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ABSTRACT. Lactococcus lactig-phosphoglucomutasg-PGM) catalyzes the interconversionb-glucose
1-phosphateA-G1P) andS-p-glucose 6-phosphate (G6P), formifigp-glucose 1,6-(bis)phosphatg-(

G16P) as an intermediai®-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 exami®®GM activation by the Mg cofactor,5-PGM
activation by Asp8 phosphorylation, and the role of cap domain closure in substrate discrimination. First,
the 1.90 A resolution X-ray crystal structure of the Mg 3-PGM complex is examined in the context of
previously reported structures of the Mg-a-p-galactose-1-phosphat@-PGM, Mgt —phospha3-PGM,

and Mg+—f-glucose-6-phosphate-1-phosphorafieGM 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 Mg@" in the different complexes shows that a single?¥goordination site must alternatively
accommodate water, phosphate, and the phosphorane intermediate during catalytic turnover. Limited
involvement of the HAD family metal-binding loop in Mg anchoring in3-PGM is consistent with the
relatively loose binding indicated by the largg for Mg?* activation (270+ 20 4M) 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-didde catalysis. Kinetic analyses

of the specificity of3-PGM toward phosphoryl group donors and the specificity of phoghR&M toward
phosphoryl group acceptors were carried out. The results support a substrate induced-fit mechanism of
B-PGM catalysis, which allows phosphomutase activity to dominate over the intrinsic phosphatase activity.
Last, we present evidence that the autophosphorylatightfPGM by the substratg-G1P accounts for

the origin of phosphg@-PGM in the cell.

Phosphoglucomutases catalyze the interconversion o0f5.4.2.6), present in certain bacteria and protists. The two
D-glucose 1-phosphate (G1P) abeglucose 6-phosphate classes of mutases are distinguished by their specificity for
(G6P)! Operating in the forward G6P-forming direction, this a- and 5-p-glucose phosphates and by their protein fold
reaction links polysaccharide phosphorolysis to glycolysis.

In the reverse direction, the reaction provides G1P for the d ! IAbb“?]}.’i"i‘th”SH a-F;Gl\f, a-phgssg%%glucr?mutasex-P?I\S/g;l\ém,

; ; ~ ; ual-specificityo-phosphoglucomuta osphomannomuta ,
biosynthesis of exo-polysaccharide8).( There are two B-phosphoglucomutase: B-PGM-Mg?"; E—P, phosphg3.PGM-
classes of phosphogIucomgta_ses,alfrmosphoglucomutases Mg?+; E—P—GP, A-PGM-f-glucose-6-phosphate-1-phosphorane
(a-PGM, EC 5.4.2.2), ubiquitous among eukaryotes and Mg?*; -G1P, -p-glucose 1-phosphated-G16P, 5-p-glucose 1,6-

rokaryotes, and thg-phosphoglucomutaseg8-PGM, EC (bis)phosphatey-G1P,a-p-glucose 1-phosphate;G16P a-p-glucose
P y B-p phog p-6 1,6-(bis)phosphateq-F16P, a-p-fructose 1,6-(bis)phosphate; pNPP,
p-nitrophenyl phosphate; G6Ry- and/or 5-p-glucose 6-phosphate;
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FiGurRe 1: Sequence of reaction steps involved in a single catalytic cycle in enzyf®&M andfS-PGM. Foro-PGM, the substrate is
aG1P, the intermediate ig-G16P, and the active site nucleophile (X) is Ser108. f~®GM, the substrate {§-G1P, the intermediate is
B-G16P, and the active site nucleophile (X) is Asp8.

family. a-PGM belongs to the phosphohexomutase super- (42) is, like a-PGM, known to utilize G16P as a phosphoryl
family (9), while 8-PGM belongs to the haloalkanoic acid donor and M§" as a cofactor. However, there are distinct
(HAD) enzyme superfamilyl(Q). The four-domaire-PGMs differences between the two catalytic scaffolds, which
(~50 kDa) (11-14) are approximately twice the size of the  syggests that the respective phosphoenzymes are generated
two-domain }-PGMs (25 kDa) (L5). The common de-  ang stabilized by different mechanisms. X-ray crystal-

nominator between the mutases is catalysis via a glucose, ; ; ; ;
) ) ) graphic analysis of.. lactis f-PGM has provided three
1,6-(bis)phosphate (G16P) intermediate. Wher@dGM snapshots of the enzyme bound with its cofactor{Nlignd

catalysis had been studied in depilé{ 31), comparatively . .
little is known abou3-PGM catalysis, the topic of this paper. a pho;phorylated Ilgqndls, 44, 58). These structure; d'nffer
in the identity of the ligand and the solvent accessibility of

The catalytic cycles of two divergentPGMs, one from . . L .
rabbit muscle 11, 12, 28-30) that functions in energy the act!ve site. The |n|t.|al structure plctureq the phosphoen-
zyme in an active site open conformation; the second

metabolism and the other froRseudomonas aeruginoftae : ' :
duel specificity a-phosphoglucomutasefphosphomanno- structure showed the enzyme in an active site closed
mutase ¢-PGM/PMM)] (13, 14, 32, 33) that functions in conformation with the Asp8 carboxylate oxygen forming a
alginate and lipopolysaccharide biosynthe8436), have ~ covalent bond to the phosphorus of fhglucose-6-phosphate-
been shown to be the same. The cycle consists of phosphod-phosphorane, and the third structure revealed the enzyme
rylation of a-G1P by a phosphorylated active site serine in an active site closed conformation, with the substrate
residue to fornu-G16P as an intermediate, reorientation of analogueo-p-galactose 1-phosphate oriented to place its
the intermediate in the active site, transfer of the C(1) phosphate group at the distal phosphate binding site and its
phosphoryl group to fthe a_ctive site serine, and finally reIeaseC(G)OH group near the Asp8 nucleophile. The first two
of G6P from the active site of the phosphorylated enzyme gi,ctures represent reaction intermediates stabilized in the
(25, 33) (Figure 1). Phosphorylated-PGM is chemically ¢ qtajline state and the third an inhibitory, dead-end complex
sthablehln \I/vater (?alfé'ﬁ) OIN7 }[/ea;sl)o%t(ayt;?nsrfas Its of substrate bound to the dephosphoenzyme. In this paper,
phosphory! group tax- ararateo (37). Ithas we report the structure of a fourth complex, the “free”

been presumed that in viva-PGM is phosphorylated by . s :
0-G16P K for activation= 0.1 uM for P. aeruginosa holoenzyme bound to its Mg cofactor. Within the catalytic

a-PGM/PMM (32); Kq = 0.024M for rabbit musclen-PGM cycle, this enzyme form binds and is phosphorylateq by

(37, 38)], even though the source ofG16P in the cellhas ~ G16P. Herein, the four structures are compared, and kinetic

not yet been established. An alternate proposal isotHeGM studies probing structural requirements f»PGM phos-

is autophosphorylated by ATP, an activity that has been phorylation and dephosphorylation are reported, to provide

observed in vitro 22). insight into how the phosphatase branch of the HAD family
B-PGM isolated fromLactococcus lactig39), Bacillus (45) has acquired phosphomutase function, and how the

subtilis (40), Neisseria perflaa (41), andEuglena gracilis p-PGM catalytic strategy differs from that used @yPGM.
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MATERIALS AND METHODS Table 1: Crystallographic Data Collection and Model Statistics

Enzymes and Reagents data collection statistics
space group P212121
L. lactis B-PGM (Swiss-Prot entry P71447) and sugar unit cell dimensions a=52.760 ﬁ
phosphate phosphatase BT4131 from the bacteBaoteroi- E; 5‘57’ 'éig A
des thetaiotaomicrovPI-5482 were prepared from the X-ray source CuK
Escherichia coliclones as previously described5( 46). resolution range (A) 18:91.9
D-[1-!4C]Glucose 6-phosphate (SA 49.3 mCi/mmol) was highest-resolution shell (A) 1.971.90
purchased from Perkin-Elmer Life Sciences. Kinetic assay gngflé?é?:é “8'15"3256) reflections 524162(292(;37%653
and protein purification materials were purchased from |/0(|§) ° 15.4'(5.47'
Sigma-Aldrich. The Malachite Green-baset¥,(48) phos- Rierge (%) 3.8(13.7%
phate assay kit was purchased from BioMol Co. and used  volume fraction of protein (%) 54.2
in phosphate determinations of the PEG 4000 (Hampton fqata reotlurtldtarlpy 24 (2%)
Research) and PEQ 3350 (Fluka). Protein concgntrations e 'rgzgqlﬁgoﬁ ?afg'gS(A) 18:91.9
were determined using the Bradford methd8)( Radioac- no. of protein atoms/asymmetric unit 1707
tivity was measured using Ultima Gold liquid scintillation no. of waters/asymmetric unit 288
cocktal (Perkr-Elmer) and a Beckman LS 6500 mulpur- 1S VA erse et L
pose scintillation counter. RuoidRiee (%) 20.2/21 1
. . Ramachandran plot

Crystallization and Structure Determination residues in most favored regions (%) 94.9

L. .. id in additionally all d regi % 5.1

Crystallization conditions for_th)é-PGl\/I_—Mng complex a\,;?zggffsagfr (A|2)|ona Y allowed regions (%) 241

were obtained by sparse-matrix screeni&@) (vith Crystal average of all amino acids 24.5
Screen Kits | and Il (Hampton Research). For crystallization, average of Mg" atoms 22.3
the purified recombinarit. lactis 3-PGM (~25 mg/mL) was gxg:ggg 8; fn(’;‘i’r?rc‘:]am atoms 3525'140
dissolved in 1 mM Hepes (pH 7.3) and 10 mM MgCl average of side chain atoms 24.9
Crystals grew at 18C as rectangular plates with overall Luzzati coordinate error (A) 0.21
dimensions of approximately 1 mm 0.3 mmx 0.1 mm in rmsd
14 days from solutions of 100 mM Tris-HCI (pH 8.5), 200 g%”e%'rz?sgzgz (')Z\) g'g%)%
mM sodium acetate, and 30% PEG 4000 (phosphate-free as  gies (deg) 9 1.50
shown by the Malachite Green phosphate assay). Crystals impropers (deg) 1.58

for data COlle‘:tio_n Were_ frozen in 100% Paratone-N (Hamp- aValues in parentheses are those for the highest-resolution shell
ton Research) directly in a stream of nitrogen gas cooled by (2.0-1.9 A)
liquid nitrogen. Diffraction data were collected at180°C

to 1.70 A resolution using Cu K radiation from a Rigaku  competent cells (Novagen). The sequence of the mutated
RU-300 generator equipped with the R-Axis‘iVimage  gene was confirmed by DNA sequencing at the Center for
plate (Boston University School of Medicine). Data were Genetics in Medicine, University of New Mexico. The D8A,
indexed and scaled using DENZO and SCALEPAGH)( D8E, D170A, and E169A/D170A mutant proteins were
Data collection statistics are summarized in Table 1. Phasesyrified as described above for the wild-type protelis)(
were solved via the molecular replacement program Molrep and shown to be homogeneous by STAGE gel analysis.

(52) using the model of phosph®-PGM (PDB entry 1LVH)  The yields of the mutant proteins ranged from 2 to 4 mg/g
(43). The program yielded an initial solution with a correla- of wet cells.

tion coefficient of 25% and aR-factor of 54%. The model
was refined using successive rounds of manual rebuilding Steady-State Kinetic Experiments
in the molecular graphic program 3) followed by
minimization and simulated annealing in CN54) using

an MLF target function with data from 100 to 1.90 A. To
avoid model bias, metal cofactors and waters were added
when Ryee (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.

Kinetic AssaysAll kinetic assays were carried out at 25
°C in 50 mM K*Hepes (pH 7.0) containing 2 mM Mg§&l
unless stated otherwise. The formation of G6P was monitored
by measuring the increase in solution absorbance at 340 nm
(Ae = 6.2 MMt cm™?) resulting from the G6P dehydroge-
nase-catalyzed reduction of NABR typical 3-G1P to G6P
conversion reaction would be carried out by adding a
B-PGM Site-Directed Mutants specified volume of g-PGM stock solutiond a 1 mL

solution containing known concentrations @fG16P and

Mutagenesis was carried out using a two-step PCR strategys-G1P in 50 mM KHepes (pH 7.0), 2 mM MgG) 0.2 or
with the wild-type P71447/pET3a plasmid as the template, 0.4 mM NADP, and 3 units/mL G6P dehydrogenase.
primers custom synthesized by Invitrogen, the PCR kit
supplied by Stratagene, and thg Techgene thermal cycler 2 Glucose-6-phosphate dehydrogenase recognizes@&P epimer
manufactured by TECHNE (Princeton, NJ). The PCR as the substrate(2). However, the solution epimerization of the C(1)-
products were digested with restriction enzyniNed and OH group of G6P is fast because of the intramolecular -ababse

; ; catalysis of mutarotation in glucosg) (offered by the C(6) phosphoryl
BarHI (from New England Biolabs) and ligated to a pET3a group @). Fast mutarotation allows the dehydrogenase to be used as a

vector digested by the same restriction enzymes. The ligationcoypling enzyme to detect G6P formed from mutase catalysis®iP
products were used directly to transfoEmcoli BL21(DE3) and-G1P 6).
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The formation of glucose was monitored by measuring Vo = V,[AlBl/( Kg[A] + KA[B] + [A][B]) (5)
the increase in solution absorbance at 340 m € 6.2
mM~* cm™) resulting from the glucose dehydrogenase (10 \yhere [A] is the activator concentration, [B] is tifeG1P
units/mL)-catalyzed reduction of NADP (0.5 mM). concentrationV, is the initial velocity,V, is the maximum
Mg*" Activation. A B-PGM stock solution (20 mg/mL) velocity, K, is the Michaelis constant for the activator, and
was dialyzed f!rs_t against three changes of 50 mMHKpes Ks is the Michaelis constant for th&-G1P. Theke was
(pH 7.2) containing 20 mM EDTA and 1 mM DTT and then  cjcylated from the ratio dfmato the enzyme concentration.

against 50 mM KHepes (pH 7.2) with 1 mM DTT. The B-PGM-Catalyzed Acetyl Phosphate Hydroly§sPGM

initial velocity of G6P formation in reaction solutions initially ; ;
o . 20 uM) was preincubated with acetyl phosphate (0.5, 1, or
containing 3 units/mL G6P dehydrogenase, 260NADP, E,__) mplill))in 50 E‘nM K*Hepes (pH 7.0 gng 25(?) contEaining

504M 0-G16P, 5kM B-G1P, 0.024M mefal-freeﬂPGM, 2 mM MgCl,. At varying incubation periods, a/_ aliquot
and O_%'Z mM MgCh in 1mL of 50 mM K"Hepes (pH 7.0 of the solution was removed and addeda 1 mL assay
gnd 25°C) was determined by Tom}cl)rmg thg ab_sorbance solution which contained 100M $-G1P, 2 mM MgC}, 3
increase at 340 nm.&(e = 6.2 mMtcm™1). The kinetic data units/mL G6P dehydrogenase, and 400 NADP in 50 mM
were analyzed using eq 1 and the computer program OfK+Hepes (pH 7.0 and 25C). The initial velocity of G6P
Cleland 66). formation was determined from the rate of the increase in
V, = V_[Al(K,, + [A]) (1) solution absorbance at 340 ni¢(= 6.2 mM"* cm™*) and
plotted as a function of the time period of incubation of
where [A] is the MgC} concentration,V, is the initial ~ A-PGM with acetyl phosphate.
velocity, Vi, is the maximum velocity, andK, is the Inhibition ExperimentsThe 1 mL assay solutions used in
Michaelis constant for Mg activation. Thek.ot Was calcu- the inhibition experiments initially contained 0.0Q4V
lated from the ratio oWVnax to the enzyme concentration. B-PGM, 50uM o-G16P, 5-200uM (-G1P, 2 mM MgC},
pH—Rate ProfilesThe steady-state kinetic constakts 200 uM B-NADP, 2.5 units of G6P dehydrogenase, and
and K, for the f-PGM-catalyzed conversion ¢i-G1P to varying concentrations of sodium tungstate (0, 125, 250, and
G6P were measured in the pH range of49930 by measuring ~ 5004M) or molybdate (0, 160, and 32M) in 50 mM K-
the initial reaction velocity as a function BiG1P concentra-  Hepes (pH 7.0). The inverse of the initial velocity was plotted
tion in the range of 0.510K,,. The following buffers were as a function of the inverse of ti®G1P concentration for
employed at a concentration of 50 mM for the indicated pH each inhibitor concentration to form a set of parallel lines.
range: sodium acetate for pH 4:56.50, K*Mes for pH The intercepts (Mnay Of these plots were then plotted as a
5.50-7.00, K"'Hepes for pH 6.758.25, Tris-HCI for pH function of inhibitor concentration to form a parabola.
8.15-9.00, and KChes for pH 9.06-9.50. All buffers p-Nitrophenyl Phosphate Assdgeaction solutions (1 mL)
contained 2 mM MgGlat a constant ionic strength (adjusted initially containing 2uM B-PGM, varying concentrations of
by adding KCI).a-G16P, NADP, and G6P dehydrogenase p-nitrophenyl phosphate (5100 mM), 2 mM MgC}, and
were maintained at saturating levels to ensure fRBGM 50 mM K*Hepes (pH 7.0 and 25C) were monitored at 410
catalysis was rate-limiting. Buffer inhibition was checked nm (Ae = 18.4 mMt cm™1). The initial velocity data were
at overlapping pH values. Thia and Ky, values were  analyzed using eq 1.
determined from the initial velocity data using eq 1 where
[A] is the 8-G1P concentration. THe,was calculated from
the ratio ofVimax to the enzyme concentration. The pkhte
profiles were fitted using eqs -2 and the computer
programs of Cleland5g).

Single-Turneer Kinetic Experiments

Reaction solutions (2&L) initially containing 40 uM
B-PGM or the sugar-phosphate phosphatase BT4131 (from
log Y = log{ C/[1 + HIK_; + H x HI(K_ K]} (2) the bacteriunB. thetaiotaomicrorvPI-5482), 5uM [*4C]-

D-glucose 6-phosphate (SA 49.3 mCi/mmol), 2 mM
log Y = log[C/(1 + K/H)] (3) MgCl,, and 50 mM K'Hepes (pH 7.0 and 28C) were
incubated for a specified period and then the reactions
log Y = log[C/(1 + Ky; x Ky /H x H)] (4) guenched with 16QL of 0.6 M NaOH. The resulting mixture
was passed throtiga 5 kDa filter to remove the enzyme,
whereY is ke Or keafKm, C is a pH-independent value of and then chromatographed with a Rainin Dynamax HPLC
Keat OF keaf K, H is the proton concentration, atd andKy system equipped with a CarboPac PA1 Dionex (4 mm
are ionization constants. 250 mm) column. The column was eluted at flow rate of 1
Activation by PhosphorylationThe steady-state kinetic ~ mL/min, first with 2 mL of solvent A (54 mM NaOH and
constants for3-PGM activation by phosphorylation were 100 mM sodium acetate), then with a linear gradient (15
measured by varying the concentration of the activator mL) of solvent A to 53.7% solvent B (75 mM NaOH and
between 0.5 and 5 timelK,, at a fixed (50uM) B-G1P 500 mM sodium acetate), and finally with solvent B.
concentration in 50 mM KHepes (pH 7.0) containing 0.004  Fractions (1 mL) were collected and their radioactivities
uM B-PGM, 2 mM MgCh, 0.2 mM NADP, and 3 units/mL  determined by liquid scintillation counting. The radioactivity
G6P dehydrogenase. Data were fitted to eq 1 (where [A] is was used to calculate the concentration 8C[glucose
the activator concentration) to obtal@, and K. Alterna- (retention time of 3 min) and{C]G6P (retention time of
tively, the kinetic determinations were carried out at varying 15 min) present in the reaction mixture at the time of
p-G1P concentrations (0-5Kn), and data were computer  quenching, by multiplying the initial G6P concentration by
fitted (56) to eq 5. the fraction of the total radioactivity. No{C]G1,6bisP
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(retention time of 21 min) was detected in the quenched A
reaction mixture.

RESULTS AND DISCUSSION

Crystal Structure of the3-PGM—Mg?"™ Complex.The
crystal structure of the Mg complex ofL. lactis 3-PGM
was determined to 1.9 A 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 Mg complex of phosphorylated-PGM
(phosphog-PGM) (G, rmsd of 1.22 A) 43). In this
conformation, the core domain active site is exposed to
solvent. In contrast, the X-ray structures reported for the
B-PGM—f3-glucose-6-phosphate-1-phosphoraig?" com-
plex (@44) and the3-PGM—a-galactose 1-phosphat®g®*
complex 68) 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
the 3-PGM—Mg?" complex on the structure of thilePGM—
B-glucose-6-phosphate-1-phosphoraivg?" complex @4)
illustrates the change in conformation which takes place
following binding of the-G16P ligand to the free enzyme
(see Figure 2A). Whereas the intradomain conformational
changes are small [the two domains that comprise the enzyme g
can be superimposed with a low rmsd of 0.88(8ap) and 5&
0.77 & (core) for G, atoms], the interdomain conformational
changes are large. Domaidomain closure is accomplished
by the rigid motion of the “cap” domain (residues-1B68)
relative to the “core” domain along an effective hinge axis
by 26° as calculated by DynDonb{). 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 phosphyPGM—Mg?" complex (G
trace not shown, but essentially the same as that of the
B-PGM—Mg?" 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 tha-G1P binds to this form of the enzyme, and 4 = i
that the cap and core domains once again associate to close — % <0 —
the active site for catalysis. Indeed, the crystal structure of

the o-p-galactose 1-phosphate-boufid®GM—Mg?" com- open closed open

plex, in which the C(1) phosphate is bound in the “non- _
transferring” phosphate binding site distal to Asp8, shows E‘IGLZJEE 2. (A) Overlay of the backbone (blue) of thigPGM—

. . : g%t complex with the backbone (pink) of thiePGM—Mg?+—
the enzyme to be in the closed conformatié8)(with the g ynosphoglucose-1-phosphorane complex. (B) Overlay of the
cap domain Arg49 positioned to form a hydrogen bond with active sites of thg-PGM—Mg?+ complex (blue) and th8-PGM—
the ligand C(1) phosphate (see Figure 2B for the position of Mg?"—6-phosphoglucose-1-phosphorane complex (protein in pink
Arg49). and phosphoglucose in gray). S52, K79, H20, and R49 belong to

; : the cap domain. T16 and Al7 are the hinge residues. D10 is the
On the basis of these crystallographic snapshots, Weacid—base catalyst, which along with S116, S114, K117, N118,

surmise that during its catalytic cyclg;PGM exchanges k145, E169, and D170 is derived from the core domain. Thé'Mg
ligands by opening the core domain active site to solvent is represented as a sphere colored the same as the backbone of the
via cap domain dissociation. Thus, in the cartoon shown in corresponding structure. Water ligands have been omitted for clarity.
Figure 2C, we depic8-PGM as a “feeding clam” (Figure Unique hydrogen bonds to each structure are depicted as dashed

Lo . . . lines colored the same as the backbone of the corresponding
2C), opening its active site to bind tileG16P phosphoryl structure. (C) Cartoon depicting the enzyme conformational changes

donor, closing to allow autophosphorylation, opening t0 expected to occur along the reaction pathway.
release the G6P product and absorly#¥@1P substrate, and

then closing once again for phosphoryl transfer to take place In contrast to the domain movements suggested by these
before opening to releageG16P. crystal structures, the core domain active site residues stay
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2 T T T T | acid residues that ionize with an average apparkntplue

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-ptate profile
analysis identified pH 7.0 as the optimal pH at which to carry
out the3-PGM kinetic experiments described below.

K )

cat m

£ Mg?*t Site of f-PGM. Comparison of the Mg sites
< (Figure 4) observed in the structures of the ffeReGM (“E”),

St phosphos-PGM (“E—P”), and theS-PGM—f-glucose-6-
%, phosphate-1-phosphorane complex-(f=-GP”) reveals that

the M¢?" ligands derived from the enzyme core domain are
retained throughout the catalytic cycle. In each enzyme
complex, the Md" is coordinated by the Asp8 and Asp170
side chains and the Aspl10 backbone carbonyl oxygen. In
the active site of E, there are three ordered water molecules,
4 5 6 7 8 9 10 labeled WattWat3 (Figure 4A), that occupy the remaining
pH coordination positions of the Mg. Each of the three water
FIGURE 3: Plots of logk..: (@) and logk.a/Km (O) vs pH measured  ligands engages in hydrogen bond interactions with sur-
for the f-PGM-catalyzed conversion iG1P to G6P. Ascending  rounding residue side chains: Watl with Glu169 (2.5 A),
and descending regions of the plots were separately fitted with Aspl170 (3.1 A), and Ser171 (2.7 A); Wat2 with Asp8 (3.1
&qeliﬁgggsfotiedsgtgki)llsn.g one or two ionizations. See Materials and and 2.9 A): and Wat3 with Asp10 (2.7 A) and Asp170 (2.7
and 3.2 A). In the EP and E-P—GP complexes, Watl and
fixed. The single exception to this rigid catalytic template is Wat3 are retained but Wat2 is replaced with the Asp8
Aspl0. As shown in Figure 2B, in the cap open conforma- phosphoryl group, which in the-BP complex is tetrahedral
tion, the side chain of Asp10 is engaged in hydrogen-bond at the phosphate phosphorus and in thePEGP complex
formation with the backbone amide NH groups of Thr16 and trigonal bipyramidal at phosphorus (Figure 4B). The2¥g
Alal7 and is, thus, directed away from the reaction center. of the free enzyme is only slightly distorted from a perfect
These two residues form the hinge region of interdomain octahedral geometry with the nucleophilic Asp8 ligand’, 81
peptide linker 1. In thes-PGM—p-glucose-6-phosphate-1-  from the plane of the bipyramid (the ideal is°90There is
phosphoraneMg?" complex, the backbone conformation at a small but significant 0.6 A shift (compared to the 0.21 A
the hinge has changed, and the Asp10 side has rotated int@oordinate error of the structure) in the position of the?Mg
the active site where it forms a hydrogen bond with the ligand observed in the free enzyme versus theFEand E-P—GP
C(1)O and with the cap domain His20, which has also complexes.

entered the active site. By coupling cap closure to ligand e Mg+ activation constant was determined by measur-
binding [a common feature among the two-domain HAD ihg the dependence of the initial velocity of tf#ePGM-
phosphotransferasesg)], and acid-base catalysis via ASP10  catalyzed conversion @-G1P to G6P on the concentration
to cap closure, phosph®PGM can discriminate between 4t 54ded M@*. The plot shown in Figure 5 defines an
p-G1P and water as the phosphoryl group acceptor. In this gnsarentk,, for Mg+ of 270 + 20 4M.3 The low M@*
study, the level of discrimination between phosphoryl group binding affinity of 3-PGM contrasts the high Mg binding
acceptors was measured as described below. affinity observed with a close structural homologue, phos-
pH Dependence ¢-PGM Catalysis. L. lactig-PGMwas  phonataseq(l). In phosphonatase, the Rgeofactor is bound
reported to be relatively stable in solution within the pH range g, tightly (Kq < 1 «M) that it cannot be removed by dialysis
of 5-9.5, but to have a comparatively narrow pH range for ithout denaturing the enzymé&@. The constellation of
catalysis based on velocity measurements taken at severajq2+ |igands in these two HAD family enzymes is con-
pH values §). Here we examine the pH dependencyLof  served, while the M binding affinity has diverged.
lactis 5-PGM gataly5|s using the lobicar and I_og Keal K Here we examine the contribution made by the metal
versus pH profiles gf-PGM-catalyzed conversion gG1P binding loop in B-PGM, and compare it with that of

to G6P to define apparenip values of essential residues. : :
. . i ! . phosphonatase. The seven-stationed HAD family metal
The profiles obtained were bell-shaped and defined optimal binding loop positions two carboxylate residues for g

catalytic functioning at or near neutral pH. As shown in . " g

Figure 3, the data defining the acid and base regions of the.blndlng €0). Both ﬁ'PGM and pho_sphonatase position the
pH-—rate profiles were fitted to equations defining one or !nner-sphere MY ligand (_Asp170 ing-PGM and As_p1§36
two ionizations (see Materials and Methods) to obtain in phosp.honatase) at station 3. Whereas Ala_ substitution for
apparent K, values for the ionizing groups. The acid range Asp186 n phosphonatase precludes catalytic turndsr (

of the Iogki profile defines two essentia'l base residues Ala substltunon.fo'r Asp.170 'WPGM does not. The-PGM

the conjugatzt acids of which ionize with appareii palues , g%);OA Tgrt?nt,lls m dpallr<ed 2“; gcjtclvg ’ZW'mkefl‘f OE)I(3'28 4T_L

of 4.7 and 6.7. The alkaline range of the liag profile 0 '0%)x 107 s7and aky of 7.8+ 0.2uM (Table 2). In
defines one essential acid residue that ionizes with an
apparent g, value of 7.3. The acid region of the ldg,/Kn, 3 Previous studies df. lactis -PGM metal ion activation indicated

: : ; ; ; Mg?™ Km of ~1 mM, but this measurement was taken in the presence
profile defines wo essential base residues that, as COmUQat(gf Triton X-100 @). Also, it is noted here that because metal binding

acids, ionize with apparentkg values of 5.5 and 5.8. The s at thermodynamic equilibrium, thé, of activation is a measure of
base pH range of the Idg./Kn profile defines two essential  the binding affinity between the enzyme and theZ¥g
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D170

FIGURE 4: (A) Electron density map & — F¢) contoured at 1.5 of the Mg binding site of the3-PGM—Mg?* complex. (B) Overlay
of the Mg+ binding sites observed in the structures of fABEGM—Mg?* (pink), phosphg3-PGM—Mg?* (yellow), andS-PGM—Mg?+—
6-phosphoglucose-1-phosphorane (gray) complexes. Waters are depicted as cyan sphere$’ endedigted as a sphere colored the

same as the backbone of the corresponding structure.

02 04 06 08 1 12 14
[Mg2+], mM

Ficure 5: Plot of initial velocity of the3PGM-catalyzed conversion
of BG1P to G6P vs Mg concentration. Reaction mixtures
contained 3 units/mL G6P dehydrogenase, 20DNADP, 50uM
o-G16P, 50uM S-G1P, 0.02uM metal-free3-PGM, and 6-1.2
mM MgCl; in 50 mM K*Hepes (pH 7.0 and 2%C).

Table 2: Kinetic Constants for Wild-Type and Mutgf#PGMs (in
the presence of 50M o-G16P as the activator)

enzyme Km—Mgz+ (,uM) Km-c1p (,MM) Keat (371)
wild type 270+ 20 146+ 05 17.1+£0.6
D8A inactive
D8E inactive
D170A not determined  7.& 0.2 (3.84+ 0.03)x 102

E169A/D170A notdetermined 39820 (1.20+ 0.02)x 1073

20 uM] 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 f-PGM makes a smaller contribution to the binding of
Mg?*. As can be seen in the overlay in Figure 4B, water,
phosphate, and phosphorane oxygen ligands exchange for a
single Mgt coordinate site. It is tempting to speculate that

HAD phosphotransferases, the “other” carboxylate residue the loose grip imposed by th&-PGM metal binding loop

stationed on the metal binding loop binds the¥through

might allow the Md@" to shift as needed to accommodate

hydrogen-bond formation with its water ligand. Glu169 of the different phosphate ligands encountered during a catalytic
B-PGM is located on station 2, while Asp190 of phospho- cycle.
natase is located at station 7. Replacement of Asp190 with The Nucleophile Asp8 Is Essential for Cataly3ise X-ray

Ala reduces thek.: of phosphonatase 700-folb@ and
increases the substratg, ~200-fold, and the Mg K,
~1000-fold Ky, = 3.5 mM). On the other hand, retention
of catalytic activity in thef-PGM E169A/D170A double
mutant Keat = (1.20+ 0.02) x 103 st andK,, = 390 +

crystal structure of phosph®PGM shows that the site of
phosphorylation is Asp84Q). 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
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2-haloalkonoate substrate to form an alkylated enzyme

——a— 30 uM aG1,6P
intermediate §2). The participation of the invariant Asp in ——— 40uM oG1,6P /

>
3
o

mediation of phosphoryl transfer has been implicated by 600 —'—,?80";”;‘3;32,,
retention of phosphorus stereochemist6g, (64) and by

Asp—BeF; adduct formation in the protein crystd@l5, 66).

In addition, several papers have reportdd labeling of a
HAD family phosphotransferase usiftP-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 100
studies of P. aeruginosaa-PGM/-PMM (32, 33), we i
learned that the S108A mutant retains 12% activity, despite %0 o02 04 06 08 10 12
the fact that Serl08 has been shown to be the site of 1/[p-G1P] (uM")
phosphorylation 13). Furthermore, the S108A mutant is
phosphorylated by the G16P activat88). These observa- B 3% 150 M oF 1.6P
tions warn that suspected nucleophilic catalysis should be 20 uMaF1oP
verified by site-directed mutagenesis experiments. Accord- 250 il
ingly, Asp8 of 3-PGM was mutated and the activity of the
mutants measured. Here, we report that the D8A and D8E
B-PGM mutants are inactive as determined by an assay that
measures residual activity to a minimal turnover rate of 1
105 s 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 AfPGM

500

400

300

1V (uM'sec)

200

catalysis. ol v v v
It is curious that thgg-PGM Asp8 nucleophile is essential 6 01 02 03 04 05 06

to catalysis but the-PGM/a-PMM Ser108 nucleophile is 1IB-G1P] (M)

not. For3-PGM, the structure of_thé—gIucose-_6—phosphate- C po—

1-phosphoraneAsp8 complex is strong evidence for an Y pioelvrond

associative mechanism in which Asp8 attacks the phosphorus
prior to leaving group departurel4). An intriguing pos-
sibility for the PGMb-PMM is that the highly electrostatic
environment of the desolvated active site3,(14) might
support a metaphosphate intermedid4,(which preferen-
tially docks at Ser108 or the C(6)OH group @G1P.

B-PGM Activation by PhosphorylatiorHaving established
that 5-PGM is phosphorylated at Asp8, we next sought to 40
identify the physiologicgB-PGM phosphorylating agent. For 4
L. lactis 5-PGM to efficiently catalyze the conversion of ol b v g
p-G1P to G6P, it requires an activator, a requirement 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
conveniently met in the laboratory by commeraalG16P 1/[8-G1P] (uM")

(39).* Here, we examine the specificity 6fPGM autophos-  Ficure6: Plots of inverse velocity vs invergeG1P concentration
phorylation by comparing activation laG16P to activation measured at various, fixed phosphoryl donor concentrations (as
by known phosphorylated metabolites by using steady-statesc';oWn '”Ithﬁ bo’r‘]ed insets) using (&}G16P, (B)a-F16P, and
kinetic methods. The phosphoryl donor and fA&1P bind (C) acetyl phosphate as activators,
to separate enzyme forms (E aneE, respectively), giving
rise to parallel-patterned double-reciprocal plots (i.e., inverse gy Finally, the kinetic experiment was carried out with
velocity vs inverseS-G1P concentration measured at a acetyl phosphate serving as the activator, to obtain the plot
changing, fixed activator concentration). In shg{PGM shown in Figure 6C. Because of the high saturation threshold,
?Ictlvatlog tfonhforlins to "’Il bi-bi plngapoggGnghla:msm S the steady-state kinetic constarks,(= 16.6+ 0.3 s and
st by e Knetl plot messured WRGLGP (TS i, = 500-: 304 for acey phosphae were derived o
for the activator-G16P. When this kinetic experiment was a separate set of initial velocity data measurgd overarange
repeated witho-p-fructose 1,6-(bis)phosphate-£16P), a of 0.30-3.2 mM aqetyl phosphate concentratlons_ at a fixed
Km of 100 uM and ak. of 17 s were obtained (Figure ﬁ'GlP °°.”°e””"?‘“°” (5aMm). ATP (10 mM)' which has
been implicated in the autophosphorylatiororePGM (22),
had no effect orf-PGM catalysis, either as an activator or

“ -G16P is not commercially available. However, by isolating itas - a5 an inhibitor. Likewise, orthophosphate (10 mM) did not
a minor contaminant in their synthefleG1P preparation, Belocopitow . S . .
and Marechal measured thg, (0.5 «M) for -G16P activation oOF. activate or inhibit the enzyme in solution (but see Observa-
gracilis f-PGM (42). tion of Phosph@3-PGM in the Crystal).

100

v (uM'1sec)
@
o

o))
o
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These results show that once secured irpHRGM active
site, the various phosphoryl donors are equally reactive (i.e.,
keat Values are equivalent). Activator specificity is based on
“apparent” binding affinity, which is 5-fold higher for
o-G16P compared ta-F16P and 40-fold higher far-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
a-G16P (and similarly from the--F16P) occurs from the
C(6) position® This conclusion is based on two observations.
First, B-PGM, activated with 5&M a-G16P, catalyzes the
conversion of3-G1P to G6P Ko = 17.14+ 0.6 s'%; 5-G1P
Km = 14.6 + 0.5 M) but not the conversion afi-G1P to
G6P. Specifically, no product was detected in the mixture
of 10uM -PGM, 100uM o-G16P, and 30&M o-G1P in
2 mM MgCl, and 50 mM K'Hepes (pH 7.0) following
incubation fo 1 h at 25°C. Thus, phosphoryl transfer cannot
occur from C(1) in thea-isomer of G1P, and by analogy
from C(1) ofa-G16P. Transfer must instead occur from C(6)
of a-G16P. Second, on the basis of the X-ray crystal structure
of the L. lactis 3-PGM complexed with the inhibitoa.-p-
galactose 1-phosphat&8), we can assume that the C(1)
phosphate oéi-G16P will bind to the distal nontransferring

phosphate binding site where it serves to stabilize the closed

conformation of the active site4q). Thus, whereas the
epimer specificity at the transferring phosphate site is high,
at the distal phosphate site it is lax.

Unlike o-G16P ando-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 Aspl0 carboxylate from hinge residues Thr16
and Alal7, 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 fbG1P, which is the
most logical choice for the natiy@-PGM activator.

In L. lactis, 5-G1P is formed when maltose is degraded
by the action of maltose phosphorylag®); Both maltose
phosphorylase ang-PGM synthesis are induced by maltose
(75). Thus, the appearance §fPGM coincides with that of
B-G1P. Mesak and DahK(Q) have suggested that because
B-PGM from B. subtilis displays high-G1P dismutase
activity, it might synthesize its activator by autophosphory-
lation. Accordingly, we tested. lactisfor f-G1P dismutase
activity. TheB-PGM turnover rate for glucose formation in
a reaction mixture initially containing 1M S-PGM, 0.5
mM $-G1P, 0.5 mM NADP, 10 units/mL glucose dehydro-
genase, 2 mM MgGJ in 50 mM K*Hepes (pH 7.0 and 25
°C) was measured at 8 104 s%. In contrast, for G6P
formation,k.o:= 0.834- 0.01 s'%, and for3-G1P,K,, = 400
+ 40uM. In the presence of 50M a-G16P, G6P is formed
with a ke 0f 17.14+ 0.6 st and ag-G1PKy, of 14.64+ 0.5
uM. These results show thg?-G1P is a more efficient
phosphoryl acceptor (from phosplfePGM) than a phos-
phoryl donor (to3-PGM); i.e., the ratio ok../Kn, for these

5In earlier studies, the activation g8-PGM by a-G16P was
attributed to the possible contamination of tk&16P sample by the
p-isomer @9, 42, 77).
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FiIGUure 7: (A) Reaction sequence for the phosphorylation of the
B-PGM—Mg?" complex with acetyl phosphate followed by reaction
of the phosph@-PGM—Mg?* complex with3-G1P. (B) Plots of
B-PGM activity as a function of time of incubation with 0. @), 1
(m), and 5 mM acetyl phosphata) as activators.

two reactions equals 557. UnlikeG16P ora-F16P 5-G1P
does not possess the additional phosphate group which we
have hypothesized induces cap closure and, hence, Asp10
acid—base catalysis (vide infra). Consequently, bothand

Km for -G1P activation are less favorable. While kg
value for 5-G1P roughly compares with that of acetyl
phosphate (400 vs 8Q0M), its ko Value is much smaller
(0.8 vs 17 s%). Unlike acetyl phosphat¢-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
Aspl0, becomes less frequent. Nonethel@sBGM auto-
phosphorylation by3-G1P can, in principle, account for the
origin of the phosphg@-PGM in the cell.
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Ficure 8: Time courses for the consumption of G@®) @nd the formation of glucosaj measured in single-turnover reactions qil@
[*“C]glucose 6-phosphate with 4M 3-PGM (A) or BT4131 (B) in 50 mM KHepes (pH 7.0 and 2%C) containing 2 mM MgGl.

Specificity of Phosph@-PGM for the Phosphoryl Group  mM MgCl, and 50 mM KrHepes (pH 7.0 and 2%C) are as
Acceptor.3-PGM functions as a mutase rather than as a follows: ke = (1.78+ 0.01) x 1072 st and pNPPK,, =
phosphatase because of its ability to discriminate between14.34+ 0.3 mM. For BT4131 in 5 mM MgGland 50 mM
water and3-G1P as a phosphoryl group acceptor. Here we K™Hepes (pH 7.0 and 37C), keat= (8.3+ 0.2) x 102s7?
report the rate at which phospifePGM transfers its  and pNPRK, = 0.77+ 0.05 mM @6). When the temperature
phosphoryl group to wate3-PGM (20uM) was preincu- difference is included, thie.y values are essentially the same,
bated with acetyl phosphate (0.5, 1, and 5 mM) in 50 mM while the difference inKy, values is consistent with cap-
K*Hepes (pH 7.0 and 2%C) containing 2 mM MgGl. At assisted substrate binding in BT4131 but nog#RGM.
varying incubation periods, the reaction mixture was assayed Next, we compared the G6P hydrolase activitie§-6fGM
for phosphos-PGM as detailed in Materials and Methods. and BT4131. The reported steady-state kinetic constants for
The chemical steps anticipated for the preincubation reaction,BT4131-catalyzed hydrolysis of G6P are as follovks; =
and the assay reaction, are diagrammed in Figure 7A. The3.6 + 0.2 s andK,, = 11 + 2 mM (46). To assess the
experimental results are plotted in Figure 7B. The time B-PGM-catalyzed hydrolysis of G6P, a single-turnover
courses for phosph8-PGM formation and hydrolysis dem-  experiment was carried out to avoid the capture of the
onstrate that the phospltsPGM is not long-lived. The 5 phosphog-PGM by G6P. The time courses measured for
mM acetyl phosphate is consumed~#80 min, defining a the reaction of 4QM S-PGM or BT4131 with 5uM [%4C]-
minimum rate for phosphg-PGM hydrolysis of 3 min*. G6P at 25°C are shown in Figure 8. Data fitting to a single
This is much faster than the hydrolysis r&tef 2 x 10°° exponential defines identical pseudo-first-order rate con-
min~* observed for the phosphoserine group of phosgho-  stant§ for the two reactionskops= 0.0094+ 0.0005 min™,
PGM (78). In future studies, the microscopic rate constants Thus, the phosphatase activity of the core domaif-BIGM
for phosphos-PGM formation and reaction with solvent is no different from the phosphatase activity of the core
versus substrate will be determined. However, at this domain of BT4131.
juncture, we can conclude that the phosphBGM phos- The success ofL. lactis f-PGM regulation can be
phoryl transfer t8-G1P (ear~ 20 s) is ~400-fold faster  attributed to the combination of two factors. First, phospho-
than it is to water. In contrast, in phosphePGM, the  g.pGM transfers its phosphoryl groupfeG1P much faster
a-G1P/water discrimination factor is 8 10' (78). than it does to solvent, and second, the synthestsREM

Adaptation of the Core Domain Catalytic Scaffold from s induced by maltose76), from which 3-G1P is derived
Phosphatase to Mutas&he HAD family largely consists  (76). Thus, unwanted hydrolysis of phosphorylated metabo-
of phosphatases whose ability to distinguish between smalljites by 8-PGM is avoided by coordinating the presence of
cellular metabolites is delegated to a cap domain and not tog_.pGM with the presence @#-G1P.
the active site of the core domaids). 5-PGM catalysis of By recruiting the cap domain to incorporate a second

acetyl phosphate hydrolysis reflects its ancestry, which is phosphate-binding site (i.e., the distal phosphate SEGM

tied to a core domain catalytic scaffold specialized for g eyolved from phosphatase to mutase. Indeed, the clear
phosphate ester hydrolysis. Indeed, the core domain of yisinction between the phosphohydrolase branch and the
f-PGM is not unlike that of HAD member BT4131 from 1 ;tase branch of the HAD superfamily is that the substrate

the bacteriunB. thetaiotaomicrolVPI-5482, which catalyzes ¢ the phosphohydrolases is a cognate for the free enzyme
the release of phosphate from hexose 6-phosphates angpiie the mutase substrate is a cognate for the phosphoen-

pentose 5-phosphatedd]. The cap domains of these tWo  ,yme This can be demonstrated by the contrasting inhibition
enzymes are, however, different in size and topology. Here

we compare the abilities gi-PGM and BT4131 to catalyze ; — -

the hydrolysis ofp-nitrophenyl phosphate (pNPP), a phos- Because of the weak binding of G6P to either enzyme, the
; . . concentration of the enzymesubstrate complex present in the reaction

phate ester that does not require acid catalysis. The steadymixture is minimal. The prevailing conditions thus approximate a

state kinetic constants measured using\ 5-PGM in 2 pseudo-first-order reaction.
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Ficure 9: Reaction ofa-G16P-activate@-PGM with the substrat§-G1P in the presence of 0, 125, 250, and a@0tungstate (A) or 0,
160, and 32Q«M molybdate (B).

patterns observed with tungstate, an analogue of orthophossolution was tested for phosphate contamination with the
phate. Previous studies carried out with phosphonataseMalachite Green phosphate assdy, @8). The results were
showed that tungstate is a competitive inhibitor versus positive, and showed that the crystallization solutions had
phosphonoacetaldehyde wittKaof 50 uM (61). The X-ray contained 0.45: 0.01 mM inorganic phosphate. The ratio
crystal structure of phosphonatase shows tungstate bound t@f phosphate to total enzyme (0.22 mM) was this1, and
the active site Arg160 and Mg cofactor, and aligned with  the ratio of phosphate to enzyme present in the thrag 1
the Asp12 nucleophiles(l). Here we show in Figure 9 that  crystals that typically occupy a 2/&L well solution was
both tungstate and molybdate act as uncompetitive inhibitors~13:1. Because the active site of the crystalline enzyme is
of a-G16P-activate@3-PGM against the substrafeG1P. open to solvent, phosphorylation could have occurred before
The uncompetitive inhibition observed with tungstate and or after crystallization. In the case of the HAD superfamily
molybdate is evidence that the substrate and inhibitor member sarcoplasmic reticulum ATPase, added organic
compete for different enzyme forms; for instance, the solvent substantially increased the level of phosphate-derived
substrate binds to the phosphoenzyme, and the inhibitor bindgphosphoenzyme80) and the high concentrations of PEG
to the free enzyme. The reciprocal velocity versus inhibitor used in crystallization might produce a similar effect. The
concentration replots are parabolic, indicating two inhibitor X-ray crystal structure g8-PGM—Mg?" crystals grown from
binding sites on the free enzyme and precluding calculation phosphate-free PEG presented herein shows that Asp8 is not
of the inhibition constant.We assume that the two sites phosphorylated.
correspond to the binding sites for C(6) and C(1) phosphoryl  Summary This study has demonstrated that Asp8 plays
groups of thep-G16P (the “distal” and “transfer” sites, an essential role ifB-PGM catalysis, during which it is
respectively). phosphorylated. Th8-PGM aspartyl phosphate group is not
Obsewation of Phosphg-PGM in the Crystal.In a stable in water, but the discrimination between solvent and
previous study, thg-PGM from E. graciliswas incubated  substrate is sufficient to avoid hydrolysis. The efficiency of
with [32P]-8-G1P and then passed through a Sephadex-25enzyme phosphorylation and dephosphorylation is deter-
column @2) to show that the enzyme fraction did not contain mined by the cap domain, which binds with the ligand
radiolabel. In the study presented here, we found that the phosphate group. This interaction stabilizes the cap domain
half-life of L. lactisphosphg3-PGM in buffer is less than 1 core domain conformation that, in turn, positions the Asp10
min. Thus emerged the paradox of the aspartyl phosphatefor acid—base catalysis and desolvates the active site. In the
group in the structure g8-PGM crystallized in the absence cell, -G1P serves as both a substrate and activator.
of substrate or activatod). Importantly, HAD phospho-
transferases in a mixture with substrate and product, or juStREFERENCES
product, have been shown to contain a small amount of the
phosphoenzymés{—72). This suggested .that the hydrOIySi$ 1. Levy, H. R. (1979) Glucose-6-phosphate dehydrogenases,
of the aspartyl phosphate group is reversible. Indeed, alkaline Enzymol. Relat. Areas Mol. Biol. 487—192.
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