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ABSTRACT: Lactococcus lactisâ-phosphoglucomutase (â-PGM) catalyzes the interconversion ofâ-D-glucose
1-phosphate (â-G1P) andâ-D-glucose 6-phosphate (G6P), formingâ-D-glucose 1,6-(bis)phosphate (â-
G16P) as an intermediate.â-PGM conserves the core domain catalytic scaffold of the phosphatase branch
of the HAD (haloalkanoic acid dehalogenase) enzyme superfamily, yet it has evolved to function as a
mutase rather than as a phosphatase. This work was carried out to identify the structural basis underlying
this diversification of function. In this paper, we examineâ-PGM activation by the Mg2+ cofactor,â-PGM
activation by Asp8 phosphorylation, and the role of cap domain closure in substrate discrimination. First,
the 1.90 Å resolution X-ray crystal structure of the Mg2+-â-PGM complex is examined in the context of
previously reported structures of the Mg2+-R-D-galactose-1-phosphate-â-PGM, Mg2+-phospho-â-PGM,
and Mg2+-â-glucose-6-phosphate-1-phosphorane-â-PGM complexes to identify conformational changes
that occur during catalytic turnover. The essential role of Asp8 in nucleophilic catalysis was confirmed
by demonstrating that the D8A and D8E mutants are devoid of catalytic activity. Comparison of the
ligands to Mg2+ in the different complexes shows that a single Mg2+ coordination site must alternatively
accommodate water, phosphate, and the phosphorane intermediate during catalytic turnover. Limited
involvement of the HAD family metal-binding loop in Mg2+ anchoring inâ-PGM is consistent with the
relatively loose binding indicated by the largeKm for Mg2+ activation (270( 20µM) and with the retention
of activity found in the E169A/D170A double loop mutant. Comparison of the relative positions of cap
and core domains in the different complexes indicated that interaction of cap domain Arg49 with the
“nontransferring” phosphoryl group of the substrate ligand might stabilize the cap-closed conformation,
as required for active site desolvation and alignment of Asp10 for acid-base catalysis. Kinetic analyses
of the specificity ofâ-PGM toward phosphoryl group donors and the specificity of phospho-â-PGM toward
phosphoryl group acceptors were carried out. The results support a substrate induced-fit mechanism of
â-PGM catalysis, which allows phosphomutase activity to dominate over the intrinsic phosphatase activity.
Last, we present evidence that the autophosphorylation ofâ-PGM by the substrateâ-G1P accounts for
the origin of phospho-â-PGM in the cell.

Phosphoglucomutases catalyze the interconversion of
D-glucose 1-phosphate (G1P) andD-glucose 6-phosphate
(G6P).1 Operating in the forward G6P-forming direction, this
reaction links polysaccharide phosphorolysis to glycolysis.
In the reverse direction, the reaction provides G1P for the
biosynthesis of exo-polysaccharides (8). There are two
classes of phosphoglucomutases, theR-phosphoglucomutases
(R-PGM, EC 5.4.2.2), ubiquitous among eukaryotes and
prokaryotes, and theâ-phosphoglucomutases (â-PGM, EC

5.4.2.6), present in certain bacteria and protists. The two
classes of mutases are distinguished by their specificity for
R- and â-D-glucose phosphates and by their protein fold
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1 Abbreviations: R-PGM, R-phosphoglucomutase;R-PGM/PMM,
dual-specificityR-phosphoglucomutase/R-phosphomannomutase;â-PGM,
â-phosphoglucomutase; E,â-PGM-Mg2+; E-P, phospho-â-PGM-
Mg2+; E-P-GP, â-PGM-â-glucose-6-phosphate-1-phosphorane-
Mg2+; â-G1P, â-D-glucose 1-phosphate;â-G16P, â-D-glucose 1,6-
(bis)phosphate;R-G1P,R-D-glucose 1-phosphate;R-G16P,R-D-glucose
1,6-(bis)phosphate;R-F16P,R-D-fructose 1,6-(bis)phosphate; pNPP,
p-nitrophenyl phosphate; G6P,R- and/or â-D-glucose 6-phosphate;
NADP, adenine dinucleotide 3′-phosphate; K+Hepes, potassium salt
of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; K+Ches, potas-
sium salt ofN-cyclohexyl-2-aminoethanesulfonic acid; K+Mes, potas-
sium salt of 2-(N-morpholino)ethanesulfonic acid; DTT, dithiothreitol;
EDTA, ethylenediaminetetraacetic acid; HPLC, high-performance liquid
chromatography; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide
gel electrophoresis; SA, specific radioactivity; MLF, maximum likeli-
hood target using amplitudes.
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family. R-PGM belongs to the phosphohexomutase super-
family (9), while â-PGM belongs to the haloalkanoic acid
(HAD) enzyme superfamily (10). The four-domainR-PGMs
(∼50 kDa) (11-14) are approximately twice the size of the
two-domain â-PGMs (∼25 kDa) (15). The common de-
nominator between the mutases is catalysis via a glucose
1,6-(bis)phosphate (G16P) intermediate. WhereasR-PGM
catalysis had been studied in depth (16-31), comparatively
little is known aboutâ-PGM catalysis, the topic of this paper.

The catalytic cycles of two divergentR-PGMs, one from
rabbit muscle (11, 12, 28-30) that functions in energy
metabolism and the other fromPseudomonas aeruginosa[the
duel specificity R-phosphoglucomutase/R-phosphomanno-
mutase (R-PGM/PMM)] (13, 14, 32, 33) that functions in
alginate and lipopolysaccharide biosynthesis (34-36), have
been shown to be the same. The cycle consists of phospho-
rylation of R-G1P by a phosphorylated active site serine
residue to formR-G16P as an intermediate, reorientation of
the intermediate in the active site, transfer of the C(1)
phosphoryl group to the active site serine, and finally release
of G6P from the active site of the phosphorylated enzyme
(25, 33) (Figure 1). PhosphorylatedR-PGM is chemically
stable in water (half-life of∼7 years) yet transfers its
phosphoryl group toR-G1P at a rate of 1000 s-1 (37). It has
been presumed that in vivoR-PGM is phosphorylated by
R-G16P [Km for activation ) 0.1 µM for P. aeruginosa
R-PGM/PMM (32); Kd ) 0.02µM for rabbit muscleR-PGM
(37, 38)], even though the source ofR-G16P in the cell has
not yet been established. An alternate proposal is thatR-PGM
is autophosphorylated by ATP, an activity that has been
observed in vitro (22).

â-PGM isolated fromLactococcus lactis(39), Bacillus
subtilis (40), Neisseria perflaVa (41), andEuglena gracilis

(42) is, like R-PGM, known to utilize G16P as a phosphoryl
donor and Mg2+ as a cofactor. However, there are distinct
differences between the two catalytic scaffolds, which
suggests that the respective phosphoenzymes are generated
and stabilized by different mechanisms. X-ray crystal-
lographic analysis ofL. lactis â-PGM has provided three
snapshots of the enzyme bound with its cofactor (Mg2+) and
a phosphorylated ligand (43, 44, 58). These structures differ
in the identity of the ligand and the solvent accessibility of
the active site. The initial structure pictured the phosphoen-
zyme in an active site open conformation; the second
structure showed the enzyme in an active site closed
conformation with the Asp8 carboxylate oxygen forming a
covalent bond to the phosphorus of theâ-glucose-6-phosphate-
1-phosphorane, and the third structure revealed the enzyme
in an active site closed conformation, with the substrate
analogueR-D-galactose 1-phosphate oriented to place its
phosphate group at the distal phosphate binding site and its
C(6)OH group near the Asp8 nucleophile. The first two
structures represent reaction intermediates stabilized in the
crystalline state and the third an inhibitory, dead-end complex
of substrate bound to the dephosphoenzyme. In this paper,
we report the structure of a fourth complex, the “free”
holoenzyme bound to its Mg2+ cofactor. Within the catalytic
cycle, this enzyme form binds and is phosphorylated by
G16P. Herein, the four structures are compared, and kinetic
studies probing structural requirements forâ-PGM phos-
phorylation and dephosphorylation are reported, to provide
insight into how the phosphatase branch of the HAD family
(45) has acquired phosphomutase function, and how the
â-PGM catalytic strategy differs from that used byR-PGM.

FIGURE 1: Sequence of reaction steps involved in a single catalytic cycle in enzymesR-PGM andâ-PGM. ForR-PGM, the substrate is
RG1P, the intermediate isR-G16P, and the active site nucleophile (X) is Ser108. Forâ-PGM, the substrate isâ-G1P, the intermediate is
â-G16P, and the active site nucleophile (X) is Asp8.
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MATERIALS AND METHODS

Enzymes and Reagents

L. lactis â-PGM (Swiss-Prot entry P71447) and sugar
phosphate phosphatase BT4131 from the bacteriumBacteroi-
des thetaiotaomicronVPI-5482 were prepared from the
Escherichia coliclones as previously described (15, 46).
D-[1-14C]Glucose 6-phosphate (SA) 49.3 mCi/mmol) was
purchased from Perkin-Elmer Life Sciences. Kinetic assay
and protein purification materials were purchased from
Sigma-Aldrich. The Malachite Green-based (47, 48) phos-
phate assay kit was purchased from BioMol Co. and used
in phosphate determinations of the PEG 4000 (Hampton
Research) and PEG 3350 (Fluka). Protein concentrations
were determined using the Bradford method (49). Radioac-
tivity was measured using Ultima Gold liquid scintillation
cocktail (Perkin-Elmer) and a Beckman LS 6500 multipur-
pose scintillation counter.

Crystallization and Structure Determination

Crystallization conditions for theâ-PGM-Mg2+ complex
were obtained by sparse-matrix screening (50) with Crystal
Screen Kits I and II (Hampton Research). For crystallization,
the purified recombinantL. lactisâ-PGM (∼25 mg/mL) was
dissolved in 1 mM Hepes (pH 7.3) and 10 mM MgCl2.
Crystals grew at 18°C as rectangular plates with overall
dimensions of approximately 1 mm× 0.3 mm× 0.1 mm in
14 days from solutions of 100 mM Tris-HCl (pH 8.5), 200
mM sodium acetate, and 30% PEG 4000 (phosphate-free as
shown by the Malachite Green phosphate assay). Crystals
for data collection were frozen in 100% Paratone-N (Hamp-
ton Research) directly in a stream of nitrogen gas cooled by
liquid nitrogen. Diffraction data were collected at-180 °C
to 1.70 Å resolution using Cu KR radiation from a Rigaku
RU-300 generator equipped with the R-Axis IV++ image
plate (Boston University School of Medicine). Data were
indexed and scaled using DENZO and SCALEPACK (51).
Data collection statistics are summarized in Table 1. Phases
were solved via the molecular replacement program Molrep
(52) using the model of phospho-â-PGM (PDB entry 1LVH)
(43). The program yielded an initial solution with a correla-
tion coefficient of 25% and anR-factor of 54%. The model
was refined using successive rounds of manual rebuilding
in the molecular graphic program O (53) followed by
minimization and simulated annealing in CNS (54) using
an MLF target function with data from 100 to 1.90 Å. To
avoid model bias, metal cofactors and waters were added
when Rfree (55) was less than 30%. Refinement and final
model statistics are summarized in Table 1. The coordinates
are listed in the Protein Data Bank as entry 1ZOL.

â-PGM Site-Directed Mutants

Mutagenesis was carried out using a two-step PCR strategy
with the wild-type P71447/pET3a plasmid as the template,
primers custom synthesized by Invitrogen, the PCR kit
supplied by Stratagene, and the Techgene thermal cycler
manufactured by TECHNE (Princeton, NJ). The PCR
products were digested with restriction enzymesNdeI and
BamHI (from New England Biolabs) and ligated to a pET3a
vector digested by the same restriction enzymes. The ligation
products were used directly to transformE. coli BL21(DE3)

competent cells (Novagen). The sequence of the mutated
gene was confirmed by DNA sequencing at the Center for
Genetics in Medicine, University of New Mexico. The D8A,
D8E, D170A, and E169A/D170A mutant proteins were
purified as described above for the wild-type protein (15)
and shown to be homogeneous by SDS-PAGE gel analysis.
The yields of the mutant proteins ranged from 2 to 4 mg/g
of wet cells.

Steady-State Kinetic Experiments

Kinetic Assays. All kinetic assays were carried out at 25
°C in 50 mM K+Hepes (pH 7.0) containing 2 mM MgCl2,
unless stated otherwise. The formation of G6P was monitored
by measuring the increase in solution absorbance at 340 nm
(∆ε ) 6.2 mM-1 cm-1) resulting from the G6P dehydroge-
nase-catalyzed reduction of NADP.2 A typical â-G1P to G6P
conversion reaction would be carried out by adding a
specified volume of aâ-PGM stock solution to a 1 mL
solution containing known concentrations ofR-G16P and
â-G1P in 50 mM K+Hepes (pH 7.0), 2 mM MgCl2, 0.2 or
0.4 mM NADP, and 3 units/mL G6P dehydrogenase.

2 Glucose-6-phosphate dehydrogenase recognizes theâ-G6P epimer
as the substrate (1, 2). However, the solution epimerization of the C(1)-
OH group of G6P is fast because of the intramolecular acid-base
catalysis of mutarotation in glucose (3) offered by the C(6) phosphoryl
group (4). Fast mutarotation allows the dehydrogenase to be used as a
coupling enzyme to detect G6P formed from mutase catalysis ofR-G1P
andâ-G1P (5).

Table 1: Crystallographic Data Collection and Model Statistics

data collection statistics
space group P212121

unit cell dimensions a ) 52.760 Å,
b ) 57.190 Å,
c ) 75.640 Å

X-ray source Cu KR
resolution range (Å) 18.9-1.9
highest-resolution shell (Å) 1.97-1.90
no. of total/unique reflections 264222/18653
completeness (%) 98.6 (96.7)a

I/σ(I) 15.4 (5.4)a

Rmerge(%) 3.8 (13.7)a

volume fraction of protein (%) 54.2
data redundancy 2.4 (2.4)a

refinement statistics
resolution range (Å) 18.9-1.9
no. of protein atoms/asymmetric unit 1707
no. of waters/asymmetric unit 288
no. of Mg(II) ions/asymmetric unit 1
no. of total reflections (working set/free set) 18357/1808
Rwork/Rfree (%) 20.2/21.1
Ramachandran plot

residues in most favored regions (%) 94.9
residues in additionally allowed regions (%) 5.1

averageB-factor (Å2) 24.1
average of all amino acids 24.5
average of Mg2+ atoms 22.3
average of solvent 35.4
average of main chain atoms 21.0
average of side chain atoms 24.9

Luzzati coordinate error (Å) 0.21
rmsd

bond lengths (Å) 0.011
dihedrals (deg) 23.00
angles (deg) 1.50
impropers (deg) 1.58

a Values in parentheses are those for the highest-resolution shell
(2.0-1.9 Å).
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The formation of glucose was monitored by measuring
the increase in solution absorbance at 340 nm (∆ε ) 6.2
mM-1 cm-1) resulting from the glucose dehydrogenase (10
units/mL)-catalyzed reduction of NADP (0.5 mM).

Mg2+ ActiVation. A â-PGM stock solution (20 mg/mL)
was dialyzed first against three changes of 50 mM K+Hepes
(pH 7.2) containing 20 mM EDTA and 1 mM DTT and then
against 50 mM K+Hepes (pH 7.2) with 1 mM DTT. The
initial velocity of G6P formation in reaction solutions initially
containing 3 units/mL G6P dehydrogenase, 200µM NADP,
50 µM R-G16P, 50µM â-G1P, 0.02µM metal-freeâPGM,
and 0-1.2 mM MgCl2 in 1 mL of 50 mM K+Hepes (pH 7.0
and 25°C) was determined by monitoring the absorbance
increase at 340 nm (∆ε ) 6.2 mM-1 cm-1). The kinetic data
were analyzed using eq 1 and the computer program of
Cleland (56).

where [A] is the MgCl2 concentration,V0 is the initial
velocity, Vm is the maximum velocity, andKm is the
Michaelis constant for Mg2+ activation. Thekcat was calcu-
lated from the ratio ofVmax to the enzyme concentration.

pH-Rate Profiles.The steady-state kinetic constantskcat

and Km for the â-PGM-catalyzed conversion ofâ-G1P to
G6P were measured in the pH range of 4.5-9.0 by measuring
the initial reaction velocity as a function ofâ-G1P concentra-
tion in the range of 0.5-10Km. The following buffers were
employed at a concentration of 50 mM for the indicated pH
range: sodium acetate for pH 4.50-5.50, K+Mes for pH
5.50-7.00, K+Hepes for pH 6.75-8.25, Tris-HCl for pH
8.15-9.00, and K+Ches for pH 9.00-9.50. All buffers
contained 2 mM MgCl2 at a constant ionic strength (adjusted
by adding KCl).R-G16P, NADP, and G6P dehydrogenase
were maintained at saturating levels to ensure thatâ-PGM
catalysis was rate-limiting. Buffer inhibition was checked
at overlapping pH values. Thekcat and Km values were
determined from the initial velocity data using eq 1 where
[A] is the â-G1P concentration. Thekcat was calculated from
the ratio ofVmax to the enzyme concentration. The pH-rate
profiles were fitted using eqs 2-4 and the computer
programs of Cleland (56).

whereY is kcat or kcat/Km, C is a pH-independent value of
kcat or kcat/Km, H is the proton concentration, andKa andKb

are ionization constants.
ActiVation by Phosphorylation. The steady-state kinetic

constants forâ-PGM activation by phosphorylation were
measured by varying the concentration of the activator
between 0.5 and 5 timesKm at a fixed (50µM) â-G1P
concentration in 50 mM K+Hepes (pH 7.0) containing 0.004
µM â-PGM, 2 mM MgCl2, 0.2 mM NADP, and 3 units/mL
G6P dehydrogenase. Data were fitted to eq 1 (where [A] is
the activator concentration) to obtainkcat andKm. Alterna-
tively, the kinetic determinations were carried out at varying
â-G1P concentrations (0.5-5Km), and data were computer
fitted (56) to eq 5.

where [A] is the activator concentration, [B] is theâ-G1P
concentration,V0 is the initial velocity,Vm is the maximum
velocity, KA is the Michaelis constant for the activator, and
KB is the Michaelis constant for theâ-G1P. Thekcat was
calculated from the ratio ofVmax to the enzyme concentration.

â-PGM-Catalyzed Acetyl Phosphate Hydrolysis. â-PGM
(20 µM) was preincubated with acetyl phosphate (0.5, 1, or
5 mM) in 50 mM K+Hepes (pH 7.0 and 25°C) containing
2 mM MgCl2. At varying incubation periods, a 5µL aliquot
of the solution was removed and added to a 1 mL assay
solution which contained 100µM â-G1P, 2 mM MgCl2, 3
units/mL G6P dehydrogenase, and 400µM NADP in 50 mM
K+Hepes (pH 7.0 and 25°C). The initial velocity of G6P
formation was determined from the rate of the increase in
solution absorbance at 340 nm (∆ε ) 6.2 mM-1 cm-1) and
plotted as a function of the time period of incubation of
â-PGM with acetyl phosphate.

Inhibition Experiments.The 1 mL assay solutions used in
the inhibition experiments initially contained 0.004µM
â-PGM, 50µM R-G16P, 5-200µM â-G1P, 2 mM MgCl2,
200 µM â-NADP, 2.5 units of G6P dehydrogenase, and
varying concentrations of sodium tungstate (0, 125, 250, and
500µM) or molybdate (0, 160, and 320µM) in 50 mM K+-
Hepes (pH 7.0). The inverse of the initial velocity was plotted
as a function of the inverse of theâ-G1P concentration for
each inhibitor concentration to form a set of parallel lines.
The intercepts (1/Vmax) of these plots were then plotted as a
function of inhibitor concentration to form a parabola.

p-Nitrophenyl Phosphate Assay. Reaction solutions (1 mL)
initially containing 2µM â-PGM, varying concentrations of
p-nitrophenyl phosphate (5-100 mM), 2 mM MgCl2, and
50 mM K+Hepes (pH 7.0 and 25°C) were monitored at 410
nm (∆ε ) 18.4 mM-1 cm-1). The initial velocity data were
analyzed using eq 1.

Single-TurnoVer Kinetic Experiments

Reaction solutions (28µL) initially containing 40 µM
â-PGM or the sugar-phosphate phosphatase BT4131 (from
the bacteriumB. thetaiotaomicronVPI-5482), 5µM [14C]-
D-glucose 6-phosphate (SA) 49.3 mCi/mmol), 2 mM
MgCl2, and 50 mM K+Hepes (pH 7.0 and 25°C) were
incubated for a specified period and then the reactions
quenched with 160µL of 0.6 M NaOH. The resulting mixture
was passed through a 5 kDa filter to remove the enzyme,
and then chromatographed with a Rainin Dynamax HPLC
system equipped with a CarboPac PA1 Dionex (4 mm×
250 mm) column. The column was eluted at flow rate of 1
mL/min, first with 2 mL of solvent A (54 mM NaOH and
100 mM sodium acetate), then with a linear gradient (15
mL) of solvent A to 53.7% solvent B (75 mM NaOH and
500 mM sodium acetate), and finally with solvent B.
Fractions (1 mL) were collected and their radioactivities
determined by liquid scintillation counting. The radioactivity
was used to calculate the concentration of [14C]glucose
(retention time of 3 min) and [14C]G6P (retention time of
15 min) present in the reaction mixture at the time of
quenching, by multiplying the initial G6P concentration by
the fraction of the total radioactivity. No [14C]G1,6bisP

V0 ) Vm[A]/( Km + [A]) (1)

log Y ) log{C/[1 + H/Ka1 + H × H/(Ka1Ka2)]} (2)

log Y ) log[C/(1 + Kb/H)] (3)

log Y ) log[C/(1 + Kb1 × Kb2/H × H)] (4)

V0 ) Vm[A][B]/( KB[A] + KA[B] + [A][B]) (5)
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(retention time of 21 min) was detected in the quenched
reaction mixture.

RESULTS AND DISCUSSION

Crystal Structure of theâ-PGM-Mg2+ Complex.The
crystal structure of the Mg2+ complex ofL. lactis â-PGM
was determined to 1.9 Å resolution. The structure reveals
the relative orientation of the cap domain with respect to
the core domain to be in the “open conformation” previously
observed for the Mg2+ complex of phosphorylatedâ-PGM
(phospho-â-PGM) (CR rmsd of 1.22 Å) (43). In this
conformation, the core domain active site is exposed to
solvent. In contrast, the X-ray structures reported for the
â-PGM-â-glucose-6-phosphate-1-phosphorane-Mg2+ com-
plex (44) and theâ-PGM-R-galactose 1-phosphate-Mg2+

complex (58) display the cap domain relative to the core
domain to be in the “closed conformation”. In this “catalyti-
cally active” conformation, the core domain active site is
solvent inaccessible. The superposition of the structure of
theâ-PGM-Mg2+ complex on the structure of theâ-PGM-
â-glucose-6-phosphate-1-phosphorane-Mg2+ complex (44)
illustrates the change in conformation which takes place
following binding of theâ-G16P ligand to the free enzyme
(see Figure 2A). Whereas the intradomain conformational
changes are small [the two domains that comprise the enzyme
can be superimposed with a low rmsd of 0.88 Å2 (cap) and
0.77 Å2 (core) for CR atoms], the interdomain conformational
changes are large. Domain-domain closure is accomplished
by the rigid motion of the “cap” domain (residues 16-78)
relative to the “core” domain along an effective hinge axis
by 26° as calculated by DynDom (57). The movement of
the cap domain brings the cap residue, Arg49, within
hydrogen-bond forming distance of the C(6) phosphoryl
group of G16P (see Figure 2B), while sealing the active site
to solvent (44).

The structure of the phospho-â-PGM-Mg2+ complex (CR

trace not shown, but essentially the same as that of the
â-PGM-Mg2+ complex shown in Figure 2A) provides a
snapshot of the enzyme following phosphoryl transfer from
the G16P ligand to the Asp8 and subsequent release of the
G6P product. The cap and core domains have dissociated,
thereby opening the active site to solvent. One would
anticipate thatâ-G1P binds to this form of the enzyme, and
that the cap and core domains once again associate to close
the active site for catalysis. Indeed, the crystal structure of
the R-D-galactose 1-phosphate-boundâ-PGM-Mg2+ com-
plex, in which the C(1) phosphate is bound in the “non-
transferring” phosphate binding site distal to Asp8, shows
the enzyme to be in the closed conformation (58) with the
cap domain Arg49 positioned to form a hydrogen bond with
the ligand C(1) phosphate (see Figure 2B for the position of
Arg49).

On the basis of these crystallographic snapshots, we
surmise that during its catalytic cycle,â-PGM exchanges
ligands by opening the core domain active site to solvent
via cap domain dissociation. Thus, in the cartoon shown in
Figure 2C, we depictâ-PGM as a “feeding clam” (Figure
2C), opening its active site to bind theâ-G16P phosphoryl
donor, closing to allow autophosphorylation, opening to
release the G6P product and absorb theâ-G1P substrate, and
then closing once again for phosphoryl transfer to take place
before opening to releaseâ-G16P.

In contrast to the domain movements suggested by these
crystal structures, the core domain active site residues stay

FIGURE 2: (A) Overlay of the backbone (blue) of theâ-PGM-
Mg2+ complex with the backbone (pink) of theâ-PGM-Mg2+-
6-phosphoglucose-1-phosphorane complex. (B) Overlay of the
active sites of theâ-PGM-Mg2+ complex (blue) and theâ-PGM-
Mg2+-6-phosphoglucose-1-phosphorane complex (protein in pink
and phosphoglucose in gray). S52, K79, H20, and R49 belong to
the cap domain. T16 and A17 are the hinge residues. D10 is the
acid-base catalyst, which along with S116, S114, K117, N118,
K145, E169, and D170 is derived from the core domain. The Mg2+

is represented as a sphere colored the same as the backbone of the
corresponding structure. Water ligands have been omitted for clarity.
Unique hydrogen bonds to each structure are depicted as dashed
lines colored the same as the backbone of the corresponding
structure. (C) Cartoon depicting the enzyme conformational changes
expected to occur along the reaction pathway.
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fixed. The single exception to this rigid catalytic template is
Asp10. As shown in Figure 2B, in the cap open conforma-
tion, the side chain of Asp10 is engaged in hydrogen-bond
formation with the backbone amide NH groups of Thr16 and
Ala17 and is, thus, directed away from the reaction center.
These two residues form the hinge region of interdomain
peptide linker 1. In theâ-PGM-â-glucose-6-phosphate-1-
phosphorane-Mg2+ complex, the backbone conformation at
the hinge has changed, and the Asp10 side has rotated into
the active site where it forms a hydrogen bond with the ligand
C(1)O and with the cap domain His20, which has also
entered the active site. By coupling cap closure to ligand
binding [a common feature among the two-domain HAD
phosphotransferases (59)], and acid-base catalysis via Asp10
to cap closure, phospho-â-PGM can discriminate between
â-G1P and water as the phosphoryl group acceptor. In this
study, the level of discrimination between phosphoryl group
acceptors was measured as described below.

pH Dependence ofâ-PGM Catalysis. L. lactisâ-PGM was
reported to be relatively stable in solution within the pH range
of 5-9.5, but to have a comparatively narrow pH range for
catalysis based on velocity measurements taken at several
pH values (6). Here we examine the pH dependency ofL.
lactis â-PGM catalysis using the logkcat and log kcat/Km

versus pH profiles ofâ-PGM-catalyzed conversion ofâG1P
to G6P to define apparent pKa values of essential residues.
The profiles obtained were bell-shaped and defined optimal
catalytic functioning at or near neutral pH. As shown in
Figure 3, the data defining the acid and base regions of the
pH-rate profiles were fitted to equations defining one or
two ionizations (see Materials and Methods) to obtain
apparent pKa values for the ionizing groups. The acid range
of the log kcat profile defines two essential base residues,
the conjugate acids of which ionize with apparent pKa values
of 4.7 and 6.7. The alkaline range of the logkcat profile
defines one essential acid residue that ionizes with an
apparent pKa value of 7.3. The acid region of the logkcat/Km

profile defines two essential base residues that, as conjugate
acids, ionize with apparent pKa values of 5.5 and 5.8. The
base pH range of the logkcat/Km profile defines two essential

acid residues that ionize with an average apparent pKa value
of 7.9. No attempt has yet been made to assign these
ionizations to active site residues, but this goal will be
undertaken in the future. At this juncture, the pH-rate profile
analysis identified pH 7.0 as the optimal pH at which to carry
out theâ-PGM kinetic experiments described below.

Mg2+ Site of â-PGM. Comparison of the Mg2+ sites
(Figure 4) observed in the structures of the freeâ-PGM (“E”),
phospho-â-PGM (“E-P”), and theâ-PGM-â-glucose-6-
phosphate-1-phosphorane complex (“E-P-GP”) reveals that
the Mg2+ ligands derived from the enzyme core domain are
retained throughout the catalytic cycle. In each enzyme
complex, the Mg2+ is coordinated by the Asp8 and Asp170
side chains and the Asp10 backbone carbonyl oxygen. In
the active site of E, there are three ordered water molecules,
labeled Wat1-Wat3 (Figure 4A), that occupy the remaining
coordination positions of the Mg2+. Each of the three water
ligands engages in hydrogen bond interactions with sur-
rounding residue side chains: Wat1 with Glu169 (2.5 Å),
Asp170 (3.1 Å), and Ser171 (2.7 Å); Wat2 with Asp8 (3.1
and 2.9 Å); and Wat3 with Asp10 (2.7 Å) and Asp170 (2.7
and 3.2 Å). In the E-P and E-P-GP complexes, Wat1 and
Wat3 are retained but Wat2 is replaced with the Asp8
phosphoryl group, which in the E-P complex is tetrahedral
at the phosphate phosphorus and in the E-P-GP complex
trigonal bipyramidal at phosphorus (Figure 4B). The Mg2+

of the free enzyme is only slightly distorted from a perfect
octahedral geometry with the nucleophilic Asp8 ligand, 81°
from the plane of the bipyramid (the ideal is 90°). There is
a small but significant 0.6 Å shift (compared to the 0.21 Å
coordinate error of the structure) in the position of the Mg2+

observed in the free enzyme versus the E-P and E-P-GP
complexes.

The Mg2+ activation constant was determined by measur-
ing the dependence of the initial velocity of theâ-PGM-
catalyzed conversion ofâ-G1P to G6P on the concentration
of added Mg2+. The plot shown in Figure 5 defines an
apparentKm for Mg2+ of 270 ( 20 µM.3 The low Mg2+

binding affinity of â-PGM contrasts the high Mg2+ binding
affinity observed with a close structural homologue, phos-
phonatase (61). In phosphonatase, the Mg2+ cofactor is bound
so tightly (Kd < 1 µM) that it cannot be removed by dialysis
without denaturing the enzyme (60). The constellation of
Mg2+ ligands in these two HAD family enzymes is con-
served, while the Mg2+ binding affinity has diverged.

Here we examine the contribution made by the metal
binding loop in â-PGM, and compare it with that of
phosphonatase. The seven-stationed HAD family metal
binding loop positions two carboxylate residues for Mg2+

binding (60). Both â-PGM and phosphonatase position the
inner-sphere Mg2+ ligand (Asp170 inâ-PGM and Asp186
in phosphonatase) at station 3. Whereas Ala substitution for
Asp186 in phosphonatase precludes catalytic turnover (60),
Ala substitution for Asp170 inâ-PGM does not. Theâ-PGM
D170A mutant is impaired but active, with akcat of (3.84(
0.03) × 10-3 s-1 and aKm of 7.8 ( 0.2 µM (Table 2). In

3 Previous studies ofL. lactisâ-PGM metal ion activation indicated
a Mg2+ Km of ∼1 mM, but this measurement was taken in the presence
of Triton X-100 (6). Also, it is noted here that because metal binding
is at thermodynamic equilibrium, theKm of activation is a measure of
the binding affinity between the enzyme and the Mg2+.

FIGURE 3: Plots of logkcat (b) and logkcat/Km (O) vs pH measured
for the â-PGM-catalyzed conversion ofâG1P to G6P. Ascending
and descending regions of the plots were separately fitted with
equations describing one or two ionizations. See Materials and
Methods for details.
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HAD phosphotransferases, the “other” carboxylate residue
stationed on the metal binding loop binds the Mg2+ through
hydrogen-bond formation with its water ligand. Glu169 of
â-PGM is located on station 2, while Asp190 of phospho-
natase is located at station 7. Replacement of Asp190 with
Ala reduces thekcat of phosphonatase 700-fold (60) and
increases the substrateKm ∼200-fold, and the Mg2+ Km

∼1000-fold (Km ) 3.5 mM). On the other hand, retention
of catalytic activity in theâ-PGM E169A/D170A double
mutant [kcat ) (1.20 ( 0.02)× 10-3 s-1 andKm ) 390 (

20 µM] suggests that the Asp8 carboxylate group, together
with the backbone carbonyl of Asp10 (ligands seen in the
X-ray structure), can secure the cofactor. Compared to the
metal binding loop of phosphonatase, the metal binding loop
of â-PGM makes a smaller contribution to the binding of
Mg2+. As can be seen in the overlay in Figure 4B, water,
phosphate, and phosphorane oxygen ligands exchange for a
single Mg2+ coordinate site. It is tempting to speculate that
the loose grip imposed by theâ-PGM metal binding loop
might allow the Mg2+ to shift as needed to accommodate
the different phosphate ligands encountered during a catalytic
cycle.

The Nucleophile Asp8 Is Essential for Catalysis.The X-ray
crystal structure of phospho-â-PGM shows that the site of
phosphorylation is Asp8 (43). This active site residue is
invariant in the HAD superfamily, where, within the ha-
loalkonate dehalogenase branch, it is known to function in
nucleophilic catalysis by displacing the halide from the

FIGURE 4: (A) Electron density map (2Fo - Fc) contoured at 1.5σ of the Mg2+ binding site of theâ-PGM-Mg2+ complex. (B) Overlay
of the Mg2+ binding sites observed in the structures of theâ-PGM-Mg2+ (pink), phospho-â-PGM-Mg2+ (yellow), andâ-PGM-Mg2+-
6-phosphoglucose-1-phosphorane (gray) complexes. Waters are depicted as cyan spheres, and Mg2+ is depicted as a sphere colored the
same as the backbone of the corresponding structure.

FIGURE 5: Plot of initial velocity of theâPGM-catalyzed conversion
of âG1P to G6P vs Mg2+ concentration. Reaction mixtures
contained 3 units/mL G6P dehydrogenase, 200µM NADP, 50µM
R-G16P, 50µM â-G1P, 0.02µM metal-freeâ-PGM, and 0-1.2
mM MgCl2 in 50 mM K+Hepes (pH 7.0 and 25°C).

Table 2: Kinetic Constants for Wild-Type and Mutantâ-PGMs (in
the presence of 50µM R-G16P as the activator)

enzyme Km-Mg2+ (µM) Km-G1P(µM) kcat (s-1)

wild type 270( 20 14.6( 0.5 17.1( 0.6
D8A inactive
D8E inactive
D170A not determined 7.8( 0.2 (3.84( 0.03)× 10-3

E169A/D170A not determined 390( 20 (1.20( 0.02)× 10-3
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2-haloalkonoate substrate to form an alkylated enzyme
intermediate (62). The participation of the invariant Asp in
mediation of phosphoryl transfer has been implicated by
retention of phosphorus stereochemistry (63, 64) and by
Asp-BeF3 adduct formation in the protein crystal (65, 66).
In addition, several papers have reported32P labeling of a
HAD family phosphotransferase using32P-labeled substrate
and/or chemical trapping of the aspartyl phosphate residue
(67-73).

Despite all this evidence, we sought further proof that Asp8
functions in nucleophilic catalysis. From recently reported
studies of P. aeruginosaR-PGM/R-PMM (32, 33), we
learned that the S108A mutant retains 12% activity, despite
the fact that Ser108 has been shown to be the site of
phosphorylation (13). Furthermore, the S108A mutant is
phosphorylated by the G16P activator (33). These observa-
tions warn that suspected nucleophilic catalysis should be
verified by site-directed mutagenesis experiments. Accord-
ingly, Asp8 ofâ-PGM was mutated and the activity of the
mutants measured. Here, we report that the D8A and D8E
â-PGM mutants are inactive as determined by an assay that
measures residual activity to a minimal turnover rate of 1×
10-5 s-1. Both mutants were judged to possess native
structure on the basis of the criteria of yield, solubility,
stability, and chromatographic behavior. Therefore, we
conclude that Asp8 plays an essential role inâ-PGM
catalysis.

It is curious that theâ-PGM Asp8 nucleophile is essential
to catalysis but theR-PGM/R-PMM Ser108 nucleophile is
not. Forâ-PGM, the structure of theâ-glucose-6-phosphate-
1-phosphorane-Asp8 complex is strong evidence for an
associative mechanism in which Asp8 attacks the phosphorus
prior to leaving group departure (44). An intriguing pos-
sibility for the PGM/R-PMM is that the highly electrostatic
environment of the desolvated active site (13, 14) might
support a metaphosphate intermediate (74), which preferen-
tially docks at Ser108 or the C(6)OH group ofRG1P.

â-PGM ActiVation by Phosphorylation.Having established
that â-PGM is phosphorylated at Asp8, we next sought to
identify the physiologicalâ-PGM phosphorylating agent. For
L. lactis â-PGM to efficiently catalyze the conversion of
â-G1P to G6P, it requires an activator, a requirement
conveniently met in the laboratory by commercialR-G16P
(39).4 Here, we examine the specificity ofâ-PGM autophos-
phorylation by comparing activation byR-G16P to activation
by known phosphorylated metabolites by using steady-state
kinetic methods. The phosphoryl donor and theâ-G1P bind
to separate enzyme forms (E and E-P, respectively), giving
rise to parallel-patterned double-reciprocal plots (i.e., inverse
velocity vs inverseâ-G1P concentration measured at a
changing, fixed activator concentration). In short,â-PGM
activation conforms to a bi-bi ping-pong mechanism as
illustrated by the kinetic plot measured withR-G16P (Figure
6A). Data fitting defined akcat of 17 s-1 and aKm of 20 µM
for the activatorR-G16P. When this kinetic experiment was
repeated withR-D-fructose 1,6-(bis)phosphate (R-F16P), a
Km of 100 µM and akcat of 17 s-1 were obtained (Figure

6B). Finally, the kinetic experiment was carried out with
acetyl phosphate serving as the activator, to obtain the plot
shown in Figure 6C. Because of the high saturation threshold,
the steady-state kinetic constants (kcat ) 16.6( 0.3 s-1 and
Km ) 800( 30µM) for acetyl phosphate were derived from
a separate set of initial velocity data measured over a range
of 0.30-3.2 mM acetyl phosphate concentrations at a fixed
â-G1P concentration (50µM). ATP (10 mM), which has
been implicated in the autophosphorylation ofR-PGM (22),
had no effect onâ-PGM catalysis, either as an activator or
as an inhibitor. Likewise, orthophosphate (10 mM) did not
activate or inhibit the enzyme in solution (but see Observa-
tion of Phospho-â-PGM in the Crystal).

4 â-G16P is not commercially available. However, by isolating it as
a minor contaminant in their syntheticâ-G1P preparation, Belocopitow
and Marechal measured theKm (0.5 µM) for â-G16P activation ofE.
gracilis â-PGM (42).

FIGURE 6: Plots of inverse velocity vs inverseâ-G1P concentration
measured at various, fixed phosphoryl donor concentrations (as
shown in the boxed insets) using (A)R-G16P, (B)R-F16P, and
(C) acetyl phosphate as activators.
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These results show that once secured in theâ-PGM active
site, the various phosphoryl donors are equally reactive (i.e.,
kcat values are equivalent). Activator specificity is based on
“apparent” binding affinity, which is 5-fold higher for
R-G16P compared toR-F16P and 40-fold higher forR-G16P
compared to acetyl phosphate. The apparent binding affinity
is determined by favorable interaction with residues con-
tributed by the core and cap domains.

We have concluded that phosphoryl transfer from the
R-G16P (and similarly from theR-F16P) occurs from the
C(6) position.5 This conclusion is based on two observations.
First, â-PGM, activated with 50µM R-G16P, catalyzes the
conversion ofâ-G1P to G6P (kcat ) 17.1( 0.6 s-1; â-G1P
Km ) 14.6 ( 0.5 µM) but not the conversion ofR-G1P to
G6P. Specifically, no product was detected in the mixture
of 10 µM â-PGM, 100µM R-G16P, and 300µM R-G1P in
2 mM MgCl2 and 50 mM K+Hepes (pH 7.0) following
incubation for 1 h at 25°C. Thus, phosphoryl transfer cannot
occur from C(1) in theR-isomer of G1P, and by analogy
from C(1) ofR-G16P. Transfer must instead occur from C(6)
of R-G16P. Second, on the basis of the X-ray crystal structure
of the L. lactis â-PGM complexed with the inhibitorR-D-
galactose 1-phosphate (58), we can assume that the C(1)
phosphate ofR-G16P will bind to the distal nontransferring
phosphate binding site where it serves to stabilize the closed
conformation of the active site (44). Thus, whereas the
epimer specificity at the transferring phosphate site is high,
at the distal phosphate site it is lax.

Unlike R-G16P andR-F16P, acetyl phosphate does not
possess a phosphoryl group to bind to the distal phosphate-
binding site. As a consequence, it is unable to stabilize the
closed conformation by interaction with the cap domain
Arg49. Thus, acetyl phosphate binding cannot trigger the
release of the Asp10 carboxylate from hinge residues Thr16
and Ala17, to participate in acid catalysis (see Figure 2B).
However, because of the low energy of the acetate-leaving
group, phosphorylation of the Asp8 is not impeded. As will
be shown below, this is not the case forâ-G1P, which is the
most logical choice for the nativeâ-PGM activator.

In L. lactis, â-G1P is formed when maltose is degraded
by the action of maltose phosphorylase (76). Both maltose
phosphorylase andâ-PGM synthesis are induced by maltose
(75). Thus, the appearance ofâ-PGM coincides with that of
â-G1P. Mesak and Dahl (40) have suggested that because
â-PGM from B. subtilis displays highâ-G1P dismutase
activity, it might synthesize its activator by autophosphory-
lation. Accordingly, we testedL. lactis for â-G1P dismutase
activity. Theâ-PGM turnover rate for glucose formation in
a reaction mixture initially containing 10µM â-PGM, 0.5
mM â-G1P, 0.5 mM NADP, 10 units/mL glucose dehydro-
genase, 2 mM MgCl2, in 50 mM K+Hepes (pH 7.0 and 25
°C) was measured at 3× 10-4 s-1. In contrast, for G6P
formation,kcat ) 0.83( 0.01 s-1, and forâ-G1P,Km ) 400
( 40 µM. In the presence of 50µM R-G16P, G6P is formed
with a kcat of 17.1( 0.6 s-1 and aâ-G1PKm of 14.6( 0.5
µM. These results show thatâ-G1P is a more efficient
phosphoryl acceptor (from phospho-â-PGM) than a phos-
phoryl donor (toâ-PGM); i.e., the ratio ofkcat/Km for these

two reactions equals 557. UnlikeR-G16P orR-F16P,â-G1P
does not possess the additional phosphate group which we
have hypothesized induces cap closure and, hence, Asp10
acid-base catalysis (vide infra). Consequently, bothkcat and
Km for â-G1P activation are less favorable. While theKm

value for â-G1P roughly compares with that of acetyl
phosphate (400 vs 800µM), its kcat value is much smaller
(0.8 vs 17 s-1). Unlike acetyl phosphate,â-G1P requires an
acid catalyst for protonation at the C(1)O group, and without
a phosphoryl group to bind at the distal phosphate binding
site, we presume that cap closure, and hence interaction with
Asp10, becomes less frequent. Nonetheless,â-PGM auto-
phosphorylation byâ-G1P can, in principle, account for the
origin of the phospho-â-PGM in the cell.

5 In earlier studies, the activation ofâ-PGM by R-G16P was
attributed to the possible contamination of theR-G16P sample by the
â-isomer (39, 42, 77).

FIGURE 7: (A) Reaction sequence for the phosphorylation of the
â-PGM-Mg2+ complex with acetyl phosphate followed by reaction
of the phospho-â-PGM-Mg2+ complex withâ-G1P. (B) Plots of
â-PGM activity as a function of time of incubation with 0.5 (b), 1
(9), and 5 mM acetyl phosphate (2) as activators.
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Specificity of Phospho-â-PGM for the Phosphoryl Group
Acceptor.â-PGM functions as a mutase rather than as a
phosphatase because of its ability to discriminate between
water andâ-G1P as a phosphoryl group acceptor. Here we
report the rate at which phospho-â-PGM transfers its
phosphoryl group to water.â-PGM (20 µM) was preincu-
bated with acetyl phosphate (0.5, 1, and 5 mM) in 50 mM
K+Hepes (pH 7.0 and 25°C) containing 2 mM MgCl2. At
varying incubation periods, the reaction mixture was assayed
for phospho-â-PGM as detailed in Materials and Methods.
The chemical steps anticipated for the preincubation reaction,
and the assay reaction, are diagrammed in Figure 7A. The
experimental results are plotted in Figure 7B. The time
courses for phospho-â-PGM formation and hydrolysis dem-
onstrate that the phospho-â-PGM is not long-lived. The 5
mM acetyl phosphate is consumed in∼80 min, defining a
minimum rate for phospho-â-PGM hydrolysis of 3 min-1.
This is much faster than the hydrolysis ratek of 2 × 10-6

min-1 observed for the phosphoserine group of phospho-R-
PGM (78). In future studies, the microscopic rate constants
for phospho-â-PGM formation and reaction with solvent
versus substrate will be determined. However, at this
juncture, we can conclude that the phospho-â-PGM phos-
phoryl transfer toâ-G1P (kcat ∼ 20 s-1) is ∼400-fold faster
than it is to water. In contrast, in phospho-R-PGM, the
R-G1P/water discrimination factor is 3× 1010 (78).

Adaptation of the Core Domain Catalytic Scaffold from
Phosphatase to Mutase.The HAD family largely consists
of phosphatases whose ability to distinguish between small
cellular metabolites is delegated to a cap domain and not to
the active site of the core domain (45). â-PGM catalysis of
acetyl phosphate hydrolysis reflects its ancestry, which is
tied to a core domain catalytic scaffold specialized for
phosphate ester hydrolysis. Indeed, the core domain of
â-PGM is not unlike that of HAD member BT4131 from
the bacteriumB. thetaiotaomicronVPI-5482, which catalyzes
the release of phosphate from hexose 6-phosphates and
pentose 5-phosphates (46). The cap domains of these two
enzymes are, however, different in size and topology. Here
we compare the abilities ofâ-PGM and BT4131 to catalyze
the hydrolysis ofp-nitrophenyl phosphate (pNPP), a phos-
phate ester that does not require acid catalysis. The steady-
state kinetic constants measured using 2µM â-PGM in 2

mM MgCl2 and 50 mM K+Hepes (pH 7.0 and 25°C) are as
follows: kcat ) (1.78 ( 0.01)× 10-2 s-1 and pNPPKm )
14.3( 0.3 mM. For BT4131 in 5 mM MgCl2 and 50 mM
K+Hepes (pH 7.0 and 37°C), kcat ) (8.3 ( 0.2)× 10-2 s-1

and pNPPKm ) 0.77( 0.05 mM (46). When the temperature
difference is included, thekcat values are essentially the same,
while the difference inKm values is consistent with cap-
assisted substrate binding in BT4131 but not inâ-PGM.

Next, we compared the G6P hydrolase activities ofâ-PGM
and BT4131. The reported steady-state kinetic constants for
BT4131-catalyzed hydrolysis of G6P are as follows:kcat )
3.6 ( 0.2 s-1 and Km ) 11 ( 2 mM (46). To assess the
â-PGM-catalyzed hydrolysis of G6P, a single-turnover
experiment was carried out to avoid the capture of the
phospho-â-PGM by G6P. The time courses measured for
the reaction of 40µM â-PGM or BT4131 with 5µM [14C]-
G6P at 25°C are shown in Figure 8. Data fitting to a single
exponential defines identical pseudo-first-order rate con-
stants6 for the two reactions:kobs) 0.0094( 0.0005 min-1.
Thus, the phosphatase activity of the core domain ofâ-PGM
is no different from the phosphatase activity of the core
domain of BT4131.

The success ofL. lactis â-PGM regulation can be
attributed to the combination of two factors. First, phospho-
â-PGM transfers its phosphoryl group toâ-G1P much faster
than it does to solvent, and second, the synthesis ofâ-PGM
is induced by maltose (75), from which â-G1P is derived
(76). Thus, unwanted hydrolysis of phosphorylated metabo-
lites by â-PGM is avoided by coordinating the presence of
â-PGM with the presence ofâ-G1P.

By recruiting the cap domain to incorporate a second
phosphate-binding site (i.e., the distal phosphate site),â-PGM
has evolved from phosphatase to mutase. Indeed, the clear
distinction between the phosphohydrolase branch and the
mutase branch of the HAD superfamily is that the substrate
of the phosphohydrolases is a cognate for the free enzyme
while the mutase substrate is a cognate for the phosphoen-
zyme. This can be demonstrated by the contrasting inhibition

6 Because of the weak binding of G6P to either enzyme, the
concentration of the enzyme-substrate complex present in the reaction
mixture is minimal. The prevailing conditions thus approximate a
pseudo-first-order reaction.

FIGURE 8: Time courses for the consumption of G6P (b) and the formation of glucose (2) measured in single-turnover reactions of 5µM
[14C]glucose 6-phosphate with 40µM â-PGM (A) or BT4131 (B) in 50 mM K+Hepes (pH 7.0 and 25°C) containing 2 mM MgCl2.
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patterns observed with tungstate, an analogue of orthophos-
phate. Previous studies carried out with phosphonatase
showed that tungstate is a competitive inhibitor versus
phosphonoacetaldehyde with aKi of 50 µM (61). The X-ray
crystal structure of phosphonatase shows tungstate bound to
the active site Arg160 and Mg2+ cofactor, and aligned with
the Asp12 nucleophile (61). Here we show in Figure 9 that
both tungstate and molybdate act as uncompetitive inhibitors
of R-G16P-activatedâ-PGM against the substrateâ-G1P.
The uncompetitive inhibition observed with tungstate and
molybdate is evidence that the substrate and inhibitor
compete for different enzyme forms; for instance, the
substrate binds to the phosphoenzyme, and the inhibitor binds
to the free enzyme. The reciprocal velocity versus inhibitor
concentration replots are parabolic, indicating two inhibitor
binding sites on the free enzyme and precluding calculation
of the inhibition constant.7 We assume that the two sites
correspond to the binding sites for C(6) and C(1) phosphoryl
groups of theâ-G16P (the “distal” and “transfer” sites,
respectively).

ObserVation of Phospho-â-PGM in the Crystal. In a
previous study, theâ-PGM from E. gracilis was incubated
with [32P]-â-G1P and then passed through a Sephadex-25
column (42) to show that the enzyme fraction did not contain
radiolabel. In the study presented here, we found that the
half-life of L. lactisphospho-â-PGM in buffer is less than 1
min. Thus emerged the paradox of the aspartyl phosphate
group in the structure ofâ-PGM crystallized in the absence
of substrate or activator (43). Importantly, HAD phospho-
transferases in a mixture with substrate and product, or just
product, have been shown to contain a small amount of the
phosphoenzyme (67-72). This suggested that the hydrolysis
of the aspartyl phosphate group is reversible. Indeed, alkaline
phosphatase is readily phosphorylated via the back reaction
with orthophosphate (79).

Phosphate had not been deliberately added to theâ-PGM
crystallization solution containing 16% PEG 3350 and 0.1
M ammonium fluoride (unbuffered, pH 6.5). Therefore, the
PEG 3350 lot used to prepare the 16% PEG crystallization

solution was tested for phosphate contamination with the
Malachite Green phosphate assay (47, 48). The results were
positive, and showed that the crystallization solutions had
contained 0.45( 0.01 mM inorganic phosphate. The ratio
of phosphate to total enzyme (0.22 mM) was thus∼2:1, and
the ratio of phosphate to enzyme present in the three 1µg
crystals that typically occupy a 2.5µL well solution was
∼13:1. Because the active site of the crystalline enzyme is
open to solvent, phosphorylation could have occurred before
or after crystallization. In the case of the HAD superfamily
member sarcoplasmic reticulum ATPase, added organic
solvent substantially increased the level of phosphate-derived
phosphoenzyme (80) and the high concentrations of PEG
used in crystallization might produce a similar effect. The
X-ray crystal structure ofâ-PGM-Mg2+ crystals grown from
phosphate-free PEG presented herein shows that Asp8 is not
phosphorylated.

Summary. This study has demonstrated that Asp8 plays
an essential role inâ-PGM catalysis, during which it is
phosphorylated. Theâ-PGM aspartyl phosphate group is not
stable in water, but the discrimination between solvent and
substrate is sufficient to avoid hydrolysis. The efficiency of
enzyme phosphorylation and dephosphorylation is deter-
mined by the cap domain, which binds with the ligand
phosphate group. This interaction stabilizes the cap domain-
core domain conformation that, in turn, positions the Asp10
for acid-base catalysis and desolvates the active site. In the
cell, â-G1P serves as both a substrate and activator.
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