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ABSTRACT: Crystal structures of metal-product complexes of fructose 1,6-bisphosphatase (FBPase) reveal
competition between AMP and divalent cations. In the presence of AMP, the Zn2+-product and Mg2+-
product complexes have a divalent cation present only at one of three metal binding sites (site 1). The
enzyme is in the T-state conformation with a disordered loop of residues 52-72 (loop 52-72). In the
absence of AMP, the enzyme crystallizes in the R-state conformation, with loop 52-72 associated with
the active site. In structures without AMP, three metal-binding sites are occupied by Zn2+ and two of
three metal sites (sites 1 and 2) by Mg2+. Evidently, the association of AMP with FBPase disorders loop
52-72, the consequence of which is the release of cations from two of three metal binding sites. In the
Mg2+ complexes (but not the Zn2+ complexes), the 1-OH group of fructose 6-phosphate (F6P) coordinates
to the metal at site 1 and is oriented for a nucleophilic attack on the bound phosphate molecule. A
mechanism is presented for the forward reaction, in which Asp74 and Glu98 together generate a hydroxide
anion coordinated to the Mg2+ at site 2, which then displaces F6P. Development of negative charge on
the 1-oxygen of F6P is stabilized by its coordination to the Mg2+ at site 1.

Fructose 1,6-bisphosphatase (FBPase,1 EC 3.1.3.11) hy-
drolyzes fructose 1,6-bisphosphate (F16P2) to fructose 6-phos-
phate (F6P) and phosphate (Pi) (1-6). The enzyme plays a
central role in gluconeogenesis, and is inhibited allosterically
by AMP, the binding of which is cooperative with a Hill
coefficient of 2 (7-9). Fructose 2,6-bisphosphate (F26P2),
which binds with high affinity to the active site, inhibits
FBPase synergistically with AMP (10-12). FBPase requires
divalent cations (Mg2+, Mn2+, and/or Zn2+) for activity, and
certain monovalent cations (K+, NH4

+, and Tl+) further
enhance catalysis (3, 5, 13). Enzyme activity increases
sigmoidally as a function of divalent cation concentration at
pH 7.5 (Hill coefficient of approximately 2), but at pH 9.6,
the variation is hyperbolic (8, 14).

The mammalian enzyme is a homotetramer (Figure 1),
which exists in distinct conformational states, depending on
the relative concentrations of active site ligands and AMP
(15). In the absence of AMP, FBPase, with or without metal
cofactors and/or other active site ligands, is in its R-state. In
the presence of AMP, however, the top pair of subunits

rotates 17° relative to the bottom pair, resulting in the T-state
conformer. The minimum distance separating AMP mol-
ecules from any given active site is approximately 30 Å (16,
17). Yet on the basis of kinetics, NMR, and fluorescence
studies, the binding of AMP and Mg2+ is mutually exclusive
(11, 18, 19).
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FIGURE 1: Schematic of the T-state conformation of FBPase. A
rotation of the subunit pair C1-C2 by 17° as shown transforms
the T-state into the R-state conformer. Dotted ovals represent ligand
binding sites on faces of the tetramer hidden from view. Distances
measured from atom C-2 of F6P of subunit C2 to atoms C-1′ of
four bound AMP molecules are presented.
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In published crystal structures, however, the number of
metal cations bound to the active site is insensitive to the
state of ligation of the AMP site. Two Mn2+ or two Zn2+

ions bind to the active site in the presence or absence of
AMP (20, 21). Mn2+ association at site 2 is evidently weaker
in FBPase complexes with AMP relative to those without
AMP (21), but the conformational changes in FBPase which
cause metal-AMP competition are unsettled. Weaker metal
binding to site 2 may arise from the relative rotation of the
two folding domains of the FBPase subunit (21). Choe et
al. (23), however, in a Zn2+-product complex of FBPase
find little support for rigid body rotations of domains within
subunits of FBPase. On the other hand, in that same complex,
loop 52-72 associates with an active site that includes three
zinc cations. Asp68 of the loop coordinates directly to the
Zn2+ at metal site 3, and all Zn2+ ions are bound firmly to
the enzyme, as evidenced by their low thermal parameters.
Hence, Choe et al. (23) propose an alternative mechanism,
in which FBPase has an ordered loop in the active R-state
with three bound metals and a disordered loop in the T-state
with significantly reduced affinity for metal cations. Yet to
be demonstrated, however, is whether AMP, by binding to
its allosteric site, displaces loop 52-72 and/or metals from
the active site of metal-product complexes of FBPase.

Presented here are crystallographic structures of product
complexes of recombinant porcine FBPase in the presence
and absence of AMP. In the absence of AMP, FBPase is in
the R-state and loop 52-72 associates with the active site,
whereas in the presence of AMP, the enzyme crystallizes in
the T-state with a disordered loop. The products (F6P and
Pi) are present in crystal structures with and without AMP,
but metal ligation of the active site differs significantly. In
the absence of AMP, Zn2+ binds to all three metal sites and
Mg2+ to two of three metal sites, whereas in the presence of
AMP, divalent cations (either Zn2+ or Mg2+) bind to a single
common site. Furthermore, in only the Mg2+ complexes, the
1-OH group of F6P directly coordinates to the metal at site
1, suggesting a direct role for that metal in the catalytic
mechanism of FBPase.

EXPERIMENTAL PROCEDURES

Expression and Purification of Wild-Type FBPase.FB-
Pase-deficientEscherichia coli strain DF657 [tonA22,
ompF627(T2R), relA1, pit10, spoT1,∆(fbp)287; Genetic
Stock Center at Yale University, New Haven, CT] was used
in the expression of recombinant wild-type porcine FBPase.
Expression and purification of FBPase followed the proce-
dures of Burton et al. (24) with minor modification. After
centrifugation to remove cell debris, the supernatant fluid
was subjected to heat treatment, centrifugation, volume
reduction of the supernatant by pressure concentration
through an Amicon PM-30 membrane, and then CM-
Sepharose column chromatography. FBPase eluted as a single
peak, using a NaCl gradient (from 20 to 400 mM) in 10
mM Tris-malonate (pH 6.0).

Crystallization of the Product Complex.Crystals of FBPase
were grown by the method of hanging drops. Crystals of
T-state complexes grew from equal parts of a protein solution
[10 mg/mL FBPase, 10 mM KPi (pH 7.4), 2 mM ZnCl2 or
5 mM MgCl2, 5 mM F6P, and 5 mM AMP] and a precipitant
solution [100 mM Hepes (pH 7.0) and 10% (w/v) polyeth-

ylene glycol 3350]. Crystals of R-state complexes grew from
equal parts of a protein solution [10 mg/mL FBPase, 10 mM
KPi (pH 7.4), 5 mM ZnCl2 or 5 mM MgCl2, and 5 mM F6P]
and a precipitant solution [2.5 mM Tris-malonate (pH 7.4)
and 6% (w/v) polyethylene glycol 3350]. The droplet volume
was 4µL. Wells contained 500µL of the precipitant solution.
Crystals with dimensions of 0.4 mm× 0.4 mm× 0.3 mm
grew in approximately 3 days at 4 and 37°C. Structures of
crystals grown at 37 and 4°C are identical. Data presented
below are from crystals grown at 37°C.

Data Collection. Data were collected at Iowa State
University on a rotating anode/Siemens area detector at 120
K, using CuKR radiation passed through a graphite mono-
chromator. Data were reduced by XENGEN (25).

Structure Determination, Model Building, and Refinement.
Crystals grown for this study are isomorphous to either the
Zn2+-product complex (23) or AMP complexes reported by
Lipscomb and co-workers (16). Phase angles, used in the
generation of initial electron density maps, were based on
models from which water molecules, metal cations, small-
molecule ligands, and residues 52-72 had been omitted.
Residues 52-72 were built into the electron density of omit
maps, with reference to the CR coordinates of loop 52-72
from the Zn2+-product complex (23), using the program
XTALVIEW ( 26) and a Silicon Graphics workstation
(Indigo2). Added to the single independent subunit of crystals
grown in the absence of AMP were two molecules of Pi

(active site and AMP site), one molecule of F6P (active site),
and either three zinc or two magnesium cations (active site).
Subunits of crystals grown in the presence of AMP each
had one molecule of Pi, F6P, and AMP, and one metal cation
(either Mg2+ or Zn2+). Two models were generated for all
complexes, which differed in the choice of F6P anomer (R
or â). The resulting models underwent refinement using CNS
(27) with force constants and parameters of stereochemistry
from Engh and Huber (28). A cycle of refinement consisted
of slow cooling from 2500 to 300 K in steps of 25 K,
followed by 120 cycles of conjugate gradient minimization,
and concluded by the refinement of individualB-parameters.
B-Parameter refinement employed restraints of 1.5 Å2 on
nearest neighbor and next-to-nearest neighbor main chain
atoms, 2.0 Å2 on nearest neighbor side chain atoms, and 2.5
Å2 on next-to-nearest neighbor side chain atoms.

In subsequent cycles of refinement, water molecules were
fit to a difference electron density of 2.5σ or better and were
added until no significant decrease was evident in theRfree

value. Included in the final model were water molecules
which make suitable donor-acceptor distances with
respect to each other and the protein, and haveB-parameters
of <65 Å2.

RESULTS

General Features of Metal-Product Complexes of FB-
Pase.Recombinant wild-type FBPase that is used here is
free of proteolysis, and is greater than 95% pure on the basis
of SDS-PAGE (data not shown).

Crystals grown in the presence of AMP belong to space
groupP21212 (Zn2+ complex,a ) 60.12 Å,b ) 166.14 Å,
andc ) 79.53 Å; Mg2+ complex,a ) 59.86 Å,b ) 165.82
Å, andc ) 79.51 Å), and are isomorphous with respect to
those reported by Lipscomb and co-workers (16). Two
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subunits of FBPase are in the asymmetric unit of this crystal
form. CR coordinates of the independent subunits superim-
posed (excluding residues 63-70) with a root-mean-square
deviation of 0.20 Å. The two subunits are identical to within
experimental uncertainty. As noncrystallographic restraints
were not used in the refinement, the deviation reported above
is a reasonable estimate of coordinate uncertainty. The
enzyme is in the canonical T-state (16). AMP occupies the
allosteric pocket, and Pi, F6P, and one metal cation (either
Zn2+ or Mg2+) occupy the active site (Figure 2). Regions of
weak or absent electron density include residues 1-8 and
63-70. The model begins at residue 9 and continues to the
last residue of the sequence, but residues 63-70 are
unreliable, as evidenced by high thermal parameters. When
residues 63-70 are excluded, thermal parameters vary from
5 to 52 Å2.

Crystals grown in the absence of AMP belong to space
groupI222 (Zn2+ complex,a ) 52.34 Å,b ) 82.82 Å, and
c ) 165.77 Å; Mg2+ complex,a ) 52.12 Å,b ) 82.51 Å,
andc ) 165.49 Å). Failure to detect systematic absences,
because of an error in a commercial software package, led
to the initial space group assignment ofP21212 (a ) 52.34
Å, b ) 165.77 Å, andc ) 82.82 Å), reported by Choe et al.
(23). Evaluation of the packing of FBPase tetramers and

inspection of the data clearly indicate the higher-symmetry
space group. The Zn2+-product structure reported by Choe
et al. (23) is not changed, but the statistics of refinement
(due to the rejection of systematic absences) are much
improved in the new space group. The enzyme is in the
R-state, but has an ordered loop 52-72, associated with the
active site (Figure 2). Pi occupies the allosteric pocket,
binding to the 5′-phosphoryl site of AMP, and Pi, F6P, and
either two Mg2+ or three Zn2+ ions occupy the active site.
The model begins at residue 7, with weak or absent electron
density for residues 1-6 and 22-25. When these regions
of weak or absent electron density are excluded, thermal
parameters vary from 5 to 67 Å2. Conformational differences
relevant to the structure and function of FBPase are discussed
below.

Statistics for data collection and refinement for all the
structures are given in Table 1. Uncertainty in coordinates
is approximately 0.25 Å. The models have stereochemistry
generally better than what is typical for structures of a
nominal resolution of 2.0 Å, as determined by PROCHECK
(29).

Metal-Product Complexes of FBPase in the T-State.In
the presence of AMP, the Mg2+-product and Zn2+-product
complexes adopt identical global conformations, similar to

FIGURE 2: Stereoviews of a single FBPase subunit in the T- and R-states. The subunit here is in the orientation of subunit C2 of Figure 1.
Loop 52-72 is engaged with the active site (top), whereas loop 52-72 is disengaged from the active site in the T-state (bottom). Residues
63-70 of the T-state are known only approximately from crystal structures. This figure is drawn with MOLSCRIPT (38) and RASTER3D
(39).
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T-state structures of FBPase reported by other investigators
(16, 30-32). Nonetheless, the structures here represent the
first instances of product complexes of FBPase in the T-state,
and as such are necessary complements to product complexes
of FBPase in the R-state.

In the T-state, AMP binds to the allosteric pocket, and is
covered by strong electron density. The AMP molecule is
in the anti conformation (ø ) -166°), with a 3′-endo ribosyl
group (a pseudo puckering angle of 9°), and an O5′-C5′-
C4′-C3′ torsion angle (γ) of 56°. A sphere of distinct
electron density appears between N-7 of the purine base and
the 5′-phosphoryl group of AMP in each of the symmetry
unique subunits of the T-state complexes. Thermal param-
eters for water molecules refined here averaged to ap-
proximately 22 Å2. In the crystal structure of an AMP
complex of recombinant human FBPase, AMP binds to its
allosteric pocket in the anti conformation with a water
molecule between N-7 of the purine base and the 5′-
phosphoryl group (32). In crystal structures of natural and
recombinant pig kidney FBPase (the amino acid sequence
of which is identical to that of recombinant porcine FBPase),
the AMP molecule is present in an anti conformer, a syn
conformer, or an equally weighted mixture of syn and anti
conformers with no water molecule bridging the N-7 and
5′-phosphoryl groups (16, 17, 31). Reported instances of syn
conformers may reflect the inherent difficulty of interpreting
electron density from low-resolution diffraction data. Electron
density from a water molecule near the N-7 atom could
merge with the purine base of AMP, leading to the
assignment of a syn conformer. Alternatively, the presence
of a bridging water molecule between the purine base of
AMP and its 5′-phosphoryl group may be sensitive to
conditions of crystallization.

F6P binds to the active site as theâ-anomer in both the
Mg2+ and Zn2+ complexes, but only in the Mg2+ complex
is the 1-OH group coordinated to the cation at site 1 (Figures
3 and 4). The coordination of the 1-OH group to the site 1
metal was not observed either in the R-state, Zn2+-product

complex (23) or in substrate-analogue complexes of FBPase
(20). The significance of this coordination is discussed below.
Pi binds to the putative 1-phosphoryl site of F16P2, directly
coordinating the divalent cation (either Mg2+ or Zn2+) at
metal site 1. Pi and F6P retain many of the hydrogen bonds
and nonbonded contacts observed in the R-state, metal-
product complexes. Metal cations, however, do not occupy
sites 2 and 3 in the T-state complexes. Loop 52-72, which
putatively mediates allosteric inhibition by AMP, is disor-
dered. Asp68 of loop 52-72 no longer hydrogen bonds with
Arg276, a residue important for catalysis (33). Asp74, an
essential catalytic residue (34), is poorly ordered, and does
not hydrogen bond with backbone amide 71. As the major
difference in crystallization conditions for the R- and T-state
complexes reported here is the concentration of AMP (either
0 or 5 mM, respectively), the displacement of loop 52-72
and metal cations from the active site must result from AMP
ligation of the allosteric pocket.

Metal-Product Complexes of FBPase in the R-State.Loop
52-72 is in the engaged conformation (23) in each of the
R-state complexes reported here. Even so, at least two
significant differences exist between the Zn2+-product and
Mg2+-product complexes. As noted previously for the
Zn2+-product complex (23), the 1-OH group of F6P is not
in the proper orientation for a nucleophilic attack on the Pi

molecule. In the Mg2+-product complex, however, the 1-OH
group coordinates directly to the metal at site 1, as it does
in its T-state complex, and is positioned ideally with respect
to the Pi molecule for a nucleophilic displacement reaction
(Figure 5). The distance separating the 1-oxygen atom of
F6P and the phosphorus atom of Pi is 2.9 Å (in the T-state,
which has two subunits per asymmetric unit, the correspond-
ing distances average to 3.2( 0.1 Å). Hence, unlike the
Zn2+-product complex, the Mg2+-product complex should
be catalytically viable, even in the crystalline state.

The second major difference between the R-state com-
plexes regards metal binding to the active site. In the Zn2+-
product complex, divalent cations are present at full occu-

Table 1: Statistics of Data Collection and Refinement

R-state Zn2+ R-state Mg2+ T-state Zn2+ T-state Mg2+

resolution limit (Å) 2.27 2.32 2.23 2.28
no. of reflections 72666 72680 119374 122394
no. of unique reflections 15519 15014 36815 35127
completeness (%) of data set 99 99 99 99
completeness (%) of last shell

(approximately 2.3-2.4 Å)
90 96 94 95

Rsym
a 0.055 0.078 0.106 0.083

no. of reflections used in refinementb 12016 11506 27861 27847
no. of atomsc 2749 2718 5473 5512
no. of solvent sites 194 164 389 428
R-factord 0.170 0.187 0.217 0.197
Rfree

e 0.220 0.238 0.271 0.255
meanB (Å2)

protein 16 22 24 21
active site ligands (F6P/Pi/metals) 7/9/17 19/35/21 17/29/19 18/51/22
allosteric site ligands (AMP or PI) 33 39 26 17

root-mean-square deviations
bond lengths (Å) 0.005 0.006 0.007 0.007
bond angles (deg) 1.30 1.31 1.36 1.34
dihedral angles (deg) 23.2 22.9 23.8 23.6
improper dihedral angles (deg) 0.77 0.76 0.81 0.80

a Rsym ) ΣjΣi|Iij - 〈Ij〉|/ΣjΣiI ij, where i runs over multiple observations of the same intensity andj runs over all crystallographically unique
intensities.b All reflections from 5 to 2.27 Å andFobs > 0 not used in the calculation ofRfree. c Includes hydrogen atoms linked to polar atoms.
d R-factor ) Σ|Fobs - Fcalc|/ΣFobs, whereFobs > 0. e R-factor based upon 10% of the data randomly chosen and not used in refinement.
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pancy at three sites (Figure 3). Metals at sites 1-3 coordinate
directly to Pi at the 1-phosphoryl site of F16P2. In the Mg2+-
product complex, however, divalent cations occupy sites 1
and 2, both of which coordinate to Pi (Figure 4). Electron
density in the Mg2+-product complex, which coincides with
metal site 3 in the Zn2+-product complex, appears as an
extension of density from the Pi molecule (Figure 5). The
electron density, here, could reflect the presence of Mg2+ at
low occupancy, or be simply a noise artifact. A sphere of
electron density, located approximately 2 Å away from the
location of metal site 3 (as defined in the Zn2+-product
complex), however, could represent a water molecule or an
alternative cation binding site (Figure 5). A water molecule,

here, must bond exclusively as a proton donor and tolerate
several nonbonded contacts involving oxygen atoms from
the protein (Asn64, Asp68, Asp74, and Glu98) and/or the
bound Pi molecule. Alternatively, the electron density could
represent bound K+ at low occupancy. On the basis of
kinetics, the affinity constant for K+ in the presence of 5
mM Mg2+ is approximately 25 mM, whereas the concentra-
tion of K+ (present as a counterion of Pi) is 10 mM.

More subtle differences between the R-state Mg2+ and
Zn2+ complexes extend beyond metal site 3 and the
coordination of the 1-OH group of F6P by the metal at site
1. The conformations of Arg276 and Glu97 differ modestly
in the two complexes. Ser123 hydrogen bonds with Pi in

FIGURE 3: Stereoviews of the active site for T- and R-state, Zn2+-product complexes. The R-state has three metal cations (top). The
T-state has one metal cation at site 1 (bottom). Dashed lines represent donor-acceptor interactions or coordinate bonds. Bold lines represent
ligands (F6P and Pi). The 1-OH group of F6P does not coordinate to the cation at site 1.
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the Mg2+-product complex, and the side chain of Lys71 is
in weak electron density; on the other hand, in the Zn2+-
product complex, Ser123 hydrogen bonds to the side chain
of Lys71. Finally, the furanosyl moiety of F6P occupies
positions differing by approximately 0.2 Å in the two R-state
complexes. Alone, the differences described above could be
attributed to coordinate uncertainty and/or an artifact of
refinement; however, taken together, they probably represent
real differences in the Mg2+- and Zn2+-coordinated active
sites.

Even though site 3 is largely unoccupied by metal in the
Mg2+-product complex, the side chain of Asp68 and the
bound Pi molecule are within 0.2 Å of their respective
positions in the Zn2+-product complex. In fact, the side

chain of Asp68 and the Pi molecule may be at times hydrogen
bonded to each other in the absence of metal (donor-
acceptor distance of 3.4 Å). The significance of a shared
proton between Asp68 and the Pi molecule is discussed
below.

DISCUSSION

The structures presented here confirm the main features
of a model for allosteric regulation of catalysis in FBPase
proposed by Choe et al. (23). AMP alone displaces loop 52-
72 from its engaged conformation and abolishes metal
association with sites 2 and 3 (Figure 2). Studies in kinetics
(11), fluorescence (18), and NMR (19) consistently reflect

FIGURE 4: Stereoviews of the active site for T- and R-state, Mg2+-product complexes. The R-state has two metal cations at sites 1 and 2
(top). The T-state has one metal cation at site 1 (bottom). Dashed lines represent donor-acceptor interactions or coordinate bonds. Bold
lines represent ligands (F6P and Pi). The 1-OH group of F6P makes a coordinate bond to the Mg2+ at site 1.
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competition in the binding of AMP and metal cations to
FBPase. The work here confirms the mutually exclusive
relationship between metal cation and AMP association with
FBPase, at least in the presence of bound products. The
structures implicate AMP in the release of metal cations only
from sites 2 and 3. The metal cation is present at site 1
regardless of AMP ligation and the conformation of loop
52-72. Conceivably, metal cation affinity is reduced for site
1 in the T-state, but the conditions employed here (5 mM
Mg2+ or 2 mM Zn2+) do not permit a quantitative measure
of binding affinities for cations.

Heretofore, we have considered only two conformational
states for FBPase: disengaged loop, T-state or engaged loop,
R-state. Loop 52-72 can be disengaged, however, in the
R-state as well, especially in the absence of metal cations
(17). The disengaged loop in the R-state is disordered entirely
from residues 52 to 72, in contrast to the disengaged loop
of the T-state, which is disordered only from residues 63 to
70. Hence, T-state FBPase selects a specific conformation
for residues 52-62, which is incompatible with an engaged
loop conformation. The key interactions here include non-
bonded contacts between Ile10 of an adjacent subunit of the
tetramer with residues 52-55 (Figure 6).

The binding of AMP to the allosteric effector site sets into
motion a series of conformational changes, which transform
FBPase from an engaged loop, R-state conformation to a
disengaged loop, T-state conformation. The mechanism by
which AMP promotes the R- to T-state transition has been
analyzed by Zhang et al. (15). AMP triggers a conformational
change in the connecting loop between helices H1 and H2,
which in turn facilitates new interactions across the C1-C4
interface of the T-state (such as the hydrogen bond between
Thr27 and Arg22). Evidently, the conformational response
requires the entire AMP molecule, as the enzyme remains

in an R-state conformation, even though Pi saturates the
binding site for the 5′-phosphoryl group of AMP.

The concentration of Mg2+ employed here is comparable
to that used in assays of FBPase activity. The concentration
of K+ (approximately 10 mM), however, is well below the
affinity constant for K+ activation (25 mM), measured in
the presence of 5 mM Mg2+. We do not expect then
appreciable levels of bound K+ in the Mg2+-product
complex. As sites 1 and 2 are completely occupied by Mg2+,
whereas site 3 is virtually unoccupied, we tentatively regard
site 3 as the locus for K+ association. Other studies also
implicate site 3 in monovalent cation activation. Chemical
modification of an arginine abolishes K+ activation (35).
Arg276 and Arg313 are 3.9 and 8.3 Å, respectively, from
metal site 3. T-State crystals, grown in the presence of 500
mM KCl, reveal three K+ binding sites (30), which super-
impose approximately on the three metal sites reported here
in R-state product complexes. Mutations, which destabilize
an engaged loop 52-72, also abolish K+ activation and

FIGURE 5: Stereoview of electron density from a 2Fobs- Fcalc map covering active site ligands of the R-state, Mg2+-product complex. The
contour level is 1σ with a cover radius of 1.5 Å. The black dot represents the location of metal site 3 in the Zn2+-product complex. Dashed
lines indicate atoms proximal to this site, with distances varying from 2 to 2.5 Å. The density labeled OW#2 may be a water molecule or
a K+ at low occupancy.

FIGURE 6: Schematic of the interaction between loop 52-72 and
the N-terminal segment of an adjacent subunit. The orientation of
the C3-C4 subunit pair is consistent with that of Figure 1.
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increase the Mg2+ affinity constant (S. Nelson, J.-Y. Choe,
R. B. Honzatko, and H. J. Fromm, unpublished observations).
Of the three metal sites, loop 52-72 interacts directly with
the cation at site 3 only.

The zinc cation binds to site 3 at a concentration of 5 mM
in R-state, product complexes, perhaps due to its high affinity
for Pi relative to that of Mg2+ and K+. Mg2+ may also bind
to site 3 at concentrations of>5 mM, but in kinetic assays,
such levels of magnesium cation cause inhibition. Indeed,
Zn2+ is nearly as effective as Mg2+ in supporting FBPase
catalysis, but at the high concentration of zinc used here,
enzyme activity is well below its optimal level (J.-Y. Choe,
H. J. Fromm, and R. B. Honzatko, unpublished observations).
Inhibition of FBPase at high Mg2+ and Zn2+ concentrations
may originate in part from the binding of metal cation to
site 3, as observed in the Zn2+-product complex. A cation
at site 3 could impair a proton-transfer step in the catalytic
mechanism, as discussed below.

If a metal at site 3 is indeed inhibitory, then from which
site does potassium enhance FBPase activity? K+ could
coordinate oxygen atoms from Pi, Asn64, Asp68, Asp74, and/
or Glu98 (Figure 7). In the Mg2+-product complex, electron
density at this site, tentatively assigned to a water molecule,
can support two hydrogen bonds (three hydrogen bonds in
the case of a hydronium ion). K+ can support more
interactions than a water molecule, and could stabilize an
active site with a superior arrangement of functional groups.
We emphasize here, however, that this proposed site of K+

interaction is not identical to metal site 3 of the Zn2+-product
complex. Small cations, such as Li+ and Zn2+, may bind to
metal site 3 and cause inhibition, whereas large cations (K+,
NH4

+, and Tl+), which enhance catalysis, may bind to the
more spacious site in place of the observed water molecule.
Product complexes of FBPase, cocrystallized with Mg2+ and
monovalent cations under conditions similar to those used

FIGURE 7: Model for the K+-ligated active site of FBPase in the R-state. K+ can interact with several oxygen atoms, but the means by
which it enhances catalysis is uncertain.

Table 2: Selected Distances to Metal Ions and Pi in Product
Complexes of FBPase

distance (Å)

interaction
R-state
Zn2+

R-state
Mg2+

T-state
Zn2+

T-state
Mg2+

metal site 1
Pi O2 2.01 2.00 2.14 1.98
Asp118 OD1 1.88 2.23 2.27 2.07
Asp121 OD1 2.17 1.90 1.87 2.08
Glu280 OE1 2.07 2.08 2.19 2.08
F6P O1 4.99 2.28 4.73 2.29

metal site 2
Pi O2 2.35 2.31
Pi O3 2.20 2.37
Glu97 OE1 1.95 2.24
Asp118 OD2 2.14 2.09
Leu120 O 2.35 2.06
water 2.28 2.17

metal site 3
Pi O3 2.47
Pi O1 2.14
Asp68 OD2 2.38
Glu97 OE2 2.38

Pi O1a

F6P O1 2.68 3.05 2.62 2.82
Arg276 NH2 2.92 2.72 3.17 6.80
Asp68 OD2 3.20 3.37 18.26 18.67
Glu97 OE1 3.93 3.44 3.20 3.22

Pi O2a

Glu97 3.13 3.28
Arg276 3.45 3.58 3.11 8.69
water 3.15

Pi O3a

Ser123 OG 4.43 2.80 4.13 3.43
water 2.77 2.87

Pi O4
F6P O2 2.63 3.33 2.78 3.40
Gly122 N 2.91 3.04 3.02 2.73
Gly123 N 2.86 2.83 3.00 2.67

a Does not include coordination to metal sites listed above in the
table.
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in kinetic assays, may further clarify the role of the third
metal site in the catalytic mechanism of FBPase.

The direct coordination of the 1-OH group of F6P to the
Mg2+ at site 1 implicates that metal cation in the catalytic
mechanism of FBPase. In contrast, Zn2+ at site 1, perhaps
because of its small ionic radius relative to Mg2+, may not
easily accept the 1-OH group of F6P as a fifth coordinating
ligand. Mg2+ at site 1 probably stabilizes the development
of negative charge on the 1-oxygen atom of F16P2 in the
forward reaction and the same atom of F6P in the reverse
reaction. Hence, the metal at site 1 in productive complexes
may be five-coordinate. The Mg2+ at metal site 2, however,
is six-coordinate (Table 2), and probably has two water
molecules in its inner sphere at the onset of the forward
reaction (Figure 8). Asp74 and Glu98, both essential to
catalysis at pH 7.5 (34, 37), hydrogen bond to one of two
water molecules coordinated to the Mg2+ at site 2. That water
molecule acts as a catalytic base in the abstraction of a proton
from the second coordinated water molecule (which could
be a hydroxide ion at higher pH). The resulting hydroxide
anion is the attacking nucleophile in the displacement of F6P.
Charge on the 1-oxygen atom of F6P is stabilized by its
coordination to the Mg2+ at site 1. In addition, we suggest
the presence of a proton on the 1-phosphoryl group of F16P2,
shared in a hydrogen bond with Asp68 prior to the start of
the reaction, which moves to the 1-oxygen atom of F6P late
in the transition state. Hence, a small cation (such as Mg2+,
Zn2+, or Li+), interacting with the 1-phosphoryl group and
Asp68, as observed in the Zn2+-product complex, would

displace this proton and impair the mechanism of proton
transfer. The role of the monovalent cation, then, may be to
maintain Asp68 in proximity to the 1-phosphoryl group of
F16P2, without directly coordinating either functional group.
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