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Abstract: Phosphoryl transfer reactions are ubiquitous in biology and metal fluoride complexes have played
a central role in structural approaches to understanding how they are catalyzed. In particular, numerous
structures of AlFx-containing complexes have been reported to be transition state analogs (TSAs). A survey
of nucleotide kinases has proposed a correlation between the pH of the crystallization solution and the
number of coordinated fluorides in the resulting aluminum fluoride TSA complexes formed. Enzyme ligands
crystallized above pH 7.0 were attributed to AlF3, whereas those crystallized at or below pH 7.0 were
assigned as AlF4

-. We use 19F NMR to show that for â-phosphoglucomutase from Lactococcus lactis, the
pH-switch in fluoride coordination does not derive from an AlF4

- moiety converting into AlF3. Instead, AlF4
-

is progressively replaced by MgF3
- as the pH increases. Hence, the enzyme prioritizes anionic charge at

the expense of preferred native trigonal geometry over a very broad range of pH. We demonstrate similar
behavior for two phosphate transfer enzymes that represent typical biological phosphate transfer
catalysts: an amino acid phosphatase, phosphoserine phosphatase from Methanococcus jannaschii and
a nucleotide kinase, phosphoglycerate kinase from Geobacillus stearothermophilus. Finally, we establish
that at near-physiological ratios of aluminum to magnesium, aluminum can dominate over magnesium in
the enzyme-metal fluoride inhibitory TSA complexes, and hence is the more likely origin of some of the
physiological effects of fluoride.

Introduction

The catalysis of phosphoryl transfer reactions ranks extremely
highly in the range of rate accelerations achieved by enzymes.
The spontaneous rate of hydrolysis of phosphate diesters (t1/2 3
× 107 years at 25°C)1 can be compared to an enzyme-catalyzed
diesterasekcat of 95 s-1 (Staphylococcalnuclease) giving a rate
acceleration of 1017, whereas cognate studies on phosphate
monoester hydrolysis have estimated enzyme rate accelerations
achieved by typical monoesterases in the region of 1021.2 A wide
range of methodologies have been applied to characterize and

rationalize such remarkably proficient catalysis.3 Structural
studies have contributed strongly to this effort, in particular with
the advent of data based on transition state analogs (TSAs) in
place of the scissile phosphate. Vanadates have been used in
this role for some years4 and, more recently, metal fluoride
complexes have been introduced.5 Beryllium fluoride complexes
have provided good mimics of tetrahedral metastable phospho-
rylated species,6 while aluminum fluoride (AlFx) complexes7
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have been used widely as TSAs for the phosphoryl transfer
reaction, and are the closest models obtained so far for the
catalytic transition state.

Numerous structures of AlFx-containing TSA complexes of
phosphoryl transfer enzymes have been reported and a survey
of nucleotide kinases8 proposed a correlation between the pH
of the crystallization solution and the number of coordinated
fluorides in the TSA complexes formed. Where the atomic
resolution was adequate, enzymes crystallized in the presence
of Mg2+ above pH 7.0 were observed to contain a central
trigonal planar moiety, attributed to AlF3, while those crystal-
lized at or below pH 7.0, with two exceptions, contained a
central square planar moiety, attributed to AlF4

-. The reason
for the switch in coordination with pH was not resolved, but
was proposed to result either from a change in ionization state
within the complex, suggested to be theâ-phosphate group of
the nucleotide, or from the pH-dependent switch between
different coordination states observed for aluminum hydroxyls
and fluorides in solution.8 However, neither proposal accounts
fully for all the data. For example, the observation of such a
switch from a square planar moiety to a trigonal planar moiety
in a phosphoryl transfer TSA complex has not been limited to
nucleotide kinases and nucleotide phosphatasessthe crystal
structure of phosphoserine phosphatase with AlFx species
revealed an approximately equal population of both square
planar and trigonal planar complexes within the enzyme active
site.9

Our recent analysis by19F NMR of a TSA complex
containing MgF3- in the active site ofâ-phosphoglucomutase
from Lactococcus lactis(â-PGM, EC 5.4.2.6, 25 kDa)10 has
provided a new opportunity to interrogate the geometric switches
in these TSAs of phosphoryl transfer. The phosphoryl transfer
reaction catalyzed by phosphorylatedâ-PGM in the presence
of magnesium ions involves the reversible interconversion of
â-glucose 1-phosphate andâ-glucose 6-phosphate (G6P) via a
â-glucose 1,6-bisphosphate intermediate.11 The reaction is
inhibited by fluoride with an IC50 in the low millimolar range10

owing to the formation of a five-coordinate magnesium atom
with three equatorial fluorine atoms plus two apical oxygen
atoms donated by the C-1 hydroxyl of G6P and OD1 of
Asp8.10,12 This complex is termed here PGM-MgF3-TSA.

Here, we show that the pH-switch in fluoride coordination
derives not from an AlF4- moiety converting into AlF3 but rather
that AlF4

- is progressively replaced by MgF3
- as the pH

increases. Hence, the near-transition state complex prioritizes
anionic charge character over a very broad range of pH at the
expense of geometry (trigonal bipyramidal versus octahedral).
Furthermore, many of the physiological effects of elevated levels
of fluoride have been associated with enzymes for which
aluminum fluoride species could act as inhibitors.13 However,
the demonstration of stable TSA complexes containing mag-

nesium fluoride forâ-PGM10 and for RhoA.GDP/RhoGAP,14

brings into question whether fluoride inhibition of physiologi-
cally important enzymes has an alternative origin in vivo where
the more abundant Mg2+ ions might out-compete Al3+ ions in
TSA complexes. Given the accessibility ofâ-PGM to19F NMR
observation of metal fluoride complex species, we have also
used this enzyme to study the competition between the
aluminum fluoride and magnesium fluoride TSA species.

Results

PGM-MgF3-TSA Is Converted into an AlF4
- Containing

TSA by the Addition of Al 3+. The19F NMR spectrum of PGM-
MgF3-TSA shows three19F resonances (FA ) -147, FB )
-152, FC ) -159 ppm), present in a 1:1:1 ratio that is also
stoichiometric with â-PGM concentration (Figure 1a), as
previously reported.10 The presence of well-resolved peaks
indicates that there are three distinct sites for fluoride binding
in the complex, and each is occupied with a lifetime well in
excess of 10 s, as determined by the lack of saturation transfer
between19F resonances following selective irradiation of each
resonance.10 Eleven NOEs from the three fluorides to the
backbone amide protons ofâ-PGM define the MgF3- moiety
stabilized in the active site as having trigonal planar geometry.10

On addition of Al3+ to PGM-MgF3-TSA, four new 19F
resonances (FB ) -130,FA ) -137,FD ) -141,FC ) -144
ppm) appear simultaneously with a 1:1:1:1 ratio (Figure 1c)
consistent with the formation of a TSA complex comprising
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H. Proc. Natl. Acad. Sci. U.S.A.2006, 103, 14732-14737.
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Marsh, M.; Rittinger, K.; Smerdon, S. J.; Gamblin, S. J.; Eccleston, J. F.
Chem. Biol.2002, 9, 375-381.
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Figure 1. 19F NMR spectra of PGM-MgF3-TSA and PGM-AlF4-TSA
complexes at pH 7.2. (a) PGM-MgF3-TSA showing MgF3- (FA ) -147,
FB ) -152,FC ) -159 ppm) and free F- at -119 ppm. (b) (H2O)2AlF4

-

and (HO)AlF3
- species (AlFx species) at-154 ppm in fast exchange15 for

the components of PGM-AlF4-TSA (5 mM MgCl2, 10 mM NH4F and 1
mM AlCl3 in 50 mM K+ HEPES buffer) in the absence ofâ-PGM. (c)
PGM-AlF4-TSA showing AlF4

- (FB ) -130, FA ) -137, FD ) -141,
FC ) -144 ppm) and AlFx at -154 ppm. (d) The addition of sub-
stoichiometric Al3+ to PGM-MgF3-TSA results in a mixture of PGM-MgF3-
TSA and PGM-AlF4-TSA complexes. (e) PGM-MgF3-TSA cannot be
recovered from PGM-AlF4-TSA even in the presence of 500 mM MgCl2

and 100 mM NH4F. Excess Mg2+ in solution associates with free F-

resulting in the peak at-119 ppm being broadened beyond detection.
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AlF4
-, G6P andâ-PGM (PGM-AlF4-TSA). There is a con-

comitant loss of the three peaks arising from PGM-MgF3-TSA.
With a sub-stoichiometric addition of Al3+ to PGM-MgF3-TSA
(Figure 1d), a mixture of both PGM-MgF3-TSA and PGM-AlF4-
TSA exists with the proportion of PGM-AlF4-TSA being
determined by the amount of Al3+ added. With an above
stoichiometric addition of Al3+, no19F resonances for the MgF3

-

moiety are observed. The concerted simultaneous appearance
and disappearance of separate sets of19F resonances for PGM-
AlF4-TSA and for PGM-MgF3-TSA respectively, indicate that
assembly and disassembly of the TSA components in the
â-PGM active site occurs without significant population of
intermediates. Additionally, and as for PGM-MgF3-TSA, the
four fluoride sites of PGM-AlF4-TSA are distinct, are not
rotationally averaged and are occupied with a lifetime well in
excess of 10 s.

The PGM-AlF4-TSA Complex Is Dominant at Physiologi-
cal Mg2+/Al3+ Ratios. In order to test whether the physiological
consequences of elevated fluoride concentrations are more likely
to result from inhibition through the formation of PGM-AlF4-
TSA or PGM-MgF3-TSA, we explored the ability of Mg2+ to
displace the PGM-AlF4-TSA complex. The physiological con-
centrations of Al3+ appear not to be strongly regulated within
cells, and basal concentrations tend to reflect serum concentra-
tions, which in turn reflect the local water supply. This places
cellular Al3+ concentrations in the range 1-10µM, while Mg2+

concentrations tend to fall in the range 1-10 mM.16 Allowing
for the limitations of recording19F NMR spectra ofâ-PGM at
elevated Mg2+ concentrations, it was possible to test the
competition between the two metal fluoride complexes in the
presence of an excess of Mg2+ over Al3+ up to 500-fold. Under
these conditions, PGM-AlF4-TSA remains the only species
measurably populated (Figure 1e), indicating that at least in the
case ofâ-PGM, PGM-AlF4-TSA is the dominant complex at
25°C and neutral pH, even accounting for the large molar excess
of Mg2+ present in cells.

Chemical Shift Differences between PGM-MgF3-TSA and
PGM-AlF 4-TSA Map to Active Site Loops. The backbone
amide proton and nitrogen chemical shifts obtained from the
resonance assignment procedure were used to obtain chemical
shift changes (∆δ) on switching from PGM-MgF3-TSA to PGM-
AlF4-TSA (Figure 2). Overall, the observed changes are small,
but moderately widespread. The lack of chemical shift changes
for most of the residues ofâ-PGM indicates that the backbone
scaffolding regions for PGM-AlF4-TSA remain very similar to
the X-ray structure determined for PGM-MgF3-TSA17 (PDB
accession code 1O08). Five segments of residues that exhibit
measurable∆δ (F7-H20, K45-S52, A113-N118, D137-K145
and L168-A177) map to regions ofâ-PGM directly involved
in substrate and metal fluoride binding (Figure 2). Two further
segments with measurable∆δ (D149-H156 and S205-T208) are
adjacent to the catalytic site. The observed effects are small
enough to arise from subtle alterations in bond lengths and
angles of the hydrogen bond network demanded as a square
planar AlF4

- moiety replaces the trigonal planar MgF3
- moiety.

The two hinge regions between the cap and the core domains
(T14-D15 and V92-Y93)18 also show small∆δ, indicating that

the two metal fluoride complexes are adopting similar closed
conformations. Hence, there is no evidence for substantial
conformational change. Using TALOS,19 φ and ψ dihedral
angles were predicted from the chemical shift values obtained
for PGM-MgF3-TSA and PGM-AlF4-TSA and were compared
to the dihedral angles calculated from the PGM-MgF3-TSA
structure. For both PGM-MgF3-TSA and PGM-AlF4-TSA, the
predicted values ofφ andψ for each residue were equivalent
to those of the crystal structure within the errors of the TALOS
calculation and no systematic correlation exists between changes
in dihedral angle values and large∆δ.

(16) Martin, R. B.Clin. Chem.1986, 32, 1797-1806.
(17) Lahiri, S. D.; Zhang, G.; Dunaway-Mariano, D.; Allen, K. N.Science2003,

299, 2067-2071.

(18) Lahiri, S. D.; Zhang, G.; Dunaway-Mariano, D.; Allen, K. N.Biochemistry
2002, 41, 8351-8359.

(19) Cornilescu, G.; Delaglio, F.; Bax, A.J. Biomol. NMR1999, 13, 289-302.

Figure 2. (a) Histogram of the residue specific chemical shift changes on
switching from PGM-MgF3-TSA to PGM-AlF4-TSA. Absolute chemical
shift changes (∆δ) were calculated using the following equation:∆δ )
[(δHNMgF3-TSA - δHNAlF4-TSA)2 + (C(δNMgF3-TSA - δNAlF4-
TSA))2]1/2, whereδHN ) chemical shift of the backbone amide proton,δN

) chemical shift of the backbone amide nitrogen andC ) 0.12 for the
rescaling of theδN values. The residue segments that exhibit significant
∆δ are involved directly in substrate and metal fluoride binding (F7-H20,
K45-S52, A113-N118, D137-K145, and L168-A177) or are more peripheral
to the catalytic site (D149-H156 and S205-T208). The arrows and bars
representâ-strands andR-helices labeled sequentially. (b) The PGM-MgF3-
TSA complex with residues colored according to∆δ. Residues with large
∆δ values (∆δ > 0.1 ppm) are colored red and map almost exclusively to
the active site loops, and residues with smaller∆δ values (0.1 ppmg ∆δ
> 0.05 ppm) are colored orange. The side chain of the catalytic residue
Asp8 is shown as a wireframe and G6P is colored blue. The two Mg2+

ions and the three F- ions in the active site are depicted as green and cyan
spheres, respectively, with the trigonal planar MgF3

- moiety positioned to
the left and the bound Mg2+ cofactor required for catalytic activity positioned
to the right.
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Assignment of NOEs between Fluoride and Amide Pro-
tons in PGM-AlF4-TSA. Selective irradiation of each of the
four fluoride resonances in the PGM-AlF4-TSA complex
established the existence of different{19F}1H-NOE distributions
between the fluorides and the backbone amide protons of
â-PGM. Resolution of the amide proton resonances involved
in these NOEs was achieved using selective{19F}1H,15N-HSQC
NOE difference spectra10 of 2H,15N-labeledâ-PGM in the PGM-
AlF4-TSA complex (Figure 3). Identification of the amide proton
partners for a total of 38{19F}1H-NOEs was accomplished
following the assignment of the1H,15N peaks in a 2D1H,15N-
TROSY spectrum. The 38 NOEs identified were employed as
restraints to move four fluorides into the closed conformation
of â-PGM17 (PDB accession code 1O08) from random starting
coordinates using standard solution structure determination
procedures within the program CNS.20 The small changes in
chemical shift observed and the TALOS analysis performed
indicate that the backbone coordinates ofâ-PGM in the crystal
structure of the PGM-MgF3-TSA complex are appropriate for
the NOE directed docking of four fluorides into the active site
and generation of the PGM-AlF4-TSA structure.

The resulting positional distribution of the fluorides confirmed
that the PGM-AlF4-TSA complex consists of four fluorides
coordinated in a square planar arrangement around a central
Al3+ positioned in the active site (Figure 4). Compared with
the PGM-MgF3-TSA complex, fluorideFA occupies a similar
position in both structures and is hydrogen bonded by L9 and
D10 backbone amide protons and the side chain hydroxyl group
of S114. FluorideFB is located closer to the backbone NH group
of S116 in the PGM-AlF4-TSA structure. FluorideFC, which
is diametrically opposite fluorideFB in the square planar
arrangement, still fulfils the role of the bridging fluoride to the
catalytic Mg2+ ion and fluorideFD is positioned diametrically
opposite fluorideFA.

PGM-AlF 4-TSA Spontaneously Converts into PGM-MgF3-
TSA at High pH. To address how solution pH influences the
number of coordinated fluorides in theâ-PGM aluminum
fluoride TSA complexes,19F NMR spectra were recorded for
â-PGM in the presence of Al3+, Mg2+, G6P, and F- over the
pH range 6.6- 9.4 (Figure 5). The peak at-154 ppm
corresponds to resonances of (H2O)2AlF4

- and (HO)AlF3
- (AlFx

species), which are in fast exchange and are unresolved under
these conditions.15 The signal for free AlFx disappears by pH
7.8, as aluminum hydroxide species become dominant. The
remaining peaks show that PGM-AlF4-TSA is the only species
detectable in solution below pH 8.2. Between pH 8.6 and 9.4,
the population of PGM-AlF4-TSA gradually decreases until its
four 19F peaks become undetectable. There are no chemical shift
changes for these resonances, indicating that the charge distribu-
tion within the active site is retained throughout. The decrease
in PGM-AlF4-TSA resonances is exactly mirrored by an increase
in the population of a second species characterized by three
distinct 19F resonances (-147,-152,-159 ppm), present in a
1:1:1 ratio, which becomes the exclusive complex observable
in solution at pH 9.4. The three resonances of the second species
are identical in chemical shift, intensity and line shape to those
present in equivalent samples prepared in the absence of Al3+.
Thus, they result from the population of the PGM-MgF3-TSA
complex.

It is noteworthy that chemical shift changes also do not occur
for 19F resonances of PGM-MgF3-TSA over the entire pH range
tested. This indicates that there is no change in protonation state
of any titratable residue and hence the charge distribution within
the active site is retained throughout (Figure 5). The identity of
the second species populated at high pH is further supported
by equilibrating PGM-AlF4-TSA at pH 9.4 before reducing it
to pH 7.0. Here, a mixture of PGM-AlF4-TSA and the second
species (PGM-MgF3-TSA) coexist at pH 7.0, since there is
insufficient Al3+ available for the exclusive formation of PGM-
AlF4-TSA. At basic pH values (with 10 mM F-) Al3+

irreversibly precipitated, most likely as Al(OH)3 and Al(OH)2H2-
PO4 species.16,21 Inorganic phosphate (1-5 mM) was present
in the NMR solutions as a result of the hydrolysis of phospho-
rylatedâ-PGM formed during the uninhibited reaction with G6P.
Further addition of Al3+ to the mixture of PGM-MgF3-TSA and
PGM-AlF4-TSA complexes restored PGM-AlF4-TSA and free
AlFx as the only species observable in solution.

No Evidence for AlF3 Containing TSA Complexes in
Other Phosphoryl Transfer Enzymes.In order to establish
whether the absence of an AlF3 containing TSA complex was
a particular (and unusual) property ofâ-PGM, we examined
the aluminum fluoride TSA complexes of phosphoserine phos-
phatase fromM. jannaschii(PSP, EC 3.1.3.3, 24 kDa). PSP
was chosen following a report that both AlF4

- containing TSA
and AlF3 containing TSA complexes were present simulta-
neously in crystals of PSP grown at pH 7.5.9 At pH 6.4, 1D19F
NMR spectra showed that the predominantly populated species
was PSP-AlF4-TSA with four 19F resonances present (F1 )
-133,F2 ) -134,F3 ) -141, andFC ) -149 ppm) (Figure
6). The resonance at-149 ppm was assigned as the bridging
fluoride to the catalytic Mg2+ ion on account of its narrower
line width and upfield chemical shift. At pH values above 8.8,

(20) Brunger, A. T.; Adams, P. D.; Clore, G. M.; Delano, W. L.; Gros, P.;
Grosse-Kunstleve, R. W.; Jiang, J.-S.; Kuszewski, J.; Nilges, M.; Pannu,
N. S.; Read, R. J.; Rice, L. M.; Simonson, T.; Warren, G. L.Acta.
Crystallogr.1998, D54, 905-921.

(21) Strunecka´, A.; Strunecky´, O.; Patocˇka, J. Physiol. Res.2002, 51, 557-
564.

Figure 3. (a) Regions of the 2D frequency selective{19F}1H,15N-HSQC
NOE difference spectra of the PGM-MgF3-TSA complex showing NOEs
between fluoridesFA, FB, andFC of the MgF3

- moiety and four backbone
amide protons from residues L9, D10, A115, and S116 ofâ-PGM. For
each region, the HN axis (x-axis) range is 0.2 ppm and the N axis (y-axis)
range is 1.0 ppm. (b) Regions of the 2D frequency selective{19F}1H,15N-
HSQC NOE difference spectra of the PGM-AlF4-TSA complex showing
NOEs between fluoridesFB, FA, FD, andFC of the AlF4

- moiety and four
backbone amide protons from residues L9, D10, A115, and S116 ofâ-PGM.
For each region, the HN axis (x-axis) range is 0.2 ppm and the N axis
(y-axis) range is 0.8 ppm.
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a trifluoride species became observable with three19F resonances
(F1 ) -141,F2 ) -144, andFC ) -176 ppm) and by pH 9.2
the trifluoride became the only species detectable. As in the
case ofâ-PGM, the trifluoride species was confirmed to be PSP-
MgF3-TSA, and not PSP-AlF3-TSA, by comparison of19F
chemical shifts to equivalent complexes prepared with the
exclusion of Al3+. As noted previously, the chemical shifts of
the19F resonances of both PSP-MgF3-TSA and PSP-AlF4-TSA
complexes were not affected markedly by pH, indicating that
the environment of the active site was again strongly resistant
to change.

Finally, to establish whether nucleotide kinases show similar
behavior to these non-nucleotide kinases, we repeated the pH
titration with phosphoglycerate kinase fromG. stearothermo-
philus (PGK, EC 2.7.2.3, 43 kDa). For PGK, a population of
the PGK-MgF3-TSA complex containing 3-phosphoglycerate
and ADP was not detectable in solution, implying that the
hydrogen bond donors in the active site are unable to stabilize
the formation of the MgF3- moiety. However, on addition of
Al3+ to the solution detailed above, a PGK-AlF4-TSA complex
was formed with four19F resonances (F1 ) -136,F2 ) -139,
F3 ) -142, andFC ) -147 ppm) (Figure 7). The resonance at
-147 ppm was assigned as for PSP to the bridging fluoride to
the catalytic Mg2+ ion. On raising the pH to 8.4, the19F

Figure 4. Structural comparison of theâ-PGM metal fluoride TSAs (a) PGM-MgF3-TSA.10 (b) PGM-AlF4-TSA. The four enzyme-bound fluorides were
docked according to the 38 NOEs to the backbone amide protons. The protein structure17 (PDB accession code 1O08) was used as a template and the
fluorides were docked as described previously.10

Figure 5. pH titration of the PGM-AlF4-TSA complex monitored by19F
NMR. (a) pH 6.6 andFB ) -130, FA ) -137, FD ) -141, andFC )
-144 ppm (b) pH 7.0 (c) pH 7.4 (d) pH 7.8 (e) pH 8.2 (f) pH 8.6 (g) pH
9.0 (h) pH 9.4 (i) pH 7.0 (j) following addition of a further 0.5 mM AlCl3

at pH 7.0 (k) PGM-MgF3-TSA at pH 7.2 andFA ) -147,FB ) -152, and
FC ) -159 ppm.

Figure 6. pH titration of the PSP-AlF4-TSA complex monitored by19F
NMR. (a) pH 6.4 andF1 ) -133, F2 ) -134, F3 ) -141, andFC )
-149 ppm (b) pH 7.2 (c) pH 8.0 (d) pH 8.8 (e) pH 9.2 (f) PSP-MgF3-TSA
at pH 6.4 andF1 ) -141, F2 ) -144, andFC ) -176 ppm. The19F
resonances at-154 ppm correspond to unbound AlFx species and those
between-160 and-170 ppm correspond to other non-proteinaceous metal
fluorides.
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resonances of the PGK-AlF4-TSA complex did not change
chemical shift significantly, but a decrease in intensity occurs
between pH 8.0 and 8.4, similarly to the behavior of PGM-
AlF4-TSA and PSP-AlF4-TSA complexes. Again, no evidence
of a PGK-AlF3-TSA complex was found.

Discussion

As observed for other phosphoryl transfer enzymes, the
addition of Al3+ and fluoride toâ-PGM in the presence of
substrate (G6P) leads to the formation of a closed protein
conformation around a metal fluoride TSA complex. The NMR
spectra clearly establish that, in this case, the metal fluoride
moiety is AlF4

-. The protein conformation determined for the
PGM-MgF3-TSA is largely retained, except for the expected
change from a trigonal planar to a square planar arrangement
of the metal fluoride moiety, as observed for RhoA.GDP/
Rho.GAP metal fluoride TSA complexes.7a,14b When treated
equivalently, PSP and PGK also make closed TSA complexes
containing AlF4

-. Despite the difference in AlF4- geometry from
that of the transferring phosphoryl group, the fluorides do not
show rotational averaging, i.e., their positions are fixed for times
in excess of seconds. Hence the individual fluorides are held
tightly. While either of the PGM-MgF3-TSA or PGM-AlF4-
TSA complexes can be the more populated species in solution
under appropriate conditions, the PGM-MgF3-TSA complex
cannot be detected in the presence of stoichiometric levels of
Al3+ even when Mg2+ is in a molar excess of 500:1. Hence, it
is more likely that any physiological effects of enzyme inhibition
by metal fluorides are the result of aluminum fluoride species.

The above results could be interpreted as the active site of
â-PGM being better suited to the square planar arrangement of
AlF4

- rather than to the trigonal planar arrangement of MgF3
-.

Monomeric metaphosphate, PO3
-, is both trigonal and anionic,

and MgF3
- is an isoelectronic and isosteric analog. MgF3

- has
a formal negative charge as has AlF4

-, but its trigonal geometry
is close to that ascribed to AlF3 in protein complexes.8 However,
this is not established by the data, owing to the differences in
both the metal bond strengths to the apical ligands and the
availability of these species in aqueous solution. For example,
AlF4

- is readily observed in solution in the absence of enzyme
(Figure 1) making it a significant AlFx species at a fluoride
concentration of 10 mM.22 By contrast, MgF3- is not observable
(MgF+ is the dominant magnesium fluoride species at 278 K)10

and conservative estimates from the formation constants for
MgF+ (â1 ) 50 M-1) and MgF2 (â2 < 1.6 × 103 M-2)23 and
an approximate value ofâ3 < 5 × 104 M-3, place the
concentration of MgF3- to be <80 µM under the conditions
used here.

For both PGM-MgF3-TSA and PGM-AlF4-TSA complexes,
the environment in which the metal fluoride is bonded is highly
resilient to changes in pH.19F NMR resonances are extremely
sensitive to perturbations in the environment of the19F nuclei,
yet the fluoride chemical shifts are constant throughout the pH
range examined. In contrast to the previous view that the
proposed AlF4 to AlF3 switch8 may result from the active site
of some phosphoryl transfer enzymes having to accommodate
moieties with pKa’s close to neutrality, in the cases ofâ-PGM,
PSP, and PGK the charge distributions within the TSA complex
active sites are not influenced by ionizations over a very broad
pH range. Hence, the observed switch in metal fluoride geometry
from square planar to trigonal planar with increasing pH arises
from a completely different source. As the pH is increased, the
geometry of aqueous aluminum fluoride species changes from
octahedral aluminum fluoride (and aluminum fluoride/hydroxide
mixed species) to tetrahedral aluminum hydroxide resulting from
the displacement of fluoride ions by the cooperative nature of
hydroxide ion binding.15a,16,24This causes the concentration of
aluminum fluoride to fall below that of the enzyme, allowing
the formation of a MgF3- transition state analog complex in
the active site. Here, we show that the pH-switch in fluoride
coordination derives not from an AlF4

- moiety converting into
AlF3 but rather that AlF4- is progressively replaced by MgF3

-

as the pH increases. These observations reinforce two conclu-
sions. First, the charge on the metal fluoride species dominates
over its geometry in determining the preferred mode of binding
since AlF4

- out-competes AlF3. Second, there is no evidence
for any population of AlF3 containing transition state analogs
for these three enzymes. Therefore, it follows14a that several, if
not a majority, of the high-pH AlF3 transition state analog
complexes reported for nucleotide kinases, should be treated
with caution.

Materials and Methods

NMR Methods. Unlabeled,2H,15N-labeled and2H,13C,15N-labeled
â-PGM was expressed and purified as detailed previously.10 The PGM-
MgF3-TSA samples for NMR analysis (600µL) contained 0.5 mM
â-PGM, 10 mM G6P, 5 mM MgCl2, 10 mM NH4F, 2 mM NaN3 in 50
mM K+ HEPES buffer (pH 7.2) and 15% v/v D2O. The PGM-AlF4-
TSA samples were prepared by adding AlCl3 to a concentration of<3
mM to the PGM-MgF3-TSA samples defined above. Uniformly15N,13C-

(22) Hefter, G.; Bodor, A.; To´th, I. Aust. J. Chem.2000, 53, 625-626.
(23) Fovet, Y.; Gal, J.-Y.Talanta2000, 53, 617-626.
(24) Martin, R. B.Coord. Chem. ReV. 1996, 141, 23-32.

Figure 7. pH titration of the PGK-AlF4-TSA complex monitored by19F
NMR. (a) pH 7.6 andF1 ) -136, F2 ) -139, F3 ) -142, andFC )
-147 ppm (b) pH 8.0 (c) pH 8.4 (d) pH 8.8 (e) putative PGK-MgF3-TSA
at pH 7.6. The19F resonances at-154 ppm correspond to unbound AlFx

species and those between-160 and-170 ppm correspond to other non-
proteinaceous metal fluorides.
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labeled PSP was expressed and purified as detailed previously.9 The
PSP-MgF3-TSA sample for the NMR experiments (200µL in a Shigemi
tube) contained 0.5 mM PSP, 10 mM MgCl2, 6 mM NH4F, 1 mM
NaN3, 2 mM TCEP, 0.1 mM EDTA, and 10% v/v D2O at pH 6.4. The
PSP-AlF4-TSA sample was prepared by adding 3 mM AlCl3 to the
PSP-MgF3-TSA sample detailed above. Uniformly15N-labeled PGK
was expressed and purified as detailed previously.25 The putative PGK-
MgF3-TSA sample for the NMR experiments (500µL) contained 0.25
mM PGK, 10 mM 3-phosphoglycerate, 5 mM ADP, 5 mM MgCl2, 10
mM NH4F, 1 mM NaN3 2.5 mM DTT in 50 mM TEA buffer (pH 7.6)
and 10% v/v D2O. The PGK-AlF4-TSA sample was prepared by adding
1 mM AlCl3 to the PGK-MgF3-TSA sample detailed above.

Backbone resonance assignments (HN, N, Câ, and C′) for PGM-
AlF4-TSA (with 1 mM 2H,13C,15N-labeledâ-PGM) were obtained by
comparison with PGM-MgF3-TSA backbone resonance assignments
using data from 2D15N-TROSY, 3D TROSY HN(COCA)CB and 3D
TROSY HNCO spectra acquired on a Bruker Avance 600 MHz
spectrometer equipped with a 5-mm1H/15N/13C/2H cryoprobe and pulse-
field z-gradients. The data were acquired, processed, and analyzed as
previously detailed.10,25 The 1D19F NMR spectra were recorded on a

Bruker Avance 500 MHz spectrometer equipped with a 5 mmdual
1H/19F probe. Typically, 1500 transients were acquired over a spectral
width of 100 ppm with the carrier frequency set to-140 ppm. The 2D
frequency selective{19F}1H,15N-HSQC NOE difference spectra of
PGM-AlF4-TSA (sample prepared as above with 1 mM2H,15N-labeled
â-PGM, 14 mM G6P and 2 mM AlCl3) were acquired on a Bruker
Avance 600 MHz spectrometer equipped with a1H/15N/19F probe and
z-axis gradients. Selective19F irradiation was achieved with a continuous
wave at a power level of 40 dB applied over the 1 s recycle delay and
the solvent signal was minimized with water flip-back pulses. The
spectra were acquired as five interleaved1H,15N-HSQC experiments
with defined selective irradiation frequencies of-131, -138, -141,
and-145 ppm and one at an off-resonance position. Proton chemical
shifts were referenced relative to internal DSS at 0.0 ppm.15N, 13C,
and19F chemical shifts were calculated indirectly using the following
gyromagnetic ratios:15N/1H ) 0.101329118,13C/1H ) 0.251449530,
and 19F/1H ) 0.940940080. All spectra were recorded at 25°C. The
NMR chemical shifts have been deposited in the BioMagResBank,
www.bmrb.wisc.edu, accession code 15467.
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