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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 AlF,-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 AlFs, whereas those crystallized at or below pH 7.0 were
assigned as AlF,~. We use °F NMR to show that for -phosphoglucomutase from Lactococcus lactis, the
pH-switch in fluoride coordination does not derive from an AlF,~ moiety converting into AlFs. Instead, AlF,~
is progressively replaced by MgFs;~ 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 rationalize such remarkably proficient cataly3iStructural
studies have contributed strongly to this effort, in particular with
The catalysis of phosphoryl transfer reactions ranks extremely the advent of data based on transition state analogs (TSASs) in
highly in the range of rate accelerations achieved by enzymes.place of the scissile phosphate. Vanadates have been used in
The spontaneous rate of hydrolysis of phosphate diegigr8 ( this role for some yeatsand, more recently, metal fluoride
x 107 years at 25C)! can be compared to an enzyme-catalyzed complexes have been introducegeryllium fluoride complexes
diesterasé,;0f 95 s (Staphylococcahuclease) giving arate  have provided good mimics of tetrahedral metastable phospho-
acceleration of 19, whereas cognate studies on phosphate rylated specie&,while aluminum fluoride (AlR) complexe$
monoester hydrolysis have estimated enzyme rate accelerations
achieved by typical monoesterases in the region 2.8 wide (3) Cleland, W. W.; Hengge, A. Chem. Re. 2006 106 3252-3278.

. . . (4) Davies, D. R.; Hol, W. G. JFEBS Lett.2004 577, 315-321.
range of methodologies have been applied to characterize and (s) (a) wittinghofer, A.Curr. Biol. 1997 7, R682-R685. (b) Chabre, M.

Trends Biochem. Scl99Q 15, 6—10. (c) Thompson, P. R.; Cole, P. A.
Proc. Natl. Acad. Sci. U.S.2001, 98, 8170-8171. )
T Department of Molecular Biology and Biotechnology, University of ~ (6) (&) Cho, H.; Wang, W.; Kim, R.; Yokota, H.; Damo, S.; Kim, S.-H.;

Sheffield. Wemmer, D.; Kustu, S.; Yan, DRroc. Natl. Acad. Sci. U.S.2001, 98,
*Centre of Chemical Biology, Department of Chemistry, University of 8525-8530. (b) Kagawa, R.; Montgomery, M. G.; Braig, K.; Leslie, A.
Sheffield. G. W.; Walker, J. EEMBO J.2004 23, 2734-2744.

(7) (a) Rittinger, K.; Walker, P. A.; Eccleston, J. F.; Smerdon, S. J.; Gamblin,

§ Bruker BioSpin GmbH. S. J.Nature 1997, 389, 758-762. (b) Scheffzek, K.; Ahmadian, M. R.;

"' Department of Biochemistry, University of Cambridge. Kabsch, W.; Wiesriiler, L.; Lautwein, A.; Schmitz, F.; Wittinghofer, A.
+ Department of Chemistry, University of California. Sciencel997, 277, 333—-338. (c) Xu, Y.-W.; Morera, S.; Janin, J.; Cherfils,
(1) Schroeder, G. K.; Lad, C.; Wyman, P.; Williams, N. H.; Wolfenden, R. J. Proc. Natl. Acad. Sci. U.S.AL997 94, 3579-3583. (d) Nassar, N.;
Proc. Natl. Acad. Sci. U.S.£006 103 4052-4055. Hoffman, G. R.; Manor, D.; Clardy, J. C.; Cerione, R.Mat. Struct. Biol.
(2) Lad, C.; Williams, N. H.; Wolfenden, RProc. Natl. Acad. Sci. U.S.A. 1998 5, 1047-1052. (e) Menz, R. I.; Walker, J. E.; Leslie, A. G. Well
2003 100, 5607-5610. 2001, 106, 331—341.
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have been used widely as TSAs for the phosphoryl transfer \H
reaction, and are the closest models obtained so far for the ““
catalytic transition state. ‘
Numerous structures of Ajfeontaining TSA complexes of
phosphoryl transfer enzymes have been reported and a survey
of nucleotide kinasésproposed a correlation between the pH e
of the crystallization solution and the number of coordinated |
fluorides in the TSA complexes formed. Where the atomic ‘\ O 1
resolution was adequate, enzymes crystallized in the presence 2
of Mg?+ above pH 7.0 were observed to contain a central ;‘
trigonal planar moiety, attributed to AdFwhile those crystal- A oL
lized at or below pH 7.0, with two exceptions, contained a -
central square planar moiety, attributed to AlFThe 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 thighosphate group of
the nucleotide, or from the pH-dependent switch between
different coordination states observed for aluminum hydroxyls
and fluorides in solutio8.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 phosphatates crystal Fc = —144 ppm) and Al at —154 ppm. (d) The addition of sub-
structure of phosphoserine phosphatase withAdpecies stoichiometric AF to PGM-MgFs-TSA results in a mixture of PGM-MgF
revealed an approximately equal population of both square TSA and PGM-AlR-TSA complexes. (€) PGM-MgFTSA cannot be

| d tri Lol | ithin th ti recovered from PGM-AIFTSA even in the presence of 500 mM MgCl
p.?ngar and trigonal pianar compiexes within theé enzyme aclivé 5,4 100 mm NHF. Excess Mg in solution associates with free™F
Site:

resulting in the peak at119 ppm being broadened beyond detection.
Our recent analysis by°®F NMR of a TSA complex

containing Mgk~ in the active site of3-phosphoglucomutase  nesium fluoride for3-PGM and for RhoA.GDP/RhoGAP!
from Lactococcus lactigs-PGM, EC 5.4.2.6, 25 kD& has brings into question whether fluoride inhibition of physiologi-
provided a new opportunity to interrogate the geometric switches cally important enzymes has an alternative origin in vivo where
in these TSAs of phosphoryl transfer. The phosphoryl transfer the more abundant Mg ions might out-compete At ions in
reaction catalyzed by phosphorylat8ePGM in the presence  TSA complexes. Given the accessibility#PGM to°F NMR

of magnesium ions involves the reversible interconversion of observation of metal fluoride complex species, we have also
B-glucose 1-phosphate apidglucose 6-phosphate (G6P) viaa used this enzyme to study the competition between the
B-glucose 1,6-bisphosphate intermedidteThe reaction is aluminum fluoride and magnesium fluoride TSA species.
inhibited by fluoride with an 16 in the low millimolar rang&®
owing to the formation of a five-coordinate magnesium atom

i
|

R

SR

-160.0

-120.0 -140.0

ppm

Figure 1. 19F NMR spectra of PGM-MgETSA and PGM-AIR-TSA
complexes at pH 7.2. (a) PGM-MgH SA showing Mgk~ (Fa = —147,
Fg = —152,Fc = —159 ppm) and free Fat —119 ppm. (b) (HO)-AlIF4~
and (HO)AIR;~ species (Al species) at-154 ppm in fast exchanéefor
the components of PGM-AFTSA (5 mM MgCh, 10 mM NHF and 1
mM AICI3 in 50 mM Kt HEPES buffer) in the absence fPGM. (c)
PGM-AIF,-TSA showing AlR~ (Fg = —130,Fa = —137,Fp = —141,

Results

with three equatorial fluorine atoms plus two apical oxygen
atoms donated by the C-1 hydroxyl of G6P and OD1 of
Asp81012This complex is termed here PGM-MgFSA.

Here, we show that the pH-switch in fluoride coordination

PGM-MgF3-TSA Is Converted into an AlF,~ Containing
TSA by the Addition of Al 3", The®F NMR spectrum of PGM-
MgF3-TSA shows three”F resonancesFy = —147,Fg =
—152,Fc = —159 ppm), present in a 1:1:1 ratio that is also

derives not from an AlfF moiety converting into Algbut rather stoichiometric with 5-PGM concentration (Figure l1a), as
that AlR,~ is progressively replaced by MgF as the pH previously reported® The presence of well-resolved peaks
increases. Hence, the near-transition state complex prioritizesindicates that there are three distinct sites for fluoride binding
anionic charge character over a very broad range of pH at thein the complex, and each is occupied with a lifetime well in
expense of geometry (trigonal bipyramidal versus octahedral). excess of 10 s, as determined by the lack of saturation transfer
Furthermore, many of the physiological effects of elevated levels between'% resonances following selective irradiation of each

of fluoride have been associated with enzymes for which
aluminum fluoride species could act as inhibitbt$lowever,

the demonstration of stable TSA complexes containing mag-

(8) Schlichting, I.; Reinstein, Nat. Struct. Biol.1999 6, 721-723.

(9) Wang, W.; Cho, H. S.; Kim, R.; Jancarik, J.; Yokota, H.; Nguye, H. H.;
Grigoriev, I. V.; Wemmer, D. E.; Kim, S.-Hl. Mol. Biol.2002 319 421~
431.

(10) Baxter, N. J.; Olguin, L. F.; Goliuk, M.; Feng, G.; Hounslow, A. M.;
Bermel, W.; Blackburn, G. M.; Hollfelder, F.; Waltho, J. P.; Williams, N.
H. Proc. Natl. Acad. Sci. U.S.£2006 103 14732-14737.

(11) (a) Qian, N.; Stanley, G. A.; Hahn-Herdal, B.; Radstm, P.J. Bacteriol.
1994 176, 5304-5311. (b) Qian, N.; Stanley, G. A.; Bunte, A.; Radstro
P. Microbiol. 1997, 143 855-865.

(12) Blackburn, G. M.; Williams, N. H.; Gamblin, S. J.; Smerdon, SSclence
2003 301, 1184c.

(13) Li, L. Crit. Rev. Oral Biol. Med.2003 14, 100-114.

resonancé? Eleven NOEs from the three fluorides to the
backbone amide protons gfPGM define the Mgk~ moiety
stabilized in the active site as having trigonal planar geoniétry.
On addition of APFT to PGM-MgR-TSA, four new °F
resonancesHg = —130,Fa = —137,Fp = —141,Fc = —144
ppm) appear simultaneously with a 1:1:1:1 ratio (Figure 1c)
consistent with the formation of a TSA complex comprising

(14) (a) Graham, D. L.; Eccleston, J. F.; Chung, C.-W.; Lowe, MBibchemistry
1999 38, 14981-14987. (b) Graham, D. L.; Lowe, P. N.; Grime, G. W.;
Marsh, M.; Rittinger, K.; Smerdon, S. J.; Gamblin, S. J.; Eccleston, J. F.
Chem. Biol.2002 9, 375-381.

(15) (a) Martin, R. BBiochem. Biophys. Res. Comm@888 155 1194-1200.

(b) Bodor, A.; Tdh, I.; Banyali, I.; Szabo, A.; Hefter, G. Tnorg. Chem.
200Q 39, 2530-2537.
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AlF,~, G6P andf-PGM (PGM-AIR-TSA). There is a con- a Bl B2 B3 B4 BS B6
comitant loss of the three peaks arising from PGM-M3BSA. L ettt Bt At bt i i
With a sub-stoichiometric addition of Al to PGM-MgR-TSA 061

(Figure 1d), a mixture of both PGM-MgH SA and PGM-AlR-

TSA exists with the proportion of PGM-AIFTSA being 047

determined by the amount of Xl added. With an above '

stoichiometric addition of A", no % resonances for the MgF 0.27

moiety are observed. The concerted simultaneous appearance ' L.] l-"!l L
0 ]

A8 (ppm)

and disappearance of separate sefSfofesonances for PGM- 20 40 60 S0 100 120 140 160 180 200 220
AlF4-TSA and for PGM-Mgh-TSA respectively, indicate that Residue

assembly and disassembly of the TSA components in the

p-PGM active site occurs without significant population of b

intermediates. Additionally, and as for PGM-MgFSA, the
four fluoride sites of PGM-AIFTSA are distinct, are not
rotationally averaged and are occupied with a lifetime well in
excess of 10 s.

The PGM-AIF ,-TSA Complex Is Dominant at Physiologi-
cal Mg?*/Al®* 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-AH-
TSA or PGM-MgR-TSA, we explored the ability of Mg to
displace the PGM-AIEFTSA complex. The physiological con-
centrations of Al* 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 ART concentrations in the range-10uM, while Mg?"
concentrations tend to fall in the range- 10 mM 18 Allowing
for the limitations of recording®F NMR spectra o3-PGM at
elevated M@" concentrations, it was possible to test the )
competition between the two metal fluoride complexes in the 7
presence of an excess of Ktgover AR up to 500-fold. Under Figure 2. (a) Histogram of the residue specific chemical shift changes on

i . ; ; switching from PGM-MgE-TSA to PGM-AIR-TSA. Absolute chemical
these conditions, PGM-AIFTSA remains the only species shift changes 4J) were calculated using the following equationd =

measurably populated (Figure 1e), indicating that at least in the (s, MgF>TSA — OinAIF#TSAR + (C(ONMGFsTSA — OnAIFs-
case of-PGM, PGM-AIR-TSA is the dominant complex at  TSA))3J2 wheredyn = chemical shift of the backbone amide protdg,

25°C and neutral pH, even accounting for the large molar excess= chemical shift of the backbone amide nitrogen ahe= 0.12 for the
of ng present in cells rescaling of thedy values. The residue segments that exhibit significant

| o Ao are involved directly in substrate and metal fluoride binding (F7-H20,
Chemical Shift Differences between PGM-MgE-TSA and K45-S52, A113-N118, D137-K145, and L168-A177) or are more peripheral

PGM-AIF --TSA Map to Active Site Loops. The backbone to the catalytic site (D149-H156 and S205-T208). The arrows and bars
amide proton and nitrogen chemical shifts obtained from the ?g&egggﬁ;;;axgﬁ ?ggéﬁee"scsglﬁgﬁ'gﬂfg&?ﬁggg%g&g':V?tmgégg
resonance assignment procedure were used to obtain chemicals values po > 0.1 ppm) are colored red and map almost exclusively to
shift changesAd) on switching from PGM-MgETSA to PGM- the active site loops, and residues with small@rvalues (0.1 ppnz A

AP TSA (Fgure 2, Overal, the observed chianges are smal, - 05 7 i Sore e, e 2o i of e et e
but moderately Wld_espread. The !ac!< of chemical shift changes ionz and the three Fions in the active site are depicted as Qreen and c;?an
for most of the residues ¢@i-PGM indicates that the backbone  spheres, respectively, with the trigonal planar MgFoiety positioned to
scaffolding regions for PGM-AIFTSA remain very similar to the left and the bound Mg cofactor required for catalytic activity positioned
the X-ray structure determined for PGM-MgFSAL’” (PDB to the right.

accession code 1008). Five segments of residues that exhibi
measurableAd (F7-H20, K45-S52, A113-N118, D137-K145
and L168-A177) map to regions gFPGM directly involved

in substrate and metal fluoride binding (Figure 2). Two further
segments with measurabd (D149-H156 and S205-T208) are

adjacent to the catalytic site. The observed effects are small .
) y to the dihedral angles calculated from the PGM-MJBsA

enough to arise from subtle alterations in bond lengths and
angles of the hydrogen bond network demanded as a squareStrUCture' For both PGM-MGFTSA and PGM-AlR-TSA, the

planar AlE~ moiety replaces the trigonal planar MgFmoiety. predicted values op andy for each residue were equivalent

The two hinge regions between the cap and the core domainsto those of the crystal structure within the errors of the TALOS

(T14-D15 and V92-Y93F also show smaliv, indicating that calculation and no systematic correlation exists between changes
' in dihedral angle values and largeb.

tthe two metal fluoride complexes are adopting similar closed
conformations. Hence, there is no evidence for substantial
conformational change. Using TALOS,¢ and v dihedral
angles were predicted from the chemical shift values obtained
for PGM-MgR;-TSA and PGM-AIR-TSA and were compared

(16) Martin, R. B.Clin. Chem.1986 32, 1797-1806.

P . . " MaAri . ; (18) Lahiri, S. D.; Zhang, G.; Dunaway-Mariano, D.; Allen, K. Biochemistry
a7) Iz_gglrzl,ozﬁiéhle.\ng, G.; Dunaway-Mariano, D.; Allen, K. 8tience2003 2002 41, 8351-8350.

(19) Cornilescu, G.; Delaglio, F.; Bax, A. Biomol. NMR1999 13, 289-302.
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Figure 3. (a) Regions of the 2D frequency selectifAF} 1H,15N-HSQC
NOE difference spectra of the PGM-MgFSA complex showing NOEs
between fluoride&a, Fg, andFc of the Mgk~ moiety and four backbone
amide protons from residues L9, D10, A115, and S11§-6fGM. For
each region, the HN axix{axis) range is 0.2 ppm and the N axjsaxis)
range is 1.0 ppm. (b) Regions of the 2D frequency seledti¥e} H,15N-
HSQC NOE difference spectra of the PGM-AFSA complex showing
NOEs between fluorideBg, Fa, Fp, andFc of the AlF,~ moiety and four
backbone amide protons from residues L9, D10, A115, and S136°GM.
For each region, the HN axix-@xis) range is 0.2 ppm and the N axis
(y-axis) range is 0.8 ppm.

Assignment of NOEs between Fluoride and Amide Pro-
tons in PGM-AIF ;-TSA. Selective irradiation of each of the
four fluoride resonances in the PGM-AHFSA complex
established the existence of differ¢ &} 'H-NOE distributions

PGM-AIF 4;-TSA Spontaneously Converts into PGM-Mgk-
TSA at High pH. To address how solution pH influences the
number of coordinated fluorides in th8&-PGM aluminum
fluoride TSA complexes!®F NMR spectra were recorded for
B-PGM in the presence of At, Mg?*, G6P, and F over the
pH range 6.6— 9.4 (Figure 5). The peak at154 ppm
corresponds to resonances opQRAIF,~ and (HO)AIR™ (AlFx
species), which are in fast exchange and are unresolved under
these condition&® The signal for free Alk disappears by pH
7.8, as aluminum hydroxide species become dominant. The
remaining peaks show that PGM-AIFSA is the only species
detectable in solution below pH 8.2. Between pH 8.6 and 9.4,
the population of PGM-AIRTSA 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-AIF,-TSA resonances is exactly mirrored by an increase
in the population of a second species characterized by three
distinct%F 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 af Al
Thus, they result from the population of the PGM-MgFSA
complex.

It is noteworthy that chemical shift changes also do not occur
for 19 resonances of PGM-MgH SA over the entire pH range

between the fluorides and the backbone amide protons of tagteq. This indicates that there is no change in protonation state
B-PGM. Resolution of the amide proton resonances involved of gy titratable residue and hence the charge distribution within

in these NOEs was achieved using selecfiV€} 'H,15N-HSQC
NOE difference specttéof 2H,15N-labeled3-PGM in the PGM-
AlF4~TSA complex (Figure 3). Identification of the amide proton
partners for a total of 3§1°F}*H-NOEs was accomplished
following the assignment of th#H,1°N peaks in a 20H,5N-

the active site is retained throughout (Figure 5). The identity of
the second species populated at high pH is further supported
by equilibrating PGM-AIE-TSA at pH 9.4 before reducing it

to pH 7.0. Here, a mixture of PGM-AJFTSA and the second
species (PGM-MgETSA) coexist at pH 7.0, since there is

TROSY spectrum. The 38 NOEs identified were employed as jngyfficient AR+ available for the exclusive formation of PGM-

restraints to move four fluorides into the closed conformation
of B-PGM7 (PDB accession code 1008) from random starting

AIF,-TSA. At basic pH values (with 10 mM B Al3*
irreversibly precipitated, most likely as Al(Ogand Al(OHRH -

coordinates using standard solution structure determination POy species$2! Inorganic phosphate (5 mM) was present

procedures within the program CN%The small changes in

in the NMR solutions as a result of the hydrolysis of phospho-

chemical shift observed and the TALOS analysis performed y|atedg-PGM formed during the uninhibited reaction with G6P.

indicate that the backbone coordinatege?GM in the crystal
structure of the PGM-MgTSA complex are appropriate for
the NOE directed docking of four fluorides into the active site
and generation of the PGM-AJFTSA structure.

The resulting positional distribution of the fluorides confirmed
that the PGM-AIR-TSA complex consists of four fluorides

Further addition of Al* to the mixture of PGM-MgETSA and
PGM-AIF;-TSA complexes restored PGM-A{ SA and free
AlF, as the only species observable in solution.

No Evidence for AlF; Containing TSA Complexes in
Other Phosphoryl Transfer Enzymes.In order to establish
whether the absence of an AlEontaining TSA complex was

coordinated in a square planar arrangement around a central particular (and unusual) property BfPGM, we examined

AlI®" positioned in the active site (Figure 4). Compared with
the PGM-MgFR-TSA complex, fluorideFa occupies a similar

the aluminum fluoride TSA complexes of phosphoserine phos-
phatase fromM. jannaschii(PSP, EC 3.1.3.3, 24 kDa). PSP

position in both structures and is hydrogen bonded by L9 and a5 chosen following a report that both AfFcontaining TSA
D10 backbone amide protons and the side chain hydroxyl group gnq AIR; containing TSA complexes were present simulta-

of S114. Fluoridd-g is located closer to the backbone NH group
of S116 in the PGM-AIETSA structure. Fluoridé-c, which

is diametrically opposite fluoridd-g in the square planar
arrangement, still fulfils the role of the bridging fluoride to the
catalytic Mg ion and fluorideFp is positioned diametrically
opposite fluorideFa.

(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.Acta.
Crystallogr. 1998 D54, 905-921.

neously in crystals of PSP grown at pH ?.At pH 6.4, 1D%F
NMR spectra showed that the predominantly populated species
was PSP-AIRTSA with four 1F resonances preserfty (=
—133,F; = —134,F; = —141, andFc = —149 ppm) (Figure

6). The resonance at149 ppm was assigned as the bridging
fluoride to the catalytic Mg" ion on account of its narrower
line width and upfield chemical shift. At pH values above 8.8,

(21) StruneckaA.; Strunecky O.; Patdka, J. Physiol. Res2002 51, 557—
564.
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Figure 4. Structural comparison of th&-PGM metal fluoride TSAs (a) PGM-MgFTSA.X° (b) PGM-AIR-TSA. The four enzyme-bound fluorides were
docked according to the 38 NOEs to the backbone amide protons. The protein stfu@DB accession code 1008) was used as a template and the
fluorides were docked as described previod8ly.
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-120.0 -140.0 -160.0 Figure 6. pH titration of the PSP-AIFTSA complex monitored by°F
ppm NMR. (a) pH 6.4 andF; = —133, F, = —134, F3 = —141, andF¢ =
. N f th | | itored b —149 ppm (b) pH 7.2 (c) pH 8.0 (d) pH 8.8 (e) pH 9.2 (f) PSP-MJSA
Figure 5. pH titration of the PGM-AIG-TSA complex monitored by°F at pH 6.4 andF; = —141, F, = —144, andFc = —176 ppm. Thel%F
NMR. (a) pH 6.6 andFg = —130, Fa = —137,Fp = —141, andF¢c = resonances at154 ppm correspond to unbound AlSpecies and those

—144 ppm (b) pH 7.0 (c) pH 7.4 (d) pH 7.8 (e) pH 8.2 (f) pH 8.6 (9) PH  petween—160 and—170 ppm correspond to other non-proteinaceous metal
9.0 (h) pH 9.4 (i) pH 7.0 (j) following addition of a further 0.5 mM AIEI fluorides.

at pH 7.0 (k) PGM-MgE-TSA at pH 7.2 andr4 = —147,Fg = —152, and
Fc = —159 ppm. Finally, to establish whether nucleotide kinases show similar
behavior to these non-nucleotide kinases, we repeated the pH
atrifluoride species became observable with tAfEeesonances titration with phosphoglycerate kinase fro@ stearothermo-
(F1=—141,F, = —144, andFc = —176 ppm) and by pH 9.2 philus (PGK, EC 2.7.2.3, 43 kDa). For PGK, a population of
the trifluoride became the only species detectable. As in the the PGK-MgRk-TSA complex containing 3-phosphoglycerate
case of3-PGM, the trifluoride species was confirmed to be PSP- and ADP was not detectable in solution, implying that the
MgFs-TSA, and not PSP-AIFTSA, by comparison oft%F hydrogen bond donors in the active site are unable to stabilize
chemical shifts to equivalent complexes prepared with the the formation of the Mgk moiety. However, on addition of
exclusion of AP™. As noted previously, the chemical shifts of Al to the solution detailed above, a PGK-AMFSA complex

the 1F resonances of both PSP-MgFSA and PSP-AIRTSA was formed with fouf®F resonances~ = —136,F, = —139,
complexes were not affected markedly by pH, indicating that F3; = —142, and~=c = —147 ppm) (Figure 7). The resonance at
the environment of the active site was again strongly resistant —147 ppm was assigned as for PSP to the bridging fluoride to
to change. the catalytic M@" ion. On raising the pH to 8.4, th&®F
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Monomeric metaphosphate, PQis both trigonal and anionic,
and Mgk~ is an isoelectronic and isosteric analog. MgRas

| EE E Fc a formal negative charge as has AlFbut its trigonal geometry
j \ 1 m I is close to that ascribed to Adfin protein complexe&However,
a LY W&NWM«ALW 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,
b / \MWN MXJ\M o NM AIF4— is readily _obsgrved_ in _s_olution in the gbsence of enzyme
- (Figure 1) making it a significant AlFspecies at a fluoride
concentration of 10 mM? By contrast, Mgk~ is not observable
(MgF* is the dominant magnesium fluoride species at 278 K)
- and conservative estimates from the formation constants for
k MgF* (81 = 50 M~1) and MgR (B2 < 1.6 x 103 M—2)23 and
an approximate value ofiz < 5 x 10* M~3, place the
concentration of Mgk to be <80 uM under the conditions

(o] m// Mw-rvm/m\w/’\n/\wr‘/ \‘\Aw\,vv’\wmmw/

d STV W used here.
For both PGM-MgE-TSA and PGM-AIR-TSA complexes,
the environment in which the metal fluoride is bonded is highly
) resilient to changes in pHF NMR resonances are extremely
1 e et e et sensitive to perturbations in the environment of e nuclei,
‘ ‘ ‘ ‘ ‘ ‘ yet the fluoride chemical shifts are constant throughout the pH
-120.0 -140.0 -160.0 range examined. In contrast to the previous view that the
ppm proposed Alg to AlF; switch may result from the active site
Figure 7. pH titration of the PGK-AlR-TSA complex monitored by*F of some phosphoryl transfer enzymes having to accommodate

NMR. (a) pH 7.6 andF; = —136,F, = —139,F3 = —142, andFc = g : : o
147 ppm (b) pH 8.0 (c) pH 8.4 (d) pH 8.8 (e) putative PGK-MGISA moieties with [Ky's close to neutrality, in the cases PGM,

at pH 7.6. The“F resonances at154 ppm correspond to unbound AIF PSP, and PGK the charge distributions within the TSA complex
species and those betweeti60 and—170 ppm correspond to other non-  active sites are not influenced by ionizations over a very broad
proteinaceous metal fluorides. pH range. Hence, the observed switch in metal fluoride geometry
. from square planar to trigonal planar with increasing pH arises
resonances of the PGK-AIF'SA complex did not change o 5 completely different source. As the pH is increased, the
chemical shift significantly, but a decrease in mtgnsny 0CCUIS gaometry of aqueous aluminum fluoride species changes from
between pH 8.0 and 8.4, similarly to the behavior of PGM-  tahedral aluminum fluoride (and aluminum fluoride/hydroxide
AlF4-TSA and PSP-Al-TSA complexes. Again, no evidence  nixeq species) to tetrahedral aluminum hydroxide resulting from
of a PGK-AIR-TSA complex was found. the displacement of fluoride ions by the cooperative nature of
Discussion hydroxide ion binding>216-24This causes the concentration of
aluminum fluoride to fall below that of the enzyme, allowing

As observed for other phosphoryl transfer enzymes, the y,qo formation of a MgE transition state analog complex in

addition of AP and fluoride to-PGM in the presence of the active site. Here, we show that the pH-switch in fluoride

substrate (G6P) leads to the formation of a closed protein ¢, yination derives not from an AJF moiety converting into
conformation around a metal fluoride TSA complex. The NMR AIF3 but rather that AIF~ is progressively replaced by MgF

spectra clearly establish that, in this case, the metal fluoride ¢ yhe pH increases. These observations reinforce two conclu-

moiety is AlFy". T_he protein cor\formatlon determined for the = ¢ First, the charge on the metal fluoride species dominates
PGM-MgFs-TSA !S largely retained, except for the expected over its geometry in determining the preferred mode of binding
change from a trlgpnal plgnar to a square planar arrangementgj, AlR~ out-competes Al Second, there is no evidence
of the metal quorlde_ moiety, as observi(g) for RhoA.GDP/ for any population of Al containing transition state analogs
th.GAP metal fluoride TSA complexés:®®When treated for these three enzymes. Therefore, it follét@shat several, if
equivalently, PSP and PGK also make closed TSA complexesrlot a majority, of the high-pH AIF transition state analog

containing AlR™. Des.pite the difference in AlF geomgtry from complexes reported for nucleotide kinases, should be treated
that of the transferring phosphoryl group, the fluorides do not | . ~aution.

show rotational averaging, i.e., their positions are fixed for times

in excess of seconds. Hence the individual fluorides are held Materials and Methods

tTI%Ty' Whllle either Ef tf;]e PGM-MQETSAdor PGM-NF“-' _ NMR Methods. Unlabeled2H,**N-labeled andH,*3C *N-labeled
complexes can be the more populated species in so utlonﬂ-PGM was expressed and purified as detailed previddsine PGM-

under appropriate conditions, the PGM-MgFSA complex MgFs-TSA samples for NMR analysis (606L) contained 0.5 mM
cannot be detected in the presence of stoichiometric levels of g.pGm, 10 mM G6P, 5 mM MgG| 10 mM NH,F, 2 mM NaNs in 50

Al3t even when Mg" is in a molar excess of 500:1. Hence, it mM K+ HEPES buffer (pH 7.2) and 15% v/v,D. The PGM-AIR-

is more likely that any physiological effects of enzyme inhibition TSA samples were prepared by adding Al@ a concentration 0£3

by metal fluorides are the result of aluminum fluoride species. mM to the PGM-Mgk-TSA samples defined above. UnifornifN,**C-
The above results could be interpreted as the active site of

f-PGM being better suited to the square planar arrangement ofggg ES?S{’ﬁg;c?éif"iriv’?ﬂé‘f;'zé\é’étsé; Shemz2000 53, 625-626.

AlF4~ rather than to the trigonal planar arrangement of WIgF  (24) Martin, R. B.Coord. Chem. Re 1996 141, 23-32.
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labeled PSP was expressed and purified as detailed previolibly.
PSP-Mghk-TSA sample for the NMR experiments (200 in a Shigemi
tube) contained 0.5 mM PSP, 10 mM MgC6 mM NH4sF, 1 mM
NaNs;, 2 mM TCEP, 0.1 mM EDTA, and 10% v/viD at pH 6.4. The
PSP-AIR-TSA sample was prepared by adding 3 mM Al@ the
PSP-Mgk-TSA sample detailed above. UniformiyN-labeled PGK
was expressed and purified as detailed previotislhe putative PGK-
MgFs-TSA sample for the NMR experiments (52Q) contained 0.25
mM PGK, 10 mM 3-phosphoglycerate, 5 mM ADP, 5 mM MgCl0
mM NHzF, 1 mM NaN; 2.5 mM DTT in 50 mM TEA buffer (pH 7.6)
and 10% v/v RO. The PGK-AIR-TSA sample was prepared by adding
1 mM AICl; to the PGK-MgR-TSA sample detailed above.
Backbone resonance assignments (HN, K, @d C) for PGM-
AIF4,TSA (with 1 mM 2H,3C !*>N-labeleds-PGM) were obtained by
comparison with PGM-MgEFTSA backbone resonance assignments
using data from 2B°N-TROSY, 3D TROSY HN(COCA)CB and 3D
TROSY HNCO spectra acquired on a Bruker Avance 600 MHz
spectrometer equipped with a 5-mkV*5N/*3C/2H cryoprobe and pulse-

Bruker Avance 500 MHz spectrometer equippedhwat 5 mmdual
1H/F probe. Typically, 1500 transients were acquired over a spectral
width of 100 ppm with the carrier frequency set-td40 ppm. The 2D
frequency selectivg *°F} *H,'5N-HSQC NOE difference spectra of
PGM-AIF,-TSA (sample prepared as above with 1 rfi¥**N-labeled
p-PGM, 14 mM G6P and 2 mM AIG) were acquired on a Bruker
Avance 600 MHz spectrometer equipped witHH#'>N/*F probe and
z-axis gradients. SelectivéF irradiation was achieved with a continuous
wave at a power level of 40 dB applied oveeth s recycle delay and
the solvent signal was minimized with water flip-back pulses. The
spectra were acquired as five interleaveti*>N-HSQC experiments
with defined selective irradiation frequencies-e131, —138, —141,
and—145 ppm and one at an off-resonance position. Proton chemical
shifts were referenced relative to internal DSS at 0.0 p{¥h, 1°C,
and®°F chemical shifts were calculated indirectly using the following
gyromagnetic ratios?N/*H = 0.101329118C/*H = 0.251449530,
and **F/*H = 0.940940080. All spectra were recorded at°25 The
NMR chemical shifts have been deposited in the BioMagResBank,

field z-gradients. The data were acquired, processed, and analyzed asvww.bmrb.wisc.edu, accession code 15467.

previously detailed®?® The 1D%F NMR spectra were recorded on a

(25) Reed, M. A. C.; Hounslow, A. M.; Sze, K. H.; Barsukov, I. G.; Hosszu, L.
L. P.; Clarke, A. R.; Craven, C. J.; Waltho, J. P.Mol. Biol. 2003 330,
1189-1201.
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