaic analogucs. and that AlFs- and BeFs-
in the form of tctrahedral complexes structurally similar 1o
phosphale. combined with GDP at the position occupicd by
y-phosphatc of GTP*+ This phosphatc analoguc modcl of
(luoroaluminate complex has been widely aceepled not only
for G prolcins bul also for many other proteins.™* Since the
activation was maximal at the (luoride concentration where
the proportion of AlF. had been calculated 1o be maximal.
tctrahedral geometry was assumed for the [Tuoroaluminatce
complex which would be binding to the active sitc.

In the casc of mitochondrial Fi-ATPasc irreversible inhibi-
tion was found ¢ occur in (he presence of aluminum. (Tuo-
ride. and ADP. and was proposcd o be the result of
complexation of AIFy~ with ADP at the catalytic site.® Fluo-
robervllatee in the presence of ADP was also found to
inhibil irreversibly (he mitochondrial Fi-ATPasc.” Taking
advantage of the virtually 1ereversible nature of the inhibi-
tion of F1-ATPasc by fluoroaluminate or fluoroberyllale. the
ratio ol ADP. bery lhum or aluminum. and [luoride were mea-
surcd. In casc of aluminium induccd mhibition. the bound
inhibiting spccics was found o be ADP-AIF.. which was
suggested (0 mimic the pentacoordinated 'intermermediate
statc' n the catalvtic sites of Fy. In the casc of beryllium-
induced mhibition. depending on the nitial luoride concen-
tration. ADP-Be: F- and ADP-Be:F; were found 1o be bound
at the nucleotide binding sitc of Fi-ATPasc. These specics
were suggested to mimic the condensed state in the pathway
of ATP svnthesis. Fluorometal complexes representing mter-
mcdiate statc of calalvsis can be widely used for the struc-
tural investigation of many catalvtic pathways nvolving
hydrolysis of nuclcotide, ™12

Other than activity and fluonide concentration relationship.
so far there were no direet experimental approaches for the
Muoromctal complex formation. We investigated the forma-
tion of Nuoroaluminate complexes n vancty of conditions
using 1”F and *'P NMR spcctroscopy.

Experimental Section

NMR spectra and operating conditions. ?F NMR
spectra were obtained at 338.79 MHz. All spectra were
taken with 2.5 ml samplces in a 10 mm diameter tube. A cap-
illary insert containing D-O was used as an internal filed fre-
quency lock. Chemical shift of free fuoride was taken as 00
ppm. All the spectra were obtained at 23 °C using pulsc-and-
collect sequence with 309 pulse and interpulse delay of 0.6
scconds. 3P NMR spectra were obtained at 1237 MHz, All
the spectra were taken with 0.3 mL samples containing 30
ML D=0 in a 5 mm diamcter tube. Chemical shilt of phos-
phoric acid was taken as 0 ppm. All the spectra were
oblained at 25 °C using pulsc-and-collect sequence with 750
pulsc and an intcrpulsc delay of 3 scconds.

Fluoroaluminate complex formation. To a solution of |
mM AICl: in Tris/HCI buffer (pH 7.5). NaF. ADP. and
MgCl- was added from a 500 mM. 100 mM. 500 mM stock
solution. respectively, 2000 scans were collected for cach °F
spectrum,

Results and Discussion

By varving the concentration of NaF at a [ixed concentra-
tion of AICI; (1 mM). the formation of MTuoroaluminaic com-
plexes was investigated. Figure 1 shows '“F specira of
fluoroalumnate complexes formed at 1 mM. 3 mM. and 10
mM NaF. In this fluonide concentration range only two
detectable fluoroaluminate complexes appear at chemical
shifts of -32.7 ppm and -33.7 ppm. YF NMR spectrum at |
mM NaF concentration showed only onc identifiable reso-
nance at -33.7 ppm and a scry liny peak at -32.7 ppm at
-32.7 ppm which is difTicult to differentiate from noisc (Fig-
urc ). As the concentration of fluoride incrcased in the
range of 1 to 10 mM. the relative intensity of the resonance
at -32.7 ppm increased. [n the calculated distribution curve!?
the only specics which keeps increasing as (the concenlration
of NaF mcreascs in the range of 1 to 10 mM is hyvdrated
AlFs which is only a minor specics at | mM NaF. Thus. °F
resonance at -32.7 ppm is likely to be from AlFs-. The com-
parison of calculated distribution curve! and the relative
mtensity change of the resonance at -33.7 ppm also suggesls
that the resonance at -33.7 ppm is likey 1o be from AlF;. or
the sum of AlF;+ AIF(QH)™ in casc '“F NMR spectroscopy
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Figure 1. '°F spectra of fluoroaluminate complex formation in the
ahsence of ADP. To a solution of 1 mM AICl; in Tris/HC] buller
(pll 7.5) Nabt was added from a 300 mM stock solution 1o make
solutions of 1 mM. 5 mM. and 10 mM. "I’ spectra were obtained
from cach solution with pulsc-and-colleet scquence with 50¢ pulse
and interpulse delay ol 0.6 s. 2 K scans were collected for each '7F
spectrum,

could not difterentiate the number of H,O or OH-.

As shown in Figure 2, tluorometal complex formation in
combination with 1 mM ADP caused two more resonances
to appear in '°F spectrum, a large peak at -29.8 ppm and a
tiny peak at -31.6 ppm. Both ""F resonances are presumed to
be from ADP-tluoroaluminate complexes in which AlFy or
AlFz combine with ADP. [n contrast to the appearance of
two ""F resonances which exhibited similar intensities at bio-
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Figure 2. "I spectra of fluoroaluminate complex tormation in the
presence of ADP. To a solution of' 1 mM AICL;. | mM ADP in Tris/
HCI buller (pH 7.5} NaF was added from a 300 mM stock solution
w make solutions of 1 mM. 3 mM. and 10 mM. " spectra were
obtained from cach solution with pulse-and-collect sequence with
50v pulsc and interpulse delay of 0.6 s. 2 K scans were collected for
each 'F spectrum.

Notes

logically active NaF concentration in the absence of ADP
(Figure 1), only one dominant ADP-fluoroaluminate species
(-29.8 PPM) was observed in the whole range of | to 10 mM
NaF in the presence of ADP (Figure 2). This result may sug-
gest the existence of only one biologically active ADP-fluoro-
aluminate complex. The analysis of fluoroaluminate-
induced inhibition of F-ATPase showed the binding stoichi-
ometry of 4 mol fluoride per mol ADP which favour the
complex AlF;~%M Recent x-ray crystallographic analysis of
G protein activated with aluminum fluoride also cleary
showed the binding of complex GDP-AIF,—H,0 to Gg."
Thus, a new large peak at -29.8 ppm appeared following the
addition of 1 mM ADP (Figure 2} may be from ADP-AIF,-.
It is known that ADP is a strong complexing agents that
compete with F- as a ligand.'* However. the comparison of’
Figure | and Figure 2 shows that the presence of ADP rarely
affect the overall equilibria of fluoroaluminate complex for-
mation.

The 'F spectrum of the fluoroaluminate complex in the
presence of MgCls showed two resonances similar to those
in the absence of MgCl; (Figure 3). However, at 10 mM only
a single resonance at an intermediate chemical shift
appeared. suggesting rapid chemical exchange between two
species. In contrast to '°F spectra of fluoroaluminate in the
absence of MgCls, in which the presence of ADP caused two
more resonances to appeat, the addition of ADP in the pres-
ence of MgCls did not show any detectable differences from
the spectra for those without ADP. This result suggests that
the ADP-tluoroaluminate complex in solution may not occur
in the presence of MgCl..

ADP-fluoroaluminate complex formation was also inves-
tigated using *'P NMR spectroscopy {Figure 4). When AICI;
and NaF was added to a solution of ADP, resonances trom
a- and P-phosphate of ADP disappeared and the two new
resonances appeared. These may indicate the formation of
ADP-fluoroaluminate. However, the appearance ot two res-
onances rather than one suggests that tfluoroaluminate com-
plex binds between o~ and B-phosphate of ADP in solution,
rather than at the y-phosphate position observed inside the
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Figure 3. "1 spectra of fluoroaluminate complex formation in the
presence of Mg, To a solution of | mM AICI. | mM MgCl.. (+1
mM ADP} in Tris/HCI bufler (pH 7.5). NaF was added from a 500
mM stock solution 1o make solutions of 1 mM., 3 mM. and 1) mM,
T spectra were obtained from cach solution with pulse-and-
colleet sequence with 50¢ pulse and interpulse delay of 0.6 5. 2 K
scans were collected for each 'F spectrum.
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Figurc 4. *'P spectra of ADPfluoroaluminate complex formation.
P spectra of | mM ADP. | mM ADP + 1 mM AICE — 5 mM NaF
(ADP+ Al+F).and | mM ADP+ 1 mM AICI; — 5 mM NaF + 1
mM Mg (AP | Al - 17 1 Mg) were compared in Tris/HCI buiier
(pl 7.5). ¥'P spectra were obtained trom cach solution with pulse-
and-collect sequence with 759 pulse and interpulse delay of 3. 2K
scans wete collected for each ¥'P spectrum.

protein.'"12 The addition of MgCls to the solution caused
these new resonances to disappear, which supports the
results of 'F NMR spectroscopy showing that ADP-fluoro-
aluminate complex cannot be formed in the presence of
Mg . Mg?" is believed to form much tighter ADP complex
than fluoroaluminate between o and B-phosphate in solu-
tion.

The inhibition of F)-ATPase with fluoride and aluminum
ot beryllium in combination with ADP is known to require
the presence of Mg?' .** As ADP-fluoroaluminate is formed
between - and B-phosphate only in the absence of Mg?' in
solution, the inhibition of F|-ATPase in the presence of
MgCls, seems to be due to a binding of fluoroaluminate
complex, which is isomorphous to phosphate, to a phosphate
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binding region (y-position) of a certain catalytic site at which
ADP already bound independently rather than the binding of
a fluoroaluminate-ADP complex itself to a particular cata-
Iytic site.

Acknowledgment. This work was supported by a grant
No. KOSEF 981-0510-050-2 from the Korea Science and
Engineering Foundation.

References

1. Hewilt, E. J.; Nicholas, D. ). D. In Metabolic inhibitors:
Hocheslter, R. M., Quastrel, J. H., Eds.; Academic Press:
New York, U. S, AL, 1963; Vol. 2, p 31.

2, Stermweis, P. C.; Gilman, A. G. Proc. Natl. Acad, Sei. USA
1982, 79, 4888.

3. Bigay, J.; Deterre, P.; Pfister, C.; Charbre, M. FEBS Lett.
1985, 797, 181.

4. Bigay, J.; Deterre, P.; Pfister, (C.; Charbre, M. EMBO J.
1987, 6, 2607.

5. Carlicr, M. I'.; Didry, D.; Mclki, R.; Chabre, M.; Castcels,
T. Biochemistry 1988, 27, 3555.

6. Combcau, C.; Carlicr, M. F. ./ Biol. Chem. 1988, 27, 17429,

7. Lange. A. ).: Arion, W. J.; Burchell, A.; Burcjell. B. /. Biol.
Chem. 1986, 261, 101.

8. Lunardi, J.: Dupuis, A.; Garin, J.; Issartel, J. P.; Michel, L.
Chabre, M.; Vignais, P. V. Pro¢c. Nail. Acad. Aci. USA
1988. 85, 8938,

9. Dupuis. A,; Issartel, J. P.; Vignais, P. FEBS Lett. 1991,
255, 47.

10. Sondek, J.; Lambright, D. (i.; Neel, J. P; Hamm, H. E.;
Sigler, P. B. Nanure 1994, 372, 276.

11. Rittinger, K.: Walker. P A.: Lecleston, J. 17 Smerdon, S.
J.; Gamblin, S. J. Nature 1997, 389, 758.

12. Schindelin, H.; Kisker, C.; Schlessman, J. L. Howard, J.
B.: Rees. D. C. Nature 1997, 387, 370.

13. Martin, R. B. Biochim. Biophys. Res. Comnum. 1988, 153,
1194,

14, Tsaartel, ). P; Dupuis, A.; Unardi, I.; Vignais, P. V. Bio-
chemistry 1991, 30, 4726,




