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Gluconeogenesis is an important metabolic pathway,
which produces glucose from noncarbohydrate precursors
such as organic acids, fatty acids, amino acids, or glycerol.
Fructose-1,6-bisphosphatase, a key enzyme of gluconeogen-
esis, is found in all organisms, and five different classes of
these enzymes have been identified. Here we demonstrate
that Escherichia coli has two class 1II fructose-1,6-bisphos-
phatases, GlpX and YggF, which show different catalytic
properties. We present the first crystal structure of a class II
fructose-1,6-bisphosphatase (GlpX) determined in a free
state and in the complex with a substrate (fructose 1,6-
bisphosphate) or inhibitor (phosphate). The crystal structure
of the ligand-free GlpX revealed a compact, globular shape
with two a/f-sandwich domains. The core fold of GIpX is
structurally similar to that of Li*-sensitive phosphatases
implying that they have a common evolutionary origin and
catalytic mechanism. The structure of the GlpX complex with
fructose 1,6-bisphosphate revealed that the active site is
located between two domains and accommodates several
conserved residues coordinating two metal ions and the sub-
strate. The third metal ion is bound to phosphate 6 of the
substrate. Inorganic phosphate strongly inhibited activity of
both GIpX and YggF, and the crystal structure of the GlpX
complex with phosphate demonstrated that the inhibitor
molecule binds to the active site. Alanine replacement
mutagenesis of GlpX identified 12 conserved residues impor-
tant for activity and suggested that Thr®° is the primary cat-
alytic residue. Our data provide insight into the molecular
mechanisms of the substrate specificity and catalysis of GlpX
and other class II fructose-1,6-bisphosphatases.
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Fructose-1,6-bisphosphatase (FBPase,” EC 3.1.3.11), a key
enzyme of gluconeogenesis, catalyzes the hydrolysis of fruc-
tose 1,6-bisphosphate to form fructose 6-phosphate and
orthophosphate. It is the reverse of the reaction catalyzed by
phosphofructokinase in glycolysis, and the product, fructose
6-phosphate, is an important precursor in various biosyn-
thetic pathways (1). In all organisms, gluconeogenesis is an
important metabolic pathway that allows the cells to synthe-
size glucose from noncarbohydrate precursors, such as
organic acids, amino acids, and glycerol. FBPases are mem-
bers of the large superfamily of lithium-sensitive phospha-
tases, which includes three families of inositol phosphatases
and FBPases (the phosphoesterase clan CL0171, 3167
sequences, Pfam data base). These enzymes show metal-de-
pendent and lithium-sensitive phosphomonoesterase activ-
ity and include inositol polyphosphate 1-phosphatases, ino-
sitol monophosphatases (IMPases), 3'-phosphoadenosine
5'-phosphatases (PAPases), and enzymes acting on both ino-
sitol 1,4-bisphosphate and PAP (PIPases) (2). They possess a
common structural core with the active site lying between
a+B and «/B domains (3). Li"-sensitive phosphatases are
putative targets for lithium therapy in the treatment of
manic depressive patients (4), whereas FBPases are targets
for the development of drugs for the treatment of noninsulin-
dependent diabetes (5, 6). In addition, FBPase is required for
virulence in Mycobacterium tuberculosis and Leishmania
major and plays an important role in the production of lysine
and glutamate by Corynebacterium glutamicum (7, 8).

Presently, five different classes of FBPases have been pro-
posed based on their amino acid sequences (FBPases I to V)
(9-11). Eukaryotes contain only the FBPase I-type enzyme, but
all five types exist in various prokaryotes. Types I, II, and III are
primarily in bacteria, type IV in archaea (a bifunctional FBPase/
inositol monophosphatase), and type V in thermophilic pro-
karyotes from both domains (11). Many organisms have more
than one FBPase, mostly the combination of types I + Il or II +
111, but no bacterial genome has a combination of types I and III
FBPases (9). The type I FBPase is the most widely distributed
among living organisms and is the primary FBPase in Esche-

2 The abbreviations used are: FBPase, fructose-1,6-bisphosphatase; FBP, fruc-
tose 1,6-bisphosphate; IMPase, inositol monophosphatase; PAPase,
3’-phosphoadenosine 5’-phosphatase; PIPase, enzyme acting on both
inositol-1,4-bisphosphate and 3'-phosphoadenosine 5’-phosphate; CHES,
2-(cyclohexylamino)ethanesulfonic acid; PDB, Protein Data Bank.
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richia coli, most bacteria, a few archaea, and all eukaryotes (9,
11-15). The type II FBPases are represented by the E. coli GlpX
and FBPase F-I from Synechocystis PCC6803 (9, 16); type 111 is
represented by the Bacillus subtilis FBPase (17); type IV is rep-
resented by the dual activity FBPases/inosine monophospha-
tases FbpA from Pyrococcus furiosus (18), MJ0109 from Meth-
anococcus jannaschii (19), and AF2372 from Archaeoglobus
fulgidus (20); and type V is represented by the FBPases TK2164
from Pyrococcus (Thermococcus) kodakaraensis and ST0318
from Sulfolobus tokodai (10, 21).

Three-dimensional structures of the type I (from pig kidney,
spinach chloroplasts, and E. coli), type IV (MJ0109 and
AF2372), and type V (ST0318) FBPases have been solved (10,
11,19, 20, 22, 23). FBPases I and IV and inositol monophospha-
tases share a common sugar phosphatase fold organized in five
layered interleaved a-helices and B-sheets (a-B-a-B-a) (2, 19,
24). ST0318 (an FBPase V enzyme) is composed of one domain
with a completely different four-layer a-B-B-« fold (10). The
FBPases from these three classes (I, IV, and V) require divalent
cations for activity (Mg®", Mn>", or Zn>"), and their structures
have revealed the presence of three or four metal ions in the
active site.

E. coli has five Li" -sensitive phosphatases as follows: CysQ (a
PAPase), SuhB (an IMPase), Fbp (a FBPase I enzyme), GlpX (a
FBPase II), and YggF (an uncharacterized protein) (see the
Pfam data base). CysQ is a 3'-phosphoadenosine 5'-phospha-
tase involved in the cysteine biosynthesis pathway (25, 26),
whereas SuhB is an inositol monophosphatase (IMPase) that is
also known as a suppressor of temperature-sensitive growth
phenotypes in E. coli (27, 28). Fbp is required for growth on
gluconeogenic substrates and probably represents the main
gluconeogenic FBPase (12). This enzyme has been character-
ized both biochemically and structurally and shown to be inhib-
ited by low concentrations of AMP (IC,, 15 um) (11, 29, 30).
The E. coli GlpX, a class II enzyme FBPase, has been shown to
possess a Mn>"-dependent FBPase activity (9). The increased
expression of glpX from a multicopy plasmid complemented
the Fbp~ phenotype; however, the glpX knock-out strain grew
normally on gluconeogenic substrates (succinate or glycerol)
9).

In this study, we present the first structure of a class II
FBPase, the E. coli GlpX, in a free state and in the complex with
FBP + metals or phosphate. We have demonstrated that the
fold of GlpX is similar to that of the lithium-sensitive phospha-
tases. We have identified the GlpX residues important for activ-
ity and proposed a catalytic mechanism. We have also showed
that YggF is a third FBPase in E. coli, which has distinct catalytic
properties and is more sensitive than GlpX to the inhibition by
lithium or phosphate.

EXPERIMENTAL PROCEDURES

Gene Cloning, Overexpression, and Purification of GlpX and
YggF—The GlpX open reading frame was PCR-amplified using
chromosomal DNA of the E. coli DH5« strain and the cloning
primers containing the restriction sites for BamHI and Ndel
and was cloned into the modified pET15b vector (Novagen) in
which the tobacco etch virus protease cleavage site replaced the
thrombin cleavage site, and a double stop codon was intro-
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duced downstream from the BamHI site (31). The overexpres-
sion plasmid was transformed into the E. coli BL21 (DE3) Gold
strain (Stratagene). The YggF overexpressing plasmid was
obtained from the Genobase collection (32). GlpX and YggF
were overexpressed in E. coli and purified using metal-chelate
affinity chromatography on nickel affinity resin (Qiagen) with a
high yield (>50 mg/liter culture) and homogeneity (>95%) as
described previously (31). Purified proteins were concentrated
using a centrifugal membrane concentrator (Millipore), frozen
as drops in liquid nitrogen and stored at —80 °C.

Gel filtration analysis of the oligomeric state of GlpX and
YggF was performed with a Superdex-75 16/60 column (Amer-
sham Biosciences) equilibrated with 10 mm HEPES-K (pH 7.5)
and 0.2 M NaCl using AKTA FPLC (Amersham Biosciences).
The column was calibrated with ribonuclease A (13.7 kDa),
chymotrypsinogen (25 kDa), ovalbumin (43 kDa), albumin (67
kDa), and aldolase (158 kDa).

Enzymatic Assays—Phosphatase activity against fructose
1,6-bisphosphate or other substrates (glucose 1,6-bisphos-
phate, ribulose 1,5-bisphosphate, and fructose 2,6-bisphos-
phate, all from Sigma) was measured spectrophotometrically
using the Malachite Green reagent (33) essentially as described
previously (34). The reaction mixture (0.16 or 0.8 ml) contained
50 mm CHES-K buffer (pH 9.0), 2 mm MnCl,, 0.1 mm fructose
1,6-bisphosphate, and 0.07-0.2 ug of enzyme. After 20 min of
incubation at 37 °C, the reaction was terminated by the addition
of Malachite Green reagent (0.04 or 0.2 ml) (33), and the pro-
duction of P; was measured at 630 nm. For determination of the
K, and V, ., the assays contained substrates at concentrations
of 0.02— 0.5 mm. Kinetic parameters were determined by non-
linear curve fitting from the Lineweaver-Burk plot using
GraphPad Prism software (version 4.00 for Windows, Graph-
Pad Software, San Diego, CA). The effect of inorganic phos-
phate on FBPase activity of GlpX and YggF was measured using
the continuous assay with phosphoglucoisomerase and glu-
cose-6-phosphate dehydrogenase (9).

Site-directed Mutagenesis of GlpX—Site-directed mutagene-
sis was performed using the QuikChange™ site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s
protocol. The amino acids selected to be mutated were all
changed to alanine. DNA encoding wild-type GlpX cloned
into the modified pET15b was used as a template for
mutagenesis. The standard PCR mixture contained 50-100
ng of template DNA and 150-250 ng of each mutagenizing
primer. The methylated plasmid was digested with Dpnl,
and 4 pl of each reaction were used to transform competent
DH5« cells. Plasmid was purified from the resulting ampi-
cillin-resistant colonies using the QIAprep Spin mini prep
kit (Qiagen), and all mutations were verified by DNA
sequencing. Verified plasmids containing the desired muta-
tions were transformed into the E. coli BL21 (DE3) strain,
and the mutant GlpX proteins were overexpressed and puri-
fied in the same manner as the wild-type GlpX.

Protein Crystallization and Data Collection—Crystals of
GlpX were grown at 21 °C by the hanging drop vapor diffusion
method with 2 ul of protein sample mixed with an equal volume
of the reservoir buffer as described previously (35). The crystals
of the wild-type GlpX grew after 1-2 weeks in the presence of
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7% polyethylene glycol 8000, 0.2 m (NH,),SO,, and 0.1 M
sodium acetate (pH 4.4). The crystals of the GlpX D61A com-
plex with fructose 1,6-bisphosphate were obtained by crystalli-
zation in the presence of 28% polyethylene glycol 400, 0.2 M
CaCl,, 0.1 m HEPES-Na (pH 7.5), and 10 mm fructose 1,6-
bisphosphate, whereas the complex of the GIpX D61A with
phosphate was crystallized in 30% polyethylene glycol 4000, 0.2
M NH, acetate, and 0.1 M sodium citrate (pH 5.6). For diffrac-
tion studies, the crystals were stabilized with the crystallization
buffer supplemented with 20% ethylene glycol as a cryopro-
tectant and flash-frozen in liquid nitrogen.

Structure Determination—The first apo-structure of GlpX
(PDB code 1ni9) was solved using multiwavelength anomalous
dispersion. Diffraction data were collected at 100 K on a single
crystal on the 19-ID beamline of the Structural Biology Center
at the Advanced Photon Source (36) at the peak and inflection
wavelength of the selenium K absorption edge as well as a
remote wavelength. Data were integrated using d*TREK and
scaled with HKL2000 (37). The selenium sites were found
with SOLVE (38), followed by phase improvement by density
modification and automated building to generate an initial
model using RESOLVE (39, 40). Diffraction data for native
crystals of apo-GlpX in space group P422 (PDB code 3bih),
GlpX D61A plus phosphate (PDB code 3big), and GlpX
D61A plus FBP (PDB code 3d1r) were collected at 100 Kon a
Rigaku Micromax-007 rotating anode generator equipped
with Osmic confocal “blue” optics, and diffraction intensities
were recorded on a Rigaku R-AXIS IV++ image plate sys-
tem (Table 2). The resulting diffraction data were integrated
and scaled using HKL2000 (37), and the structures were
solved using molecular replacement using the protein atoms
from the first GlpX structure (PDB code 1ni9). Molecular
replacement was performed using MOLREP (41) for the apo-
GlpX and phosphate-bound complex and PHASER (42) for
the FBP-bound structure. Initial protein models were then
improved with several rounds of manual building using
COOT (43) and restrained refinement against a maximum
likelihood target using REFMAC (44) within the CCP4 pro-
gram suite (45), with 5% of the reflections randomly
excluded as an Ry, test set.

Protein Data Bank Accession Codes—Coordinates and struc-
ture factors have been deposited with accession codes 1ni9 and
3bih (wild-type GlpX, apo-structure), 3d1r (GlpX D61A + FBP
complex), and 3big (GlpX D61A + phosphate complex).

RESULTS AND DISCUSSION

E. coli Has Two Genes Encoding the Type II (GlpX-like)
FBPases—In the E. coli genome, the glpX gene forms an operon
(glpFKX) with glpF (a glycerol transport facilitator) and glpK (a
glycerol kinase). This operon is one of five operons of the gip
regulon involved in the growth of E. coli on glycerol (9). A
BLAST analysis of the E. coli genome using the GlpX sequence
(336 amino acids) as a query identified the uncharacterized pro-
tein YggF (321 amino acids), which shares 58% sequence iden-
tity with GlpX. The yggF gene is part of a large operon (cmtBA
andyggPFDC),whichencodesamannitolphosphoenolpyruvate-
dependent transferase (CmtB and CmtA), a predicted dehydro-
genase (YggP), a predicted transcriptional regulator (YggD),
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and a putative kinase (YggC). The role of YggF in E. coli is
unknown, although GlpX is likely to be involved in gluconeo-
genesis during growth on glycerol (9). A BLAST search of the
sequenced genomes with the E. coli GlpX as a query revealed
that the type Il FBPases are quite conserved enzymes with over
100 sequences showing 50% or higher sequence identity.
Besides E. coli, two genes encoding a type Il FBPase were found
in many strains of Shigella and Bacillus.

Sequence alignment of GlpX and YggF with the experimen-
tally verified type II FBPases from M. tuberculosis (46), C. glu-
tamicum (47), and Synechocystis PCC 6803 (16) (42—44%
sequence identity) identified over 50 conserved residues (Fig.
1). These sequences show the presence of four blocks of con-
served residues (**VIGEGE®®, ®*APML®®, 33AVDP®®, and
18DGDV'®?). The block-3 is a part of the Li*-sensitive phos-
phatase motif DP(I/L)D(G/S)(T/S) (Fig. 1) that has been shown
by crystallographic and mutational studies to bind metals and
participate in catalysis (2, 48). Previously, it has been mentioned
that the presence of this sequence motif in proteins is not suf-
ficient to identify family members per se (2). However, the
FBPase II sequences revealed no presence of the extended Li™-
sensitive phosphatase motif with the conserved combinations
of EE, WD, or GG (2) suggesting that the class II FBPases are
evolutionarily distant from the main group of Li*-sensitive
phosphatases.

Biochemical Characterization of GlpX and YggF—Purified
GIpX and YggF exhibited a high fructose-1,6-bisphosphatase
activity, a low activity toward glucose 1,6-bisphosphate (0.11-
0.39 wmol/min mg protein), and no activity against ribulose
1,5-bisphosphate, fructose 2,6-bisphosphate, or fructose
1-phosphate. With fructose 1,6-bisphosphate as substrate, both
proteins had maximal activity at pH 7.5— 8.0 (data not shown)
and required a divalent metal cation for activity. When tested
with a range of divalent cations (Mg®", Mn>", Co**, Ni*™,
Ca**, Cu®", and Zn>"; 1 mu final concentration), only Mn>"
supported activity of both proteins. This is in contrast to
FBPases from other classes, which can be activated by Mg2+,
Mn*", or Zn>* (21, 49). GIpX had a slightly higher affinity to
Mn*" (K}, 0.6 mm) than YggF (K}, 1.0 mm) (Table 1). Moreover,
GIpX showed higher activity and affinity to fructose 1,6-
bisphosphate resulting in three times higher catalytic effi-
ciency (Table 1). With this substrate, both proteins showed
saturation kinetics with sigmoidal saturation curve with a
Hill coefficient n;; 2.0-2.1 indicating positive cooperativity
in substrate binding. When compared with other E. coli FBP
phosphatases, both GlpX and YggF showed lower substrate
affinity and catalytic efficiency than those of Fbp, but they
were more efficient in FBP hydrolysis than YaeD and YbhA,
which belong to the haloacid dehalogenase-like phosphohy-
drolase superfamily (Table 1).

The activity of YggF was slightly increased (40 -50%) by the
addition of 1 mm dithiothreitol, whereas 1 mm ATP reduced
activity by 40% (data not shown). All other tested effectors
(AMP, ADP, PEP, and glycerol 3-phosphate; 1 mMm each) pro-
duced no significant effect on the activity of both YggF and
GlpX (even in the incubation assays described in Ref. 50). These
results are similar to that obtained for the class II-like FBPase
from M. tuberculosis (46). KCl (50 mm) slightly stimulated
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FIGURE 1. Structure-based sequence alignment of the E. coli GlpX and other experimentally verified
class Il FBPases. The secondary structure elements of GIpX are shown above the alignment. Residues con-
served in all aligned class Il FBPases are boxed and highlighted in gray. The GlpX residues mutated to Ala in this
work are marked with an asterisk above the alignment. The lithium-sensitive phosphatase motif (DPIDGT) is
shown below the alignment. The compared proteins are E. coli GIpX (POA9C9), E. coli YggF (P21437), M. tuber-
culosis FBPase Rv1099c (053447), Synechocystis PCC6803 FBPase F-1 (P73922), and C. glutamicum FBPase
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RaNGAT|ERSLvMRARSGEf RHTIESV[Hh L SKLQEYSYVDYTTAT - - - - - - - 335 structure was not optimal as several

(A4QCY3).
TABLE 1
Kinetic parameters of the E. coli FBPases, GlpX, YggF, Fbp, YaeD, and
YbhA
. Variable “
Protein substrate - Vinax Keat keatl K,
mm units/mg st u st
GIpX (wild type) FBP  0.07 £0.002 88*0.1 57=01 09X 10°
GlpX (K29A) FBP  0.06 = 0.008 21.6 = 2.2 140=1.0 2.6 X 10°
GlpX (E59A) FBP 0.1 £0.003 1.6=*0.1 1.1=*0.061.06 X 10°
GlpX (D186A) FBP 02*002 1.8*+01 12*006 60X 10°
GlpX (R235A) FBP 02*003 84*09 54*06 27X10*
GlpX (K239A) FBP 0.1+003 11.7*14 75*09 06X 10°
YggF (wild type) ~ FBP 01*+001 40%+03 25*02 24X10*
GIpX (wild type) Mn** 0.6 =004 45%+02 29=*011 05X 10*
YggF (wild type) Mn>*  1.0+0.02 45*01 29+005 03X 10*
Fbp” FBP  0.02 = 0.002 24.2 14.6 = 0.8 9.7 X 10°
YaeD? FBP 04 =*006 05*=0.02 02=*001 05X 10°
YbhA® FBP 24 %02 9.7+02 53+01 22X10°

“ Data are from Kelley-Loughnane et al. (30).
% Data are from data from Kuznetsova et al. (61).

FEBRUARY 6, 2009+VOLUME 284+NUMBER 6

pCEEYE

regions predicted to contain strands
and helices were disordered. There-
fore, the structure of apo-GlpX was
solved in another space group
(P422, PDB code 3bih), and this
structure contained many more
ordered regions even though it was
solved at a similar resolution (2.1 A) (Table 2). The structure
demonstrated that two subunits of GlpX create an elongated
dimer (Fig. 2). The elongated shape of the GIpX dimer is a
likely reason for the anomalously high native molecular mass
of GlpX obtained in gel filtration experiments, 118 kDa (pre-
dicted monomer mass of 36 kDa). Gel filtration analysis of
the oligomeric state of YggF revealed that it is likely to exist
as a dimer in solution, 76 kDa (predicted monomer mass of
34.3 kDa). Two GlpX subunits are connected by B-sheet
interactions between the last -strands (315) creating a joint
six-stranded anti-parallel B-sheet (Fig. 2). The dimerization
interface is stabilized mainly by these B-sheet interactions
and by a salt bridge between Arg® and Glu® from the first
helix of two monomers.

The GlpX monomer has a compact, globular shape with two
a/B-type domains arranged as a multilayered sandwich (a/B/
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a/B/a) (Fig. 3A). The two-layer
domain A (the left domain on Fig.
3A) includes the sequences from
the N-terminal (Arg®-Asp'®®) and
C-terminal parts (Val*”*~Tyr**?) of
GIpX and is formed by the antipar-
allel B-sheet with eight B-strands,
which is partially wrapped around
two long a-helices (a hot dog-like
configuration). The domain B (the
right domain on Fig. 34) includes
the sequences from the central part
of GlpX (Lys'*’~Asn*”7) and adopts
a three-layered «/B/a-sandwich
configuration with the B-strands
forming a central, mostly parallel
B-sheet (five B-strands). Domains A
and B are joined by two closely
located connecting loops (B4-B5

FIGURE 2. Crystal structure of GlpX, overall structure of the GlpX dimer. Protein monomers are shown in .
different colors. In each monomer, the potential active site is located between two protein domains and is and «l0-B11, 10 and 5 residues
indicated by the black arrow. In both monomers, the a/p layers are shown in different colors, and in one long). A well defined cleft is present
monomer the secondary structure elements are labeled.

A (GlpX) B (Fbp) C (MJ0109)

D (CysQ) E(SuhB) F (RPIP)

FIGURE 3. Monomer structures of GlpX and other FBPases and Li*-sensitive phosphatases. A, £. coli GIpX (FBPase II; PDB code 3bih); B, E. coli Fbp (FBPase
I; PDB code 2gq8m); C, MJ0109 (FBpase IV; PDB code 1dk4); D, E. coli SuhB (IMPase; PDB code 2qfl); £, CysQ from B. thetaiotaomicron (PAPase; PDB code 3b8b); and
F, RnPIP (PIPase; PDB code 1jp4). All of the polypeptides are shown in equivalent orientations revealing the presence of a five-layered a-B-a-B-a structure. The
o/ layers of GlpX are shown in different colors: a1, green; B1, red; a2, blue; B2, magenta; a3, cyan.
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FIGURE 4. Alanine replacement mutagenesis of GlpX, FBPase activity of
purified mutant proteins. The reaction mixtures contained 0.1 mm FBP and
0.1-0.5 ng of GlpX; the assays were performed as described under “Experi-
mental Procedures.”

between the domains, which accommodates many conserved
residues and represents a putative active site of GlpX (Fig. 2 and
Fig. 3A).

A Dali search identified the rat inositol-polyphosphate
1-phosphatase (RnPIP) as the best hit (PDB 1jp4, Z-score
11.2, root mean square deviation 3.2 A). Previous work has
found that the mammalian fructose-1,6-bisphosphatase and
inositol monophosphatase (IMPase) share a similar second-
ary structure topology even though their sequences show
low similarity (55). Both enzymes have a layered aBaBa-type
structure and almost identical five metal-binding carboxy-
late residues. Analysis of the presently available structures of
inositol monophosphatases (RnPIP, E. coli SuhB, and CysQ
from Bacteroides thetaiotaomicron) and three classes of
FBPases (I, E. coli Fbp; 11, E. coli GlpX; and IV, MJ0109)
shows that they share the same secondary structure topology
(aBaBa) (Fig. 3). In these structures, the first layer has two
(GlpX, MJ0109, and RnPIP) or three (Fbp) nearly parallel
a-helices, whereas the second layer consists of mostly anti-
parallel B-sheets of six or eight strands. The two next middle
layers (two parallel a-helices and four or five stranded
B-sheet) are almost perpendicular to the second layer
B-sheet, whereas the three to five a-helices of the fifth layer
have different orientations (Fig. 3). The unique feature of the
GIpX fifth layer is the presence of an additional long a-helix
(«10), which is parallel to the long a2 helix of the first layer.
Thus, although IMPases and FBPase classes I, I, and IV have
a very low overall sequence similarity, their structural simi-
larity suggests that they have a common evolutionary origin
and catalytic mechanism.

Mutational Studies of GlpX—In the GIpX structure, many
conserved residues are located within or close to the large cavity
located between two protein domains, which contains a puta-
tive active site (Fig. 2). To identify the active site residues
involved in FBP hydrolysis, we have mutated 12 conserved and
4 semi-conserved residues of GIpX to Ala. 12 purified mutant
proteins showed a greatly reduced FBPase activity suggesting
that they are involved in substrate binding (FBP and metals) or
catalysis (Fig. 4). The E59A mutant exhibited both reduced
activity and reduced substrate affinity (Table 1). The GlpX
structure shows that the side chain of Glu®® is potentially
involved in the inter-domain interaction through hydrogen
bonding with the conserved Arg?®® (4.3 A). The side chain of
the conserved Asp®" might also be involved in the inter-domain
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interaction (with Arg®®), and D61A mutant protein showed
very low FBPase activity (Fig. 4). K29A retained the wild-type
level of substrate affinity, whereas its activity increased to
three times the level of the wild-type protein (Fig. 4 and Table
1). The GlpX structure shows that Lys* is located on the edge
of the putative active site and its side chain might interfere with
substrate binding and product release. Therefore, the removal
of the Lys®® side chain would open the catalytic cleft of GIpX,
thereby increasing the rate of substrate binding/product release
and consequently the overall reaction rate. Both the D186A and
R235A mutant proteins had reduced affinity to FBP (Table 1)
suggesting that they are involved in substrate binding. The side
chain of Lys®*? is positioned close to that of Arg>*®, but perhaps
is not involved in substrate coordination because the K239A
protein demonstrated the wild-type activity and substrate affin-
ity (Table 1).

Crystal Structure of the GlpX Complexes with FBP or
Phosphate—The GlpX D61 A mutant protein was crystallized in
the presence of FBP, Ca*>*, and Mg2+, and its structure revealed
the presence of three metal atoms and FBP in the predicted
active site (Fig. 5A and Table 2). In general, the active site of
GlpXisless open than that of the dual activity inositol mono-
phosphatases/FBPases (e.g. AF2372), consistent with the
narrow substrate specificity of GlpX. The FBP molecule is
bound in a closed ring form and coordinated by the interac-
tions with side chains and main chain amide groups of sev-
eral conserved residues (Fig. 54). The 6-phosphate group of
FBP interacts with the side chains of Tyr''® (2.7 A), Lys'®*
(2.8 A), and Arg'®® (2.6 A). Similar combinations of the Arg,
Lys, and Tyr residues are present in the structures of other
FBPases (e.g. Lys'®”, Arg'®®, and Arg'’® in MJ0109) but are
absent in inositol monophosphatases, suggesting that these
residues determine the substrate specificity of FBPases to
FBP. The FBP 4-OH group is recognized by the side chain of
Asp'®® (2.6 A) and the main chain amide of Gly*!° (2.9 A), the
3-OH group by the Glu®® side chain (2.6 A) and the main
chain amide of Asp*®® (2.7 A), and the 2-OH group by the
side chain of Asp'®® (2.6 A) and the main chain amide of
Gly'®” (3.1 A) (Fig. 54). The oxygen atoms of the 1-phospho-
ryl group of FBP (a removable group) are liganded to the
main chain amide of Gly®® (2.8 A) and the side chains of
Asp'®® (3.4 A) and Thr®° (3.3 A).

The crystal structure of the GlpX-FBP complex revealed the
presence of three metal cations in the active site, which were
identified as Ca®" or Mg®", because both were present in
the crystallization solution (metal ions with smaller radii were
identified as Mg>") (Fig. 54). The metal-1 (Mg>") is coordi-
nated by the FBP phosphoryl 6 oxygen (2.2 A) and is located 4.3
A from the P1 oxygens (Fig. 54). The other two metals (Cal and
Ca2) are located close to each other (5.6 A) and to the phospho-
ryl 1 oxygens of the substrate (4.7 A for Cal and 6.6 A for Ca2)
(Fig. 54). Cal is bound to the side chains of Glu®® (2.4 A), Glu?'?
(2.4 A), and Asp®® (2.4 A and 2.5 A), whereas Ca2 is liganded to
the side chains of Glu®” (2.6 A) and Asp®® (2.2 A). Thus, the
metal-coordinating residues of GlpX are similar to that of
RnPIP (56) and Hal2p (3) suggesting that GIpX might have a
similar catalytic mechanism.
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Previous work on the E. coli GlpX demonstrated that inor- revealed the presence of phosphate bound to the enzyme active
ganic phosphate competitively inhibits FBPase activity witha K;  site (Fig. 5B). The phosphate molecule occupies the position of
of 0.35 mm (9). The structure of the GlpX-phosphate complex the phosphate 6 of fructose-1,6-bisphosphatase and is coordi-

A

L \ -

FIGURE 5. Wide-eye stereo view of the GIpX active site. A, FBP bound in the GIpX-FBP complex (PDB code
3d1r); B, phosphate bound in the GlpX-phosphate complex (PDB code 3big). The ligand, metal ions (Mg, CaT1,
and Ca2) and selected residues of GlIpX (D61A) in contact with the ligand and metal ions (cyan spheres) are
shown as a stick diagram along with a GlpX ribbon (gray). Difference electron density was calculated by remov-
ing the fructose 1,6-bisphosphate from the final model, followed by several rounds of maximum likelihood
refinement using Refmac5. The resulting F, — F. map was contoured at 4.2¢.

TABLE 2
Crystallographic data collection and model refinement statistics
Values in parentheses are for the highest resolution shell.

nated by the interactions with the
side chains of Tyr'? (2.9 and 3.2 A),
Lys'®* (3.1 A), Arg'®® (2.5 and 3.0
A), and Lys** (2.9 A) (Fig. 5B and
Table 2). Thus, the binding of P, to
the GlpX active site interferes with
substrate binding explaining the
inhibiting effect of phosphate.
Implications for the Possible Cat-
alytic Mechanism of the Type II
FBPases—The catalytic mechanism
of the lithium-sensitive phosphata-
ses has been the subject of discus-
sion for several years (3, 10, 20, 54,
56). The phosphatase reaction of
Li*-sensitive phosphatases has an
absolute requirement for metal ions
and has been suggested to proceed
through the activation of a water
molecule and its subsequent
nucleophilic attack on the remov-
able phosphorus atom (57, 58). It is
still not clear how many metal ions
are required for the activation of the
nucleophilic water molecule, and
two catalytic models have been pro-
posed. The two-metal model (based
on the structure of the yeast Hal2p
PAPase) suggests that one of the
two metals is responsible for coordi-
nating the phosphoester bond and

GlpX wild type (apo) (PDB 3bih) GIpX D61A + FBP (PDB 3d1r) GIpX D61A + phosphate (3big)
Data collection
Space group P422 P422 P422
Cell dimensions
a, c(A) a=91.4,c=86.5 a=91.3,c= 849 a=91.3,c = 86.4
Wavelength 1.54178 1.54178 1.54178
Resolution 50-2.1 A (2.18-2.1 A) 50-1.85 A (1.90-1.85 A) 50-1.81 A (1.87-1.81 A)
erge 0.073 (0.525) 0.060 (0.464) 0.056 (0.55)
1/l 30.4 (3.1) 40.1 (7.2) 44.5 (2.6)
Completeness (%) 99.8 (98.1) 100.0 (100.0) 99.3 (92.3)
Redundancy 9.2 (8.0) 13.5(13.1) 12.0 (4.7)
Refinement . . .
Resolution 39.0to2.1 A 28.65t0 1.85 A 409t0 1.85 A
No. of reflections 34,514 29,726 30,207
Ry Rivee 0.188/0.250 0.173/0.212 0.189/0.239
No. of atoms
Protein 2403 2403 2423
Major ligand 20
Other ligands/ion 9 5
Solvent 159 322 248
Root mean square deviations
Bond lengths (A) 0.018 0.017 0.018
Bond angles (°) 1.43 1.55 1.50
Ramachandran plot
Most favored (%) 90.8 92.9 92.2
Additionally allowed (%) 8.1 7.1 7.8
Disallowed (%) 0.6 0 0
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A Throo N _-Lys164 and charge stabilization during the
\[/ N transition state. The nucleophilic
o_‘_},@.-'-Ho‘\___ Mg“f{cf@ SNT water molecule would be coordi-

o N O >—Arg166 nated by the Ca2 and by the side

A5p33—< . £ 'HO\P ( . N* chain of the conserved Thr*°
0‘--fg i ,A\—O' O, OH@"HO—T 119 (Thr'*” in Hal2p), which is itself

ﬁ"_‘:(::‘éz\ 0 0 fo) w activated by a hydrogen bond with

o HO the conserved Asp®® (Asp® in

3 de - Hal2p) (Fig. 6). There are two water

0 . molecules in the vicinity of the

Clus7 HO 0"." phosphorus 1 atom (W3544 and

o "-?‘ W3774), which are positioned 2.2—

s 0O 0o O 4.7 A to the Ca2 and Thr*® and
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FIGURE 6. A diagram showing the coordination of FBP in the active site of GlpX and the proposed reac-
tion mechanism of FBP hydrolysis by GIpX. A, activation of the catalytic water molecule and nucleophilic
attack. The Ca®*-1 ion (Ca1) is assumed to be responsible for the phosphate coordination and charge stabili-
zation during the transition state. The Ca*-2 ion (Ca2) together with the network of the conserved Thr*® and
Asp>? are proposed to be responsible for the activation of the nucleophilic water molecule. The numbers
represent interatomic distances in A. B, products formation and release (P, inorganic phosphate; F6P, fructose
6-phosphate). The leaving phosphate group is coordinated by the interactions with two metal ions (Ca1 and

Ca2) and the Thr?® hydroxyl.

stabilizing the negative charge on the leaving group, whereas
the second metal ion coordinates the nucleophilic water (3, 59,
60). The hydrogen bonding with the nearby Thr (or Ser) and
carboxylate (Glu or Asp) residues would activate this water
molecule. More recently, the second model with three met-
als was proposed for the catalytic mechanism of Li™-sensi-
tive phosphatases (20, 54, 56). In this model, metal ions 1 and
2 are postulated to be involved in substrate binding and sta-
bilization of the intermediate, whereas metal ions 2 and 3 are
postulated to be responsible for the coordination of the
water nucleophile. In the GIpX-FBP structure, there are
three metals bound in the active site, but the metal-1 (Mg>",
liganded to phosphate 6) seems not to be involved in cataly-
sis (Fig. 5A). This suggests that GlpX and other class II
FBPases are likely to use a two-metal ion-assisted mecha-
nism for the hydrolysis of FBP similar to that described for
the yeast Hal2p PAPase (3).

In the proposed GlpX mechanism, the Cal ion is assumed to
assist in the FBP binding, as well as in phosphate coordination

pCEEYE
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might function as a nucleophilic
water in the hydrolysis of the phos-
phoester bond. The interaction of
the side chains of the conserved Thr
and Asp (Thr®® and Asp>? in GlpX)
seems to be characteristic for the
reaction mechanism of Li"-sensi-
tive phosphatases (3). This interac-
tion increases the nucleophilicity of
the Thr hydroxyl oxygen and results
in the formation of the hydroxyl
nucleophile (Fig. 6). The direct
involvement of Thr® in the GlpX
catalysis is supported by the results
of our mutagenic studies (Fig. 4).
o The emerging hydroxyl ion would
subsequently attack the phosphate 1
phosphorus atom of FBP generating
a transition intermediate stabilized
by the interaction with the Cal ion.
Thus, the crystal structure of GlpX
has demonstrated that its core fold
is equivalent to that of Li*-sensitive
phosphatases and defined impor-
tant structural determinants for the
substrate recognition and catalytic
mechanism of class II FBPases.

Nt
f:ii_‘__N}—Arg1 66

HO—Tyr119
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