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ABSTRACT. A disordered loop (loop 5272, residu

es 5272) in crystal structures of fructose-1,6-

bisphosphatase (FBPase) has been implicated in regulatory and catalytic phenomena by studies in directed
mutation. A crystal structure of FBPase in a complex with three zinc cations and the products fructose
6-phosphate (F6P) and phosphatg (@veals loop 5272 for the first time in a well-defined conformation

with strong electron density. Loop 557 interacts

primarily with the active site of its own subunit.

Asp68 of the loop hydrogen bonds with Arg276 and a zinc cation located at the putative potassium activation

site. Leu56 and Tyr57 of the loop pack against

hydrophobic residues from two separate subunits of

FBPase. A mechanism of allosteric regulation of catalysis is presented, in which AMP, by binding to its
allosteric pocket, displaces loop-5Z2 from the active site. Furthermore, the current structure suggests
that both thea- and g-anomers of F6P can be substrates in the reverse reaction catalyzed by FBPase.
Mechanisms of catalysis are proposed for the reverse reaction in which Asp121 serves as a catalytic base
for the o-anomer and Glu280 serves as a catalytic base foftheomer.

Fructose-1,6-bisphosphatase (FBP4S€, 3.1.3.11) plays
a central role in gluconeogenesis, hydrolyzing fructose 1,6-
bisphosphate (F16Pto fructose 6-phosphate (F6P) and
phosphate (P(1—6). The enzyme is inhibited allosterically
by AMP, the binding of which is cooperative with a Hill
coefficient of approximately 27/-9). The regulator fructose
2,6-bisphosphate (F26Fs a potent inhibitor, which binds
to the active site competitively with respect to the substrate
F16R (10—12). FBPase requires divalent cations (Vg
Mn2*t, and/or Z@") for activity, and certain monovalent
cations (K", NH4*, and TI") further enhance catalysi8, (5,
13). Plots of enzyme activity as a function of divalent cation
concentration are sigmoidal at pH 7.5 (Hill coefficient of
approximately 2) and hyperbolic at pH 9.8, (14). The
mammalian enzyme is a homotetramer and exists in distinct
conformational states (T and R), depending on the relative
concentrations of active site and allosteric site ligaridg. (
AMP and F26R synergistically stabilize the T state confor-
mation, which is an inactive form of the enzyme. F16P
stabilizes the R state (kinetically active conformer).
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Even though the enzyme from mammalian sources has
been studied for several decades by a variety of techniques,
some of the most fundamental properties of FBPase are not
understood at the atomic level. AMP competes with?Mg
(16, 17), but in crystal structures, the number of metal cations
bound to the active site is insensitive to the presence of AMP
at its allosteric site. Two Mkt ions or two Zi& ions bind
to the active site in the presence and absence of AMP in
crystal structures1@8—20). The Hill coefficient for Mg*
is approximately 2, but only one Mgion binds to the active
site (18). Mutant structures of FBPase have been presented
which have dramatically altered kinetic properties, yet their
corresponding crystallographic structures deviate in only
trivial ways from that of the wild-type enzyme21, 22).
Recently, mutations of residues in loop-522 have resulted
in dramatic changes in the functional properties of FBPase
(23), yet the corresponding loop in all crystal structures is
disordered 15, 18—22, 24—28).

Reported below is a crystallographic study of wild-type
FBPase in a complex of F6P;,Rnd Zi#". The crystal-
lographic structure is the first instance of a complete, product
complex of FBPase. Loop 522, disordered in all prior
crystallographic structures of FBPase, has moved into the
active site and makes numerous hydrophobic contacts and
hydrogen bonds with other residues important to the func-
tional properties of the enzyme. Among the new interactions
is a salt link between Asp68 and Arg276, which is stabilized
by Zr?*, bound to the putative K activation site. The
structure provides new insights regarding not only K
activation but also the essential role played by Arg276 in
the structural organization of the active site. The structure
also serves as a basis for new mechanisms of catalysis and
allosteric regulation of FBPase.
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state for FBPase (accession identifier 1FBE), rotation and
translation functions32, 33) provided dominant peaks and

Table 1: Statistics of Data Collection and Refinement

:]%S.%I?trg?elgt?gng&) 131'52231 an unambiguous solution (initi@®-factor of 0.50). Rigid-
no. of unique reflections 31028 body refinement followed by one cycle of simulated anneal-
completeness (%) of data set 90.0 ing [using XPLOR 84)] reduced the thd&R-factor to 0.31.
;‘:map'ete”ess (%) of last shell (2:22.4 A) 55654 Model Building and Refinementrhe electron density map
no. of reflections used in refinemént 22526 resulting from the_abovg molecular replacement .soluti(.)n
no. of atoms 6974 revealed an extensive region of strong electron density, which
no. of solvent sites 266 did not correspond to any part of previous FBPase models.
S;fae‘:to'd 8'%22 Residues 5272 were built into this electron density along
meanB for protein (%) 14.3 with conformational adjustments to residues-27, 122-
root-mean-squared deviations 127, and 267272, using the program XTALVIEW35) and
bond lengths (A) 0.011 a Silicon Graphics workstation (Indigo2 XL). Added to each
g%"e‘éfg%{ﬁsli)(de ) 12-285 independent subunit were three?Zratoms, two molecules
improper diﬂedm a%gbs A) 1.35 of P, (active site and AMP site), and one molecule of F6P.

Py - - - (Ligands and metal cations were removed from the model
Reym = =il — X515, wherei runs over multiple observations . . )
of the same intensity anflruns over all crystallographicly unique used in molecular replacement and _the f|rs_t cycle of simulated
intensities? All reflections from 5 to 2.27 A and wherEos > 0 not annealing. Hence, loop 522, the zinc cations,;Pand F6P
used in the calculation ORee ©Includes hydrogen atoms linked to  were fit to an omit map.) Two models were generated for
polar atoms¢ R-factor= XFops — FeaidZFobs WhereFops > 0. °Rfactor the 3Z#*—product complex which differed from each other
based upon 10% of the data randomly chosen and not used iNin the choice of F6P anomer. The resulting models
refinement. . . .
underwent one round of refinement using XPLCH4)(with
force constants and parameters of stereochemistry from Engh
EXPERIMENTAL PROCEDURES and Huber 86). A cycle of refinement consisted of slow
cooling from 2000 to 300 K in steps of 25 K, followed next
by 120 cycles of conjugate gradient minimization, and finally
by the refinement of individudB-parameters with restraints
of 1.5 A2 on nearest neighbor and next to nearest neighbor
main chain atoms, 2.0 on nearest neighbor side chain

Expression and Purification of Wild-Type FBPasEB-
Pase-deficientEscherichia coli strain DF657 {onA22,
ompF627(FR), relAl, pitl0, spoT1A(fbp)287 Genetic
Stock Center at Yale University, New Haven, CT] was
employed in the expression of recombinant wild-type porcine : ) .
FBPase. Expression and purification of FBPase followed atoms, and 2.5 Aon next to nearest neighbor side chain
the procedures of Burton et a29) with minor modification. atoms. )

After centrifugation to remove cell debris, the supernatant [N Subsequent cycles of refinement, water molecules were
fluid was subjected to heat treatment,-3D% ammonium fittoa dlffe.rence (.aleqt.ron density of 2i%r bette_r and were
sulfate precipitation, Sephadex G-100 column chromatog- @dded until no significant decrease was evidentRige
raphy, and CM-Sepharose column chromatography. FBpaséncluded_ln the final model were water molecules which
eluted as a single peak with CM-Sepharose chromatography,make sw_table doneracceptor distances to each other and
using a NaCl gradient (20 to 400 mM) in 10 mM malonate the protein and havB-parameters of less than 42.A

at pH 6.

Crystallization of the Product ComplexCrystals of RESULTS
FBPase were grown by the method of hanging drops. Equal General Features of the 3Zn—Product Complex of
parts of a protein solution [FBPase (10 mg/mL),; kP pH FBPase. Wild-type FBPase used in crystallization experi-
7.4 (10 mM), Tris-malonate at pH 7.4 (2.5 mM), ZnQb ments suffered no proteolytic degradation and, on the basis
mM), and F6P (5 mM)] and a precipitant solution [Tris- of SDS-PAGE (data not shown), is greater than 95% pure.
malonate at pH 7.4 (2.5 mM) and polyethylene glycol 3350 Coordinates and structure factors have been deposited with
(6% wiv)] were combined to give a AL droplet. Wells  the Brookhaven Protein Data Bank (accession code 1BFL).
contained 50QcL of the precipitant solution. Crystals with  Statistics for data collection and refinement are given in Table
the dimensions 0.4 mm 0.4 mmx 0.3 mm, belonging to 1. Uncertainty in coordinates is approximately 0.25 A. The
the space group2:2:2 (a = 52.34 A,b = 166.77A, anct stereochemistry of the model is generally better than what

= 82.82 A), grew in approximately 3 days at 4 and °&. is typical for a structure with a nominal resolution of 2.3 A,
Structures of crystals grown at 37 and’@ are identical. as determined by PROCHECKY). Thermal parameters
Data presented below are from a crystal grown at@7 vary from 7.0 to 49 A The model begins with interpretable

Data Collection. Data were collected at lowa State electron density at Thrl2 and continues without interruption
University on a rotating anode/Siemens area detector at 100to Ala335. Weak electron density is present for residues
K, using Cuka radiation passed through a graphite mono- before Thrl2, but the interpretation of that density is
choromator. Data were reduced by XENGE30)(and were ambiguous. The electron density associated with residues
90% complete to a resolution of 2.3 A (Table 1). 22—27 (loop connecting helices H1 and H2) is weak, as

Structure Determination.Crystals grown for this study reflected by high thermal parameters. The rest of the
are not isomorphous with respect to any known crystal form polypeptide chain, however, is covered by substantial
reported in previous studies of FBPase. Hence, a structure€lectron density.
determination was initiated by molecular replacement. Using The crystal form presented here has not been reported in
programs of the CCP43() package and the canonical R prior investigations of FBPase. The space groep;Z;2)
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Table 2: Root-Mean-Square Deviations (in Angstroms) between
Ca’s of Selected Structural Elements of the 3ZnaProduct
Complex and the Canonical R and T States of FBPase after
Superpostion Based on Selected’'€of the FBP Domain or AMP

Domain
structural element FBP domdin AMP domair?

R statévs product complex
i FBP domaifa 0.50 0.63
AMP domair? 0.63 0.48
helix H1¢ 1.68 1.40
helix HX 0.53 0.35
helix H3® 0.65 0.42

T stat@ vs product complex
FBP domain 0.33 0.66
AMP domair? 0.55 0.47
helix H1¢ 1.81 1.51
helix H~ 1.06 1.05
R Form T Form helix H3® 0.62 0.41

FiGURE 1: Schematic of R and T state tetramers of FBPase as 2 Residues 201335, excluding residues 26272.% Residues 96
defined by the 3Z# —product complex in the context of previous 200, excluding residues 12427.¢ Residues 1222. ¢ Residues 28
FBPase structures. Gray prisms represent residues33® of 50. ¢ Residues 7489. f Protein Data Bank entry 1FBE Protein Data
subunits C+C4. Shown explicitly are helixes HIH3 as shaded Bank entry 1FPI.

cylinders. A 17 rotation of the dimer C+C2 relative to the dimer
C3—C4 is the major quaternary conformational change. In the R
state conformer, loop 5272, connecting helix H2 to helix H3, is  of superposition and comparison (Table 2). The discrepancy
ordered, whereas the same loop becomes disordered in the T statthay be a consequence of a small difference in the relative
(dashed line). This figure was drawn in part with RASTERAD( o jentation of the AMP and FBP domains in the canonical
is identical to that associated with the canonical T state R state and the product complex. Whether this difference
confomation 25), but the unit cell parameters diffea & in orientation has functional significance, however, is doubt-
52.34 Ab=166.77 A, anct = 82.82 A as opposed = ful. Indeed, the small discrepancy above may stem from
61.0 A,b = 166.5 A, andc = 80.0 A for canonical T state  differences in packing environments of the two crystal forms.
structures). As with previous FBPase crystals in space group The AMP domain rotates by approximatel§ r2lative to
P2,2,2, the asymmetric unit consists of the C1 and C2 the FBP domain in the R to T state transiti@v), The 2
subunits of the tetramer (Figure 1); a crystallographic 2-fold rotation putatively transforms the functional active site
axis coincides with the molecular 2-fold axis that relates the (which lies at the interface between AMP and FBP domains)
C1 and C4 subunits. &s related by noncrystallographic  to the inhibited active site20). Superposition of the 32—
symmetry show a root-mean-square deviation of approxi- product complex onto the canonical T state of FBPase, using
mately 0.2 A, regardless of whether the AMP and/or the FBP (as above) the AMP or FBP domains as a basis of
domain is used as a basis of superposition. (Residué84 superposition, reveals again a small discrepancy in root-
and 206-335 comprise the AMP and FBP domains, respec- mean-square deviations (Table 2). As in the case of the
tively.) Noncrystallographic restraints were not used in canonical R state, the relative position and orientation of the
refinement so that the root-mean-square deviation above isSAMP and FBP domains in the product complex do not differ
another measure of coordinate uncertainty. No pair@SC  appreciably from those of the canonical T state (Figure 2).
related by noncrystallographic symmetry deviate by more Again, it is unclear whether small differences in the relative
than 1.4 A after superposition, and only for the disordered orientation and position of the AMP and FBP domains in
loop 22-27 do the discrepancies exceed 0.7 A. As the various crystal forms of FBPase are functionally significant
relative positions and orientations of the AMP and FBP or just a consequence of different packing environments.
domains in the subunits related by noncrystallographic Non-rigid-body conformational changes described below may
symmetry are the same, either subunit can be used inplay a more significant role in determining the functional
structural comparisons to the canonical R and T states ofstate of FBPase.

FBPase. Non-Rigid-Body Conformational ChangeSuperpositions
Rigid-Body Conformational Changesthe R to T state  of the 3Zr#"—product complex onto the canonical R and T
transition entails a 17 A rotation between dimers—CR state reveal significant differences fornGatoms 12-72,

and C3-C4 (Figure 1). The enzyme here is unambiguously 122—127, and 267272 (Table 2 and Figure 2). Helix H1

in the canonical R state conformation. The root-mean-square(residues 1222) adopts a different position relative to the
deviation in correspondingCs of the tetramer, excluding  corresponding elements in the canonical R and T state. The
the loop 52-72, is 0.88 A against the canonical R state and connecting element between helix H1 and H2 (residues 23
2.96 A against the canonical T state. Hence, R state 27) is disordered in the 32h—product complex (as in the
conformers are now available in two different crystal forms. canonical R state), so conformational differences here may
Superposition of the 3Zn—product complex onto the be simply a consequence of coordinate uncertainty. The
canonical R state, usingoCatoms of either the FBP or AMP  corresponding element is ordered, however, in the canonical
domain as the basis for superposition, yields similar values T state, reflecting the stabilizing influence of bound AMP.
for root-mean-square deviations (Table 2). The AMP and The relative position of helix H2 (residues -2B1) in the
FBP domains exhibit root-mean-square deviations approxi- 3Zr?*—product complex corresponds to that of the canonical
mately 0.15 A lower if the same domain is used as the basisR state, being displaced relative to helix H2 of the T state
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FIGURE 2: Superposition of the 3Zh—product complex (solid line) onto the canonical T state of FBPase (dashed lms)ofresidues
belonging to the centrg-sheet of the AMP domain (residues-9099, excluding residues 12427) are the basis for the superposition.
Differences due to the rigid-body motion of the AMP domain relative to the FBP domain are small. However, residd2gHeix H1,

helix H2, and loop 5272), 122-127 (helix H4), and 267272 undergo significant conformational change (top). Helix H2 of the?3Zn

product complex (solid line) moves 0.9 A along its axis relative to the T state (gray line), and legf2 5es from a state of disorder

to an ordered conformation (bottom). The top orientation of the subunit corresponds to that of subunit C4 in Figure 1. The bottom is related
to the top illustration by a 90rotation about the horizontal axis. This figure was drawn with MOLSCRIG).

by approximately 0.9 A along the helix axis (Figure 2). Table 3: Selected Donetcceptor Distances Involving Atoms of
Residues 5272 of the 3ZA"—product complex are ordered ~ Loop 52-72

(Figure 2), whereas the corresponding element in the atom from loop 5272 contact atom distance (&)
canonical R and T states is disordered. Residue32f Ala54 N Lys50 O 297
the canonical T state take up a decidedly different conforma-  His55 N Ala51 O 2.99
tion relative to the same residues of the 3Znproduct Gly52 0 3.05
complex (Figure 2). Helix H4 of the 32h—product #6?55760'\‘ f'i% gz g'gg
complex adopts an ordered conformation which differs from G¥y58 o ,_5572 N 3.02
that of the poorly ordered H4 in the canonical R and T state  Ala60 N Val70 O 2.70
structures. Finally, the conformation of loop 26272 of Ser62 N GIn69 OE1 3.00
the 3Z#*—product complex differs from that of the canoni- Ser62 0 V(Z'I’;ggNOEl 226'37,8
cal R and T states. Asn64 N Asp68 O 3.01
Helix H1, loop 52-72, helix H4, and loop 267272 have Asné4 O Gly67 N 2.73
conformations which are not observed in either the canonical ~ Asn64 OD1 Thréé OG1 3.10
. Gly67 N 3.11
R or T state. In fact, the ordering of loop 5722 and Asp68 N 280
conformational displacements in helix H1, helix H4, and loop  Asn64 ND1 Glu98 OE1 3.40
262—267 may be coupled phenomena. We suggest that the Thr66 O Arg313 NH2 2.99
canonical R state of FBPase represents an incomplete Thréé OG1 Arg276 NH1 2.83
transition, showing principally the displacement in helix H2 Aspés OD2 Ar2927-6 Nl 3.20
r DU : i : ! Zn?* (site 3) 2.19
but not the displacements involving helix H1, loop-522, Lys71 N Asp74 OD1 2.67
helix H4, and loop 262267. Lys71 0 Asp74 N 2.86

Interactions of Loop 5272. In its ordered conformation, Lys71Nz Ser123 06 2.91
loop 52-72 interacts predominantly with the AMP domain __“Distances taken from polypeptide chain B.
of its own subunit (Table 3 and Figure 3). It makes
significant contacts as well with the FBP domain of its own noncrystallographic symmetry (that is, a-©C2 or C3-C4
subunit and the AMP domain of the subunit related by contact in Figure 1). Leu56 and Tyr57 pack onto a
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1944

—

Ficure 3: Loop 52-72 in its engaged conformation. Well-defined electron density in an omit map covers leof25# a & contour

level and a cutoff radiusfdl A (top). Loop 52-72 (yellow) interacts with the AMP and FBP domains of the same subunit (blue) and the
AMP domain of a symmetry-related subunit (purple) (bottom). This figure was drawn with XTALVIBS), MOLSCRIPT 48), and
RASTER3D 47).

hydrophobic patch at the surface of two separate AMP interactions with 1le126 and Leul29 may be responsible in
domains, and in so doing form new hydrophobic clusters part for the conformational ordering of helix H4 (the symbol
(Figure 3). The side chain of Leu56 is within 4.5 A of the # designates the subunit related by noncrystallographic
side chains of Ala47, Ala51, Ala54, Leu73, and Leu76, symmetry).

complementing the hydrophobic interactions between helix  In addition to the aforementioned hydrophobic contacts,
H2 and H3. The side chain of Tyr57 is within 4.5 A of numerous polar contacts presumably stabilize the observed
those of Ala51, lle126, Leul29, Alal70#, and Met185#; its conformation of loop 5272. Backbone amides 54, 55, and
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sn 212 sn 212
yr 244
Tyr 215 yra4 Nyr 215
Arg 243# /,_@ Arg 243#

'
6P

FiGUrRe 4: Stereoview of the active site. Doregacceptor interactions are indicated by dashed lines. This figure was drawn with XTALVIEW

(35).

56 hydrogen bond with backbone carbonyls 50, 51, and 52 from the metal atom1). The coordination at site 2 involves
(Table 3). The model for the canonical R state ends at 1le53. two oxygen atoms from;Rnstead of a single oxygen from
Hence, the above backbone interactions are absent in thehe 1-phosphoryl group of 2,5-AnG-1,6-@8). Zr?" at site
disordered conformation of the loop. Asn64 hydrogen bonds 3 coordinates two oxygen atoms qf 8nd one oxygen each
weakly with Glu98, which is an essential residue for catalysis from Asp68 and Glu280. In the 3K-2,5-AnG-1,6-B—
at neutral pH 88). Asp68 coordinates to zinc at site 3, but AMP complex @8), the K™ at site 3 did not interact with
perhaps of greater significance is its hydrogen bond with Asp68 as loop 5272 is disordered, but does interact with
Arg276, a residue important in catalysi89. The side Glu97 and the 1-phosphoryl group of the inhibitor.
chains of Lys71 and Ser123 hydrogen bond with each other, F6P and Pin this structure retain many of the interactions
and in addition, backbone carbonyls 58 and 71 interact with (Table 4 and Figure 4) observed for F16&hd 2,5-AnG-
backbone amides 72 and 74, respectively. Perhaps morel 6-R in previous structuresl@), but with some significant
significant, however, is the hydrogen bond between backbonedifferences. The8-anomer of F6P provides the best fit to
amide 71 and the side chain of Asp74. Mutations of Asp74 the electron density of the 3Zh—product complex. The
reduce kea: by 50000-fold R3). Interactions involving  g-anomer of F6P can account for most of the electron
residues 71, 74, and 123 are absent in the disordereddensity; however, its 1-OH group must be positioned out of
conformation of loop 5272. electron density and away from the folecule to avoid
We have up to now described loop-522 as existing in steric conflict, and even then, C1 of tkeanomer of F6P
two conformational states (ordered and disordered), but in makes a close contact (less than 2.5 A) with O1 jof Fhe
fact, 10 donor-acceptor interactions among residues-57  corresponding contact for tifeanomer is a strong hydrogen
70 (Table 3) could stabilize the observed conformation for bond between the 2-OH of F6P and(Pable 4). The P
this portion of the loop even in its disordered state. Hence, molecule participates in coordinate bonds to all three zinc
arelatively rigid element of secondary structure defined here cations and hydrogen bonds to the 1- and 2-OH groups of
by residues 5770 could be hinged to the AMP domain by the F6P molecule (Table 4 and Figure 4). Then@lecule
flexible elements spanning residues-3&b, 71, and 72.  hydrogen bonds as well to backbone amides 122 and 123
Given the above as a possible scenario, we prefer theand to the Arg276. The 3Zh—product complex funda-
terminology engaged and disengaged (instead of ordered ananentally differs from the 2,5-AnG-1,6,Rzomplexes 18)
disordered, respectively) in referring to the conformational in the tight packing of its active site. Indeed, the three
state of loop 52-72. cations, the products, and interacting side chains exhibit a
Ligand and Dialent Cation Interactions The zinc cations ~ complex network of hydrogen bonds (Figure 4), which
occupy metal binding sites13 defined in previous studies  restricts the conformational freedom of the products. The
of FBPase 18, 28), but the coordination of each metal ion absence of conformational freedom in the active site of the
differs. The side chain of Asp121 is in the inner sphere of 3Zr?*—product complex rivals that of the hydrophobic cores
the Zrt* at site 1 for the product complex (Table 4 and Figure of the AMP and FBP domains, as measured by averaged
4), as opposed to other R state structures where it is 2.8 Athermal parameters.
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Table 4: Selected Distances between Ligands and the Active Site
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R-State Subunit

ligand atom contact atom distance (A) E} N
Zn?+ (site 1) Aspl18 OD1 2.04
Asp121 OD1 2.20 { l-defined
Glu280 OE1 2.17 3 AMP site
P, 01 1.88 e H2
Zn?* (site 2) Glu97 OE1 2.13
Asp118 OD2 2.16
Leul20 O 2.15 @
P 02 2.36 - ‘
P O3 2.17 ki (My)
Zn?* (site 3) Asp68 OD2 2.19 9
Glu97 OE2 2.32
P, O3 2.57 ,
P Loop 52-72
01 Arg276 NH2 2.79 engaged
Zn?* (site 3) 1.97
F6P O1 2.73 )
02 Zre* (site 1) 1.88 T-State Subunit
Zn?t (site 2) 2.36
03 Zre* (site 2) 217 Y N
Zn?* (site 3) 2.57
Wat 615 2.72
04 Gly122 N 2.86 Loop 52-72
Ser123N 2.89 " )...9.‘.??.’.‘9?9.?.‘?. .......
F6P 02 2.84
F6P
01 RO1 2.73 "F6P : H
02 R O4 2.84 ( W iiis
Wat 563 2.99 = s ill-defined
Wat 592 2.71 active site
03 Aspl121 OD1 2.71
Met248 N 291
04 Wat 538 2.74 -
05 Lys274 NZ 3.05 FiGURE 5: Scheme for allosteric regulation of FBPase catalysis.
06 Lys274 NZ 3.03 The engaged conformation of loop-522 (top) and the AMP-bound
061 V_I\_’;tzelg“OH 3;-%91 state (bottom) are antagonistic. Dashed lines represent poorly
Tyr264 OH 270 ordered structure. See the text for details.
Wat 576 2.87
062 Arg243 NH2 2.82 Finally, the engaged loop also stabilizes the hydrogen bond
Wat 604 2.57 of Asp68 with Arg276, completing the coordination site for
063 Asn212 ND2 2.95 metal 3. In the absence of a metal at site 3, Asp68 will feel
Tyr244 OH 2.72

aDistances taken from polypeptide chain "BResidue belongs to
polypeptide chain A.

DISCUSSION
Model for Allosteric Regulation.The 3Zr#*—product

the electrostatic repulsion of the 1-phosphoryl group of the
substrate. That repulsive interaction can be offset by the
protonation of the 1-phosphoryl group or by the presence of
a cation at site 3. Hence, the structural origin of monovalent
cation activation is probably the stabilization of the Asp68
-«Arg276 hydrogen bond by neutralization of electrostatic

complex, in conjunction with structures of the canonical T charge on the 1-phosphoryl group. At neutral pH, the new
state, is the basis here for a new model of catalytic regulationmodel accounts for the Hill coefficient of 2 for Mg
for FBPase. The principal feature of this new model is the requiring metals at sites 1 and 2.

participation of loop 5272 (Figure 5). Essentially all but

The canonical T state subunit of FBPase is represented

one of the regulatory properties of FBPase can be explainedby the 3Kt—2,5-AnG-1,6-B—AMP structure 28). AMP,
in the context of a two-state subunit. AMP cooperativity is by binding to the allosteric pocket, drives a conformational

the only property necessarily linked to the tetramer.

change which perturbs the position of helix H2 by a

The new R state subunit of FBPase at neutral pH has looptranslation of 0.9 A along its axis (Figures 2 and 5). The

52—-72 engaged with the AMP and FBP domains as coupling of AMP binding and the movement of helix H2
described above. When metal sites 1 and 2 are occupiedmay be indirect. For instance, AMP could bind to loop-22
and when F16Hs bound, loop 5272 closes onto the active 27 and stabilize a conformation which favors the T state
site. Interactions between loop 522 and the rest of the  tetramer. Interactions between subunits C1 and C4 of the T
tetramer putatively position Asp74 so that it can abstract a state tetramer (Figure 1) then could displace helix H2. The
proton from a water molecule bound to the cation at site 2 small displacement of helix H2 putatively disengages loop
(23). Mutation of Asp74 to alanine or asparagine reduces 52—72 from the rest of the tetramer, which in turn perturbs
keat by 50000-fold 23). In addition, the engaged conforma- Asp74 and Glu98 (catalytic base tandem). Conceivably, the
tion of loop 52-72 also permits Asn64 to hydrogen bond disengagement of loop 572 in the T state will lessen the
with and orient the side chain of Glu98, which putatively affinity of Mg?* for site 1 and/or site 2. Indeed, the complex
works in concert with Asp74 as a catalytic bag8,(39). of 2,5-AnG-1,6-B with Mg?" (loop 52-72 disengaged) has
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metal at site 1 only ¥8). Hence, the observation of
competition between AMP and MY (16, 17) may be linked

to the dynamics of loop 5272. F26R and AMP are
synergistic inhibitors of FBPase, a phenomenon which is easy
to understand if AMP and F26Roth stabilize the same
conformational state (disengaged loop-52). Indeed, the
2-phosphoryl group of F26Rloes not (and evidently cannot)
interact with Arg276 in crystal structures of F26@®mplexes
(19, 26). Furthermore, the 2-phosphoryl group cannot be
in the inner coordination sphere of the cation at site 3.
Hence, the structural elements that contribute most to
interactions with the side chain of Asp68 are not in place in
F26R complexes of FBPase.

FBPase is just one of a growing list of enzymes which
employ one or more flexible loops in its biochemical function
(for examples, see ref)—42). The new model for allosteric
regulation of catalysis requires that loop-522 have at least
two conformational states and that at least one of these states
(the engaged conformation) be important in catalysis.
Investigations of directed mutations confirm a significant role
for loop 52-72 in regulation and catalysi2%), but why
until now has loop 5272 been disordered in all crystal
structures of the R state? Perhaps, as discussed below, the
R state exists in solution as a manifold of conformational
states with different functional properties, and under a
specific set of conditions, only one of these states is selected
by the process of crystallization. On the other hand, in
previous studies of the R state, crystals of FBPase were
grown in the presence of F6P without metal catialts 18),
and desired ligands and cations were diffused into the
resultingP3,21 crystal form. Crystal packing interactions
of the P3,21 crystal form, which presumably stabilize a
partially ligated conformation of FBPase, may inhibit the
complete transformation to an active conformer in the
presence of metal ions and substrate analogues. The crystal
form presented here results from the cocrystallization of
cations and a complete set of products. Crystals isomorphous
with respect to those of the 3Zh-product complex have
been grown in the presence of F6P andlBng with Mg,

Mg?" and K*, Mg?*, Zr?t, and K", and Mr#". (Preliminary
results show occupancy levels ranging from approximately
50 to 100% for the engaged conformation of loop-52 in

the presence of Mg alone or in combination with other
metals.) No crystallization experiment in our hands involv-
ing metal cations and products, however, has resulted in thegyre 6: Models for early transition states of the reverse reaction
P3,21 crystal form of the canonical R state. of FBPase, based on the 3Zr-product complex. Glu280 is the

Mechanism of CatalysisF6P and Pare products of the puzﬁtive ?altfitl_ytig baS? fOtrgfﬁ-*anomer(gf tFtGP)(tOSp), atf;]d /:~Sptlf21
forward reaction mediated by FBPase. In the presence of!S (N€ catalylic base for th@-anomer (bottom). See the text ior
only Zr?t at 5 mM, FBPase hydrolyzes F16& a rate that dR?;g'EERE%S@%gWe was drawn with MOLSCRIPTA§ and
is approximately 70% of that in the presence of 5 mM?NMg '

(J.-Y. Choe and R. B. Honzatko, unpublished). The%3Zn conformation, a favorable geometry exists between the zinc
product complex then should not be far removed from a cation at site 1, the side chain of Glu280, theni®lecule,
productive complex. The presence of an unambiguous and the 1-OH of F6P (Figure 6). As the hydrogen atom of
product complex in the crystal structure is consistent with the 1-OH group bonds with Glu280, the O1 atom can form
the reported thermodynamic equilibrium constameq( a transient coordinate bond with Znat site 1. Such
approximately 200 M) for the conversion of F16#® F6P interactions should activate the 1-OH group as a nucleophile
and R (3). Hence, this structure should provide some in the reverse reaction. Furthermore, the 1-OH group takes
information relevant to the catalytic mechanism of FBPase. up near-perfect, in-line geometry with respect to the phos-

To make the reverse reaction go, a catalytic base (catalyticphorus atom of Pand the leaving group (oxygen atom of P
acid in the forward direction) must abstract a proton from coordinated to the Zf at site 2). The leaving oxygen could
the 1-OH of F6P. If the torsion bond between C1 and C2 be protonated directly by Asp74 and Glu98 (catalytic acid
of F6P is rotated by 120into an alternative staggered tandem in the reverse reaction), but more likely, the water

Zn#2  Zn#l

b G1u280
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molecule hydrogen bonded with Asp74 (Figure 4) would
mediate proton transfer. The structure-based mechanism
described above would require that Asp74, Glu98, Glu280,
and metal cations at sites 1 and 2 be essential for catalysis,
which is consistent with investigations in kinetics and
directed mutation. Also, the 2-OH group of F6P hydrogen
bonds with P, an interaction which may promote the close
approach of the O1 atom of F6P and the phosphorus atom
of P. Analogues of F16Pwhich lack a 2-OH group are

not substrates for FBPasé3).

The above model, however, may be at odds with other
studies regarding the conformationally active form of the
substrate. Putatively, the-anomer of F16pis necessary
for catalysis 44), even though thgs-anomer is favored
thermodynamically in solution4§) and may bind more

tightly to the active site43). Although thea-anomer of

F6P cannot account for electron density at the active site
(see above), a model for theanomer can be positioned

into the cavity of the active site of the 3Zn-product

complex. The active site can then be relaxed to the model
for the a-anomer by energy minimization to ensure a set of
allowable interactions (Figure 6). The O1 atom of the
a-anomer of F6P is 2.8 A from the zinc cation at site 1 and
2.8 A from the side chain of Asp121. The O1 atom of the
a-anomer is in line with the phosphate atom and the oxygen
atom of P coordinated to the cation at site 2. Asp121 would
serve as the catalytic base in the reverse reaction, consistent18.
with its putative role as a catalytic acid in the forward

reaction (8).

Clearly, this issue of anomeric specificity is not resolved,
as any crystallographic structure can provide only an
approximation of the transition state. The structure reported
here and/or previously published structures may be dead-
end complexes of FBPase. The kinetic evidence supporting ,,
the a-anomer as the substra#( 46), however, is equally
indirect and relates to catalysis by FBPase in the presence o3

of Mn?*. Indeed, in the presence of Kig data from rapid
guenching kinetics infer utilization of botle- and-anomers

of F16R (3). Furthermore, no data (aside from this study)
regarding the anomeric specificity of the reverse reaction 25.
catalyzed by FBPase are available. Differences in reaction

rates catalyzed by FBPase in the presence &f Znn®",

and/or M@+ may stem from fundamentally different catalytic
mechanisms. Under in vivo conditions, different metal
combinations at the active site may result in a mixture of
FBPases capable of using both anomers of the substrate. If
so, the structure of the 3Zh—product complex may reflect
the mechanism of one of many active forms of FBPase,
distinguished principally by the cations located at the active
site. At the very least, the 3Zn—product complex should
motivate further investigation of the regulatory and catalytic
mechanisms of FBPase in the presence of various cation and 31.

ligand combinations.
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