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Background: Fructose-1,6-bisphosphatase, a major enzyme of gluconeogenesis, is inhibited by AMP, Fru-2,6-P2
and by high concentrations of its substrate Fru-1,6-P2. The mechanism that produces substrate inhibition con-
tinues to be obscure.
Methods: Four types of experiments were used to shed light on this: (1) kinetic measurements over a very wide
range of substrate concentrations, subjected to detailed statistical analysis; (2) fluorescence studies ofmutants in
which phenylalanine residues were replaced by tryptophan; (3) effect of Fru-2,6-P2 and Fru-1,6-P2 on the ex-
change of subunits between wild-type and Glu-tagged oligomers; and (4) kinetic studies of hybrid forms of
the enzyme containing subunits mutated at the active site residue tyrosine-244.
Results: The kinetic experiments with the wild-type enzyme indicate that the binding of Fru-1,6-P2 induces the
appearance of catalytic sites with lower affinity for substrate and lower catalytic activity. Binding of substrate
to the high-affinity sites, but not to the low-affinity sites, enhances the fluorescence emission of the Phe219Trp
mutant; the inhibitor, Fru-2,6-P2, competes with the substrate for the high-affinity sites. Binding of substrate to

the low-affinity sites acts as a “stapler” that prevents dissociation of the tetramer andhence exchangeof subunits,
and results in substrate inhibition.
Conclusions: Binding of the first substrate molecule, in one dimer of the enzyme, produces a conformational
change at the other dimer, reducing the substrate affinity and catalytic activity of its subunits.
General significance:Mimics of the substrate inhibition of fructose-1,6-bisphosphatase may provide a future op-
tion for combatting both postprandial and fasting hyperglycemia.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The two irreversible reactions that interconvert Fru-6-P and Fru-1,6-
P2 constitute amajor crossroads of metabolism. Phosphorylation of Fru-
6-P is catalyzed by PFK, and hydrolysis of Fru-1,6-P2 is catalyzed by
FBPase [1]. Both enzymes are regulated by Fru-1,6-P2 (product activa-
tion for PFK, substrate inhibition for FBPase) and by a series of effectors,
of which we shall be concerned with AMP and Fru-2,6-P2 [1–7] in this
paper (Fig. 1). The opposite effects of AMP and Fru-2,6-P2 on the two
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enzymes are readily rationalized, as both act as signals of ATP concen-
tration, stimulating glycolysis when this is low, and simultaneously
inhibiting gluconeogenesis. However, there is another symmetry in
Fig. 1 that is more surprising: both enzymes are subject to inhibition
by excess of substrate, PFK by ATP, and FBPase by Fru-1,6-P2. For PFK
this is to be expected, because although ATP is a substrate it is also a
major product of glycolysis, so the substrate inhibition can be regarded
as a form of feedback inhibition. The superficially similar substrate inhi-
bition of FBPase by Fru-1,6-P2 is more puzzling, as there is no obvious
physiological function.

The inhibition of FBPase by excess substrate has been known for
many years [8], and two different hypotheses have been proposed, to
explain it, on the one hand that it is strictly a kinetic process [9]; and
on the other that it is due to allosteric substrate inhibition [10], though
crystallographic studies of the enzyme–Fru-2,6-P2 complex do not sup-
port the existence of an allosteric site [11]. Themechanism of inhibition
of FBPase by Fru-2,6-P2 involves binding of the two fructose
bisphosphate molecules at the same site, albeit with different binding
determinants [12]. The substrate inhibition of FBPase occurs at rather
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Fig. 1. Regulation of FBPase and phosphofructokinase. The two enzymes are regulated in
opposite directions by AMP and Fru-2,6-P2, and both are also inhibited by excess substrate,
FBPase by Fru-1,6-P2 and phosphofructokinase by ATP. Although the latter is well under-
stood in terms of metabolic regulation, the role of the former remains unclear.
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non-physiological concentrations of Fru-1,6-P2, but its conservation in
widely different organisms [2,13–19] suggests the existence of a
function. Moreover, although inhibition by excess substrate is found in
numerous enzymes with multiple substrates it is rare in one-substrate
enzymes and hydrolases [20].

The general structure of pig-kidney FBPase is illustrated schemati-
cally in Fig. 2. It is a tetramer with D2 symmetry with identical 37 kDa
subunits designated C1, C2, C3 and C4, organized as a dimer of dimers
C1C2 and C3C4 [21,22]. Each subunit has two folding domains, an
AMP domain in residues 1–200 and a catalytic domain in residues
201–337. There are two quaternary structures, the R and the T states,
with the R to T transition triggered by thebinding of AMP to an allosteric
site [21–24].

The mechanism of inhibition by Fru-1,6-P2 needs to be understood,
because the search for therapeutic inhibitors of FBPase is an active
Fig. 2. Schematic drawing of FBPase. The active site, i.e. the site of binding Fru-1,6-P2, is la-
beled FBP, and the AMP binding site is labeled AMP. Dotted ovals with gray labeling indi-
cate the ligand binding sites on the faces of the tetramer that are hidden from view. The
tetramer is shown in the T-state conformation. The location of residues 219 and 232 in-
volved in the Phe219Trp and Phe232Trp mutants used in the fluorescence experiments
are marked, together with diagrams indicating the Phe side chains schematically. The lo-
cation of residue 244 involved in the Tyr244Phe mutant is not explicitly labeled as it is
in the active site and thus in the same position as the FBP labels.
areaof research [25–29], on account of the importance of gluconeogenesis
in type 2 diabetes [30,31] and other serious illnesses. We have shown
that nuclear accumulation of FBPase in vivo is impaired in diabetic rat
liver [32] and this may be an important regulatory mechanism that
could account for the increased gluconeogenic glucose production in
the livers of diabetic rodents. Analogs of Fru-2,6-P2 or Fru-1,6-P2 are
likely to be more suitable as drugs than analogs of AMP, because they
can be expected to be more specific.

In this paper we shall present kinetic and fluorescence data, as well
as studies of hybrid tetramers with mixed subunits, to clarify the cause
of the inhibition.

2. Materials and methods

2.1. Biochemicals and chemicals

Fru-1,6-P2, Fru-2,6-P2, NAD+, AMP, glucose-6-phosphate dehydro-
genase and phosphoglucose isomerase were purchased from Sigma or
Boehringer Mannheim and other chemicals came from Merck. All of
them were of the highest available purity.

2.2. Site-directed mutagenesis

The Phe219Trp, Phe232Trp and Tyr244Phe FBPases were obtained
using the Altered Sites II in vitro Mutagenesis Systems kit (Promega,
Madison,WI), and the corresponding mutagenic oligonucleotides as
previously described [22]. The following mutagenic oligonucleotide
(with altered bases shown in bold) was used for mutation of Tyr in
position 244: 5′-CCCTACGGGGCCAGGTTCGTGGGCTCCATGGTG-3′
(Tyr244Phe). Glu-tagged FBPase was obtained by adding nine Glu co-
dons to the pig kidney cDNA by PCR. The oligonucleotide required as
primer for the site-specific mutagenesis for Glu-tagged FBPase was 5′-
TGGATCCTCATTCTTCTTCTTCTTCTTCTTCTTCTTCGCCTGCAGCCTTGGCT
GCGTGCTTCTG-3′. The mutations were confirmed by sequencing. Pro-
tein expression and purification of Phe219Trp and Phe232Trp FBPases
were performed as previously described [22]. For expression, the frag-
ments encoding the wild-type, Glu-tagged FBPase and Tyr244Phe
FBPase were excised from the corresponding plasmid and cloned into
the vector pET22 (Novagen, San Diego, CA) as described [33]. The
purification of Glu-tagged FBPase was performed by sequential
chromatography on Cibacron Blue Sepharose CL-6B and DEAE-
Sephacel. The purification of Tyr244Phe FBPase wasmade by sequential
chromatography on Cibacron Blue Sepharose CL-6B and CM-Sepharose.
Protein purity and concentration throughout the purification were
monitored by SDS-PAGE and by Bio-Rad protein assay. The wild-type
FBPase and the Phe219Trp, Phe232Trp and Tyr244Phemutants, showed
identical electrophoretic mobilities (37 kDa) whereas the FBPase mu-
tant tagged with a 9-residue polyglutamyl extension at the C-terminal
(Glu-tagged FBPase) shows an apparent mass of 38 kDa. All enzymes
were N96% homogeneous using SDS-PAGE as a criterion (data not
shown).

2.3. Activity assay

The spectrophotometric coupled enzyme assaywas used tomeasure
FBPase activity, as described previously [33]. Digital absorbance values
were collected on a Hewlett Packard 8453 spectrophotometer and the
data were fitted to a straight line on a coupled computer using the
UV–visible ChemStation Program. Because FBPase exhibits substrate in-
hibition, the Km and kcat values were obtained by fitting the experimen-
tal data to a modified form of the Michaelis–Menten equation that
incorporates a term for substrate inhibition [33,34]. The Ka value and
Hill coefficient for Mg2+ were determined by fitting the saturation
curves to the Hill equation. The inhibition curves elicited by AMP or
Fru-2,6-P2 were fitted to the equation of Taketa and Pogell [8].
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2.4. Steady-state fluorescence measurements

Fluorescence data were collected using a Perkin Elmer Luminescence
Spectrometer LS-50 equipped with a thermo-regulated stirred cell hold-
er set at 15 ºC. This temperaturewas selected to prevent a possible dena-
turation of themutant FBPases during the titration experiments. To avoid
exciting tyrosyl side chains, an excitation wavelength of 295 nm was
used. The excitation and emission slits were set to 7 nm. The enzymes
were at a concentration of 60 μg/ml in 20 mM Tris/HCl buffer, pH 7.5,
containing 0.1 mM EDTA. Ligands were tested to ensure that they do
not influence the fluorescence emission of tryptophan. The maximum
volume increase due to the sequential additions of ligand stock solutions
was less than 5%. The emission spectrumwas recorded oneminute after
addition of the ligand. Blanks were subtracted from all spectra, and cor-
rections for protein dilutions were made. Fluorescence intensities were
measured at the maximum of each spectrum. Data were fitted to the
equation for a simple binding curve, ΔF/F0 = {(ΔF/F0)max L} / {Kd + L},
where ΔF= F− F0, F is the observed fluorescence at a given concentra-
tion of ligand, F0 is the fluorescence in the absence of ligand and L is the
ligand concentration. For the titrations of the enzyme with substrate in
the presence of Fru-2,6-P2 ΔF = F − Fi, where Fi is the fluorescence at
the beginning of the titration (after the addition of Fru-2,6-P2).
Fig. 3. Scheme that illustrates twopossiblemechanisms for the inhibition of FBPase by Fru-1,6-P
P2, and P is the product Fru-6-P. The numerical values shown (with Vmeasured in μmolmin−1m
themodel in A, inwhich s is the concentration of Fru-1,6-P2, V is the limiting rate that would be
the four sites, andφ2…φ4 are the relative catalytic activities of the second, third and fourth site
pairs of sites. D. Eq. (2) shows the rate for themodel in C, inwhich thefirst and second sites hav
sites have the same dissociation constant Ks34 and φ34 is the relative catalytic activity of the th
Fluorescence quenching experiments were performed as previously
described [22] using solutions of the enzymes in 20 mM Tris/HCl buffer,
pH 7.5, containing 0.1 mM EDTA. Some experiments were done
with Phe219Trp FBPase in the presence of 5 mM Mg2+ at 30 °C In
these experiments a different enzyme sample was used for each
substrate concentration. After the addition of substrate the fluorescence
emission was recorded continuously over 3 min at the emission
maximum of 335 nm. A constant intensity value was reached a few
seconds (about 15 s) after the beginning of the fluorescence registration.
Fluorescence intensities were measured after one minute and the
data were treated as described for the experiments in the absence of
Mg2+.
2.5. Formation of hybrid enzymes

Solutions of pure wild-type FBPase and Glu-tagged FBPase in 20mM
Tris/HCl buffer, pH 7.5, containing 0.1 mM EDTA were mixed and
incubated overnight at 4 °C in the absence or presence of Fru-1,6-P2,
Fru-2,6-P2 or KCl at different concentrations. On the other hand, solu-
tions of pure Tyr244Phe and Glu-tagged FBPases in 20 mM Tris/HCl
buffer, pH 7.5, containing 0.1 mM EDTA were mixed and incubated
2. A.Modelwith four non-independent sites, inwhich E is FBPase, S is the substrate Fru-1,6-
g−1) are the best-fit values obtained as described in the text. B. Eq. (1) shows the rate v for
observed if only the first site existed, Ks1… Ks4 are the successive dissociation constants of
swith respect to the catalytic activities of the previous site. C.Modelwith two independent
e the same dissociation constant Ks12 and the same limiting rate V, and the third and fourth
ird and fourth sites with respect to the catalytic activities of the first two.

image of Fig.�3


Fig. 4. Least-squares fit of data for FBPase measured at 44 concentrations of Fru-1,6-P2,
ranging from 0.5 μM to 5 mM. The assays were performed in 50 mM Tris/HCl (pH 7.5)
at 5 mM Mg+2 and 30 °C as described in Materials and methods. A: Plot of v against log
[Fru-1,6-P2 (μM)], with a curve for vcalc calculated from Eq. (1) with the parameter values
listed in Table 1, obtained by minimizing Σ(1− v/vcalc)2. The corresponding residual plot
of 1− v/vcalc against vcalc is shown as an inset, without labeling, to avoid distracting atten-
tion away from the points: the abscissa axis ranges from0 to 21, and the ordinate axis from
−0.2 to +0.2. B: Residual plot of v− vcalc against vcalc when the calculation was done by
minimizing Σ(v− vcalc)2. Notice the approximately proportional increase in scatter as vcalc
increases. The ordinate axis ranges from v− vcalc=−2 to v− vcalc= 2. C: Residual plot of
1− v/vcalc against vcalc for data fitted to Eq. (2)with the same assumptions as for themain
plot. The ordinate scale ranges from −0.2 to +0.2.
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overnight at 4 °C in the absence of ligands. The concentration of each
enzyme in the mixture was 0.5 mg/ml.

2.6. Purification of enzymes with mixed Tyr244Phe and Glu-tagged
subunits

The hybrid tetramers were purified by anion-exchange chromatog-
raphy at room temperature, as described by Nelson et al. [35], except
that a Q-Sepharose column coupled to an AKTAprime plus chromato-
graphic system (Amersham) was used. Individual hybrids were eluted
with 20 mM Tris/HCl, pH 7.5 and a linear gradient from 0.25 to 0.49 M
NaCl in 20mMTris/HCl, pH7.5. The identity and purity of thehybrid tet-
ramers was checked by non-denaturing polyacrylamide gel electropho-
resis. The purified hybrid enzymeswere kept at room temperature since
subunit exchange is slow at this temperature [35]: hybrid tetramers
were stable for several hours at 25 °C, but not at 4 °C. All kinetic exper-
iments were performed within 3 h of hybrid purification. After the
activity measurements the integrity of the hybrids was rechecked.

2.7. Non-denaturing PAGE

This was done according to Laemmli [36], but omitting the SDS and
β-mercaptoethanol from the loading and running buffers. The gels were
stained and evaluated using GeneSnap 7.4 software (Syngene).

3. Results

3.1. Inhibition by excess Fru-1,6-P2

FBPase has four binding sites for its substrate Fru-1,6-P2, with
marked substrate inhibition at Fru-1,6-P2 concentrations over 20 μM.
It has not been clear whether these binding sites have similar intrinsic
affinity for the substrate, and whether they should be treated as four
non-independent sites, or as two pairs of two sites with each pair of
sites behaving independently of the other. The schemes shown in
Fig. 3 illustrate the two possibilities. If the substrate binding sites are
treated as four non-independent sites (Fig. 3A) the rate v should depend
on Eq. (1) (Fig. 3B). However, if the four sites behave as two indepen-
dent pairs (Fig. 3C) the equation is simpler, as given in Eq. (2) (Fig. 3D).

The numerous independent parameters of Eq. (1) demand a very
careful and extensive kinetic study. We have made four experiments
with essentially the same design, rates in each experiment being mea-
sured in triplicate for more than 40 Fru-1,6-P2 concentrations in the
range 0.5–5000 μM. All four experiments led to qualitatively very
similar behavior, showing incomplete substrate inhibition in the limit
at high concentrations (Fig. 4A).

Fitting the experimental data from one of these experiments
(Fig. 4A) to Eq. (1) with eight independent parameters proved unsatis-
factory, because there is not enough information in the data to define
Ks4 independently: essentially the same sum of squares can be obtained
with any value of Ks4 in a wide range: 0.267 for values of Ks4 from 1 to
200 μM, increasing only to 0.279 atKs4= 10000 μM.Accordinglywede-
creased the number of independent parameters from eight to seven by
defining Ks4 ≡ Ks3, an equivalence suggested by the similar values of Ks1

and Ks2 (Fig. 3A): if there is little difference in affinity between the first
and second sites it is plausible to assume that there is little between the
third and fourth.

3.2. Statistical analysis

Minimizing the weighted sum of squares Σ(1− v/vcalc)2 for the two
equations gave the parameter values shown next to the relevant
parameters in Fig. 3A and C. Notice that this analysis indicates two
sites of high affinity, and two of low affinity. The eight-fold decrease
from Ks4 ≡ Ks3 = 389 μM in Eq. (1) to Ks34 = 49.4 μM in Eq. (2) may ap-
pear surprising, but it probably reflects the need for stronger binding in
the second model to compensate for the larger decrease in relative cat-
alytic activity.

The two equations predict very similar properties with these param-
eter values, but with careful tests they can be distinguished. Fig. 4A
shows the result of fitting the observations to Eq. (1), with each mea-
sured rate v assigned a weight 1/vcalc2 , where vcalc is the calculated rate.
This effectively assumes that the measured values have a uniform coef-
ficient of variation, so that values of 1 − v/vcalc should show only ran-
dom scatter. In fact the residuals plotted in the inset show a slight
tendency to increase at low vcalc, but there are very few points in this re-
gion, and over most of the range the scatter is essentially random. If
the calculation is repeated assigning equal weight to each v value, the
residuals, illustrated in Fig. 4B, show a clear tendency to increase with
vcalc, confirming that the standard deviation is not uniform. The real
error behavior may be intermediate between these extremes, approxi-
mately proportional to vcalc when vcalc is large but remaining greater
than zero when vcalc approaches zero [37,38].

When the data are fitted to Eq. (2) with weights 1/vcalc2 the residual
plot (Fig. 4C) shows a weak suggestion of systematic error (a U-shaped
pattern of residuals in the middle range) that is much less visible
(though still possibly present) in the inset to Fig. 4A. Thus the data
appear to fit Eq. (1) better than Eq. (2). However, the difference is
sufficiently slight to require formal tests of significance.

The use of F tests for testing lack of fit is described by Draper and
Smith [39] and in a more biochemical context by Cornish-Bowden
[38]. The replicate observations allow assessment of the reproducibility
independent of any fittedmodel (“pure error”), and this estimate allows
the raw scatter of observations about a fitted line to be corrected to give
ameasure of lack of fit. Both of the resulting sums of squares can be con-
verted to mean squares by dividing by the appropriate numbers of de-
grees of freedom (essentially the number of observations corrected by
subtracting the number of degrees of freedom used for making the cal-
culation). The ratio of these mean squares is Fisher's F, and its signifi-
cance can be tested with standard tables [39].

Results for the FBPase data are given in Table 1. The first test shows
that lack of fit to Eq. (2) is highly significant (p b 0.01): the value of F at
the 1% level of significance for 40 and 88 degrees of freedom is not in-
cluded as such in standard tables, but it must be less than 1.84, so the
value of 2.57 found in the first test is highly significant: in other words
lack of fit to Eq. (2) is highly significant. The second test shows that
lack of fit to Eq. (1) is also significant, though at a less stringent level
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Table 1
Tests for lack of fit.

Source of variation Sum of squares Degrees of freedom Mean square F

Testing lack of fit to Eq. (2)
Total (corrected for V, Ks12, Ks34, φ34) 0.348016 128 0.00271887
Lack of fit 0.187636 40 0.00469090 2.5739⁎⁎

Pure error 0.160380 88 0.00182250

Testing lack of fit to Eq. (1)
Total (corrected for V, Ks1…Ks4, φ2…φ4) 0.271324 125 0.00217059
Lack of fit 0.110689 37 0.00299158 1.6415⁎

Pure error 0.160380 88 0.00182250

Testing significance of additional parameters in Eq. (2)
Lack of fit for 4 parameters 0.187636 40 0.00469090
Ks2, φ2, φ4/V, Ks12, Ks34; φ34 0.076947 3 0.02564909 8.5737⁎⁎

Lack of fit for 7 parameters 0.110689 37 0.00299158

⁎⁎ Highly significant (p b 0.01).
⁎ Significant (p b 0.05).
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(p b 0.05). The third test confirms that passing fromEq. (2) to Eq. (1) re-
sults in a highly significant improvement. So there are arguments for
rejecting themodel expressed by Eq. (2), though it does give an approx-
imate account of the data.

Figs. 3 and 4 and Table 1 indicate that the inhibition by Fru-1,6-P2 is
best explained in terms of two types of catalytic sites that differ in their
affinity for the substrate, and the appearance of the low-affinity sites is
induced by the binding of Fru-1,6-P2, bringing about a decrease in the
catalytic constants. Several questions then arise: (i) Does the inhibition
by Fru-2,6-P2 occur in a similar way, with Fru-2,6-P2 binding to both
types of sites, or only to one type? (ii) As the low-affinity sites are in-
duced by the binding of Fru-1,6-P2, implying strong subunit interac-
tions, are these sites in the same dimer? (iii) If they are in different
dimers, what are the geometrical relationships? Fluorescence measure-
ments of mutant enzymes, together with studies of hybrid tetramers
withmixed subunits, will be used to study these questions, and to com-
pare the changes induced by the substrate and by Fru-2,6-P2 and AMP.

3.3. Fluorescence measurements

Native pig-kidney FBPase contains no tryptophan, but it can bemade
fluorescent bymutating suitable residues, andwe have studied twomu-
tants, Phe219Trp, in the Fru-1,6-P2 folding domain, close to the active
site, and Phe232Trp, close to the C1–C2 interface (see Fig. 2). As previ-
ously reported [22] the kinetic parameters of these mutants, including
those related to the interaction with Mg2+ and with the inhibitors
AMP and Fru-2,6-P2, are similar to those for recombinant wild-type
and non-recombinant FBPases [22,33,35,40], and they also showed the
characteristic partial inhibition by excess Fru-1,6-P2 (data not shown).
In agreement with the crystallographic structures of different enzyme–
ligand complexes [11,41–43], the emission maxima of the mutants
(Table 2) indicate that residue 219 is in a non-polar environment,where-
as residue 232 is in a polar environment, exposed to the solvent [44].

Binding of the substrate Fru-1,6-P2 or the inhibitors Fru-2,6-P2
and AMP had different effects on the fluorescence emission intensities
of the mutant enzymes (Fig. 5). These fluorescence changes reflect
ligand-induced conformational changes indicative of ligand binding,
Table 2
Effect of ligands on the Stern–Volmer quenching constants and the fluorescence emission max

Ligand None AMP (20 μM)

KSV λmax KSV λm

(M−1) (nm) (M−1) (n

Phe219Trp 3.19 ± 0.12 335 2.89 ± 0.04 33
Phe232Trp 11.6 ± 0.3 352 11.7 ± 0.2 35

KSV: Stern–Volmer quenching constant for acrylamide.
as the ligands do not affect the fluorescence emission of a 1.64 μM
N-acetyl-L-tryptophanamide solution (data not shown). Notice that
in these conditions there is no product present, as the Fru-1,6-P2 bind-
ing experiments were made in the absence of bivalent cations and so
there was no enzyme-catalyzed hydrolysis. At concentrations near the
Km value of 6 μM [22], the substrate Fru-1,6-P2 caused a 15% increase
in the intrinsic fluorescence of the Phe219Trp enzyme (Fig. 5A). The
transition was well described by a single binding isotherm (see
Materials and methods), with a dissociation constant of 7.9 ± 1.3 μM.
On the other hand, the fluorescence emission of the Phe232Trp mutant
was not altered significantly by the substrate (Fig. 5A). Fig. 5B shows the
corresponding effect of the inhibitor Fru-2,6-P2: it caused a similar but
much smaller increase (7%) of the intrinsic fluorescence of the
Phe219Trp enzyme, with a dissociation constant of 1.3± 0.3 μM, but al-
most no perturbation of the Phe232Trp enzyme. Although there is a
major change in the quaternary structure of the enzymewhen the allo-
steric inhibitor AMP binds [21,24], AMP did not significantly affect the
fluorescence of the enzymes (Fig. 5C). On the other hand, the degree
of solvent accessibility for Trp 219 was somewhat reduced by binding
of AMP and Fru-2,6-P2, but not by substrate binding, as measured by
the Stern–Volmer constant for acrylamide. The accessibility of Trp232
was not decreased by these ligands (Table 2).

The effect of Fru-1,6-P2 on the fluorescence emission appears to be
due to the binding to the high-affinity sites predicted by the analysis
of the kinetic experiments, as it is observed at rather low substrate con-
centrations; in addition Fru-2,6-P2 and Fru-1,6-P2 do not produce the
same conformational change, although most probably they bind to the
same site but using different determinants [12]. This point was further
explored by studying the effect of Fru-2,6-P2 on substrate binding by
means of measurements of the intrinsic fluorescence changes of the
Phe219Trp enzyme generated by the substrate in presence of two dif-
ferent inhibitory concentrations of Fru-2,6-P2 (Fig. 6). As expected for
competitive binding, the affinity for the substrate is decreased by the in-
hibitor, and the dissociation constants increase: 15.1± 1.0 μMat 1.5 μM
Fru-2,6-P2, and 27.8 ± 3.4 μM at 5 μM Fru-2,6-P2. However, the data in-
dicate that the inhibitor is not completely displaced by the substrate,
supporting the idea that different binding determinants are involved.
ima of the FBPase tryptophan mutants.

Fru-1,6-P2 (150 μM) Fru-2,6-P2 (50 μM)

ax KSV λmax KSV λmax

m) (M−1) (nm) (M−1) (nm)

6 3.20 ± 0.10 335 2.78 ± 0.11 336
2 11.3 ± 0.3 354 11.4 ± 0.2 354



Fig. 5. Effect of substrate, Fru-2,6-P2 or AMP on the fluorescence emission of FBPasemutants. Samples of Phe219Trp FBPase (●) or Phe232Trp FBPase (○) at a concentration of 60 μg/ml in
Tris/HCl pH7.5 containing 0.1mMEDTAwere titratedwith solutions of the ligands and the fluorescence intensity at themaximumof the corresponding emission spectrumwasmeasured
upon excitation at 295 nm. The inset to Panel A showsΔF/F0 obtained by the addition of substrate to samples of Phe219Trp FBPase containing 5mMMg2+ at 30 ºC, as described inMaterial
and methods. The data were fitted to a simple binding curve after correction for buffer emission and protein dilution.
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In addition to the results obtained in the absence of addedMg2+, we
also carried out experiments with the Phe219Trp FBPase and Fru-1,6-P2
at 5 mM Mg2+. In these experiments substrate at various concentra-
tions was added to different enzyme/Mg2+ samples and the fluores-
cence emission was recorded continuously over 3 min. The results
(illustrated in the inset to Fig. 5A)were essentially identical to those ob-
tained in the absence of Mg2+ (Fig. 5A) but with a slightly higher (23%)
increase in fluorescence. It was shown [45,46] that the binding of the
substrate and divalentmetal ions to FBPase is ordered; since a structural
metal ion must be bound prior to substrate in order for catalysis to be
functional. It appears that the role of themetal ion is to adapt the active
site for maximum catalytic efficiency [45]. Benkovic's group has also
reported [46] that Fru-1,6-P2 binds to the rabbit liver enzyme in the ab-
sence of addedmetal ion. However, they suggested that this interaction
probably reflects binding of substrate to FBPase containing at least
two tightly bound structural metal ions (Zn2+/Mn2+) per molecule.
Although the fluorescence experiments in the absence of Mg2+ were
performed in the presence of 0.1mMEDTA, we cannot rule out the pos-
sibility that the enzyme had contained Zn2+ as structural metal ion as a
result of contamination.
3.4. Hybrid tetramers with mixed subunits

Hybrid enzymes with mixed subunits offer a powerful approach to
the study of enzyme structure and function, and were used very effec-
tively by Nelson et al. [35] for studying inhibition of FBPase by AMP.
They did not study Fru-1,6-P2 inhibition, but essentially the same
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Fig. 6. Effect of the presence of Fru-2,6-P2 on the fluorescence emission changes generated by
pH 7.5 containing 0.1 mM EDTA) was titrated with substrate in the absence or in the presenc
after the addition of Fru-2,6-P2 (Fi) if this ligand was added. Panel A: ΔF = F − F0, where F is t
Fi. The points marked as ■ correspond to the values of ΔF/F0 at 1000 μM Fru-1,6-P2, calculated
strategy can be used, as we have done to shed light on the conforma-
tional changes induced by Fru-1,6-P2 and Fru-2,6-P2. Two types of
hybrids have been used (i) hybrids between the wild type enzyme
and a Glu-tagged enzyme, and (ii) hybrids between Tyr244Phe FBPase
and the Glu-tagged wild-type enzyme.
3.5. Effects of Fru-1,6-P2 and Fru-2,6-P2 on subunit exchange

To compare the interaction of Fru-1,6-P2 and Fru-2,6-P2 with FBPase,
we studied the effects of these ligands on the subunit exchange between
wild-type and Glu-tagged enzyme. The hybrid mixtures obtained after
incubation overnight were analyzed by non-denaturing gel electropho-
resis. As expected, there were five bands, representing ratios of wild-
type to Glu-tagged subunits of 4:0, 3:1, 2:2, 1:3 and 0:4 (Fig. 7, lanes
1A, 1B, 1C), in the absence of any added ligands. The most intense
hybrid band corresponds to the 2:2 subunit ratios, whereas the band
for the 3:1 and 1:3 hybrids were weak. At time zero there were only
two bands, corresponding to the wild-type and Glu-tagged tetramers
(not shown). Increasing concentrations of Fru-1,6-P2 prevent the sub-
unit exchange, indicating that at high concentrations it prevents subunit
dissociation. At 50 μM Fru-1,6-P2 (Fig. 7A, lane 4) the 1:3 and 3:1 hy-
brids begin to disappear, and at 500 μM (lane 6) the bands for the 2:2
hybrids were greatly weakened. In contrast, inhibitory concentrations
of Fru-2,6-P2 did not prevent the subunit exchange (Fig. 7B), and
200 mM KCl (Fig. 7C) did not alter the distribution either, in spite of
the fact that it induces a conformational change. These results suggest
that the conformational changes induced by Fru-2,6-P2 and high
,6-P2 (mM)

Fru-2,6-P2 1.5 μM Fru-2,6-P2 5.0 μM

C

0.5 1.0 0.0 0.5 1.0

Fru-1,6-P2 binding to Phe219Trp FBPase. The sample of the enzyme (60 μg/ml in Tris/HCl
e of Fru-2,6-P2. The fluorescence emission of the samples were measured before (F0) and
he observed fluorescence at a given concentration of substrate. Panels B and C: ΔF = F −
using ΔF = F − F0. More details in Materials and methods.

image of Fig.�5
image of Fig.�6


Fig. 7. Effect of fructose bisphosphates on the subunit exchange between wild-type and Glu-tagged fructose bisphosphatases as seen by 6% non-denaturing PAGE. The enzymes were
mixed for hybridization in the presence of A: Fru-1,6-P2 0; 5; 10; 50; 100; 500; 1000 and 2000 μM (lanes 1 to 8); B: Fru-2,6-P2 0; 0,5; 1; 2; 4; 6; 10 and 15 μM (lanes 1 to 8) and C: 0;
5; 10; 25; 50; 100; 150 and 200 mM KCl, as a control for ionic strength (lanes 1 to 8). The bands corresponding to the different enzymes or hybrids with wild type: mutant subunit ratios
of 4:0; 3:1; 2:2; 1:3 and 0:4, from top to bottom, are marked with arrows. The graphs on the right hand side of each gel were obtained with GeneSnap 7.4 software (Syngene) by density
scans, the hybrids are represented by the following symbols: (■) 4:0; (●) 3:1; (○) 2:2; (□) 1:3 and (Δ) 0:4.
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concentrations of Fru-1,6-P2 are different, and that Fru-2,6-P2 binds to
the high-affinity sites and cannot induce the conformational change re-
sponsible for the low-affinity sites.

3.6. Susceptibility to substrate inhibition of FBPase hybrids containing
subunits mutated at the active site

Tyr244 is located at the active site and is involved in the interaction
of the 6-phospho groupof Fru-1,6-P2 [24,42,47]. Amixture of FBPase hy-
brids was obtained by subunit exchange between Glu-tagged
homotetramer and Tyr244Phe FBPase, and the hybrids were separated
on a Q-Sepharose column using a linear NaCl gradient (Fig. 8). The elu-
tion profile shows seven peaks, the first of which is devoid of enzymatic
activity (Fig. 8A). The identity of each active peak was established by
non-denaturing PAGE (Fig. 8B). As expected, the retention time in-
creased with the numbers of Glu-tagged subunits in the tetramer. The
first active peak (4:0) corresponds to Tyr244Phe FBPase and the last
(0:4) to the Glu-tagged homotetramer. The second and penultimate
active peaks correspond to the 3:1 hybrid (3 Tyr244Phe subunits to 1
Glu-tagged subunit) and to the 1:3 hybrid (1 Tyr244Phe subunit to 3
Glu-tagged subunits), respectively. The three different 2:2 hybrids
were resolved into two peaks, the third active peak, assigned as a mix-
ture of 2:2q and 2:2r hybrids and labeled 2:2qr, and the fourth active
peak, assigned as 2:2p hybrid. These assignments were based on the
fact that subunit exchange in the presence of Fru-1,6-P2 occurs only in
the hybrid with like subunits at positions C1C2 and corresponds in re-
tention time to the 2:2p hybrid (fourth active peak) from the elution
profile obtained without Fru-1,6-P2 [35]. Hence the peakwith retention
time of about 198min in the elution profile (Fig. 8A) corresponds to the
2:2p hybrid. The letters p, q and r refer to 2:2 hybrids with like subunits
at positions C1C2, C1C4 and C2C4 of the tetramer, respectively [35]. The
labels should have been pp, pq and pr respectively, as they refer to pairs
of subunits as described by Cornish-Bowden andKoshland [48]. Howev-
er, here we retain the symbols of ref. [35].

The substrate saturation curve of the Glu-tagged homotetramer ex-
hibits the characteristic partial inhibition by substrate, whereas the
Tyr244Phe homotetramer shows, as expected, both a decreased catalyt-
ic activity and a shift of the inhibition curve to higher substrate concen-
trations (Fig. 9A). In the range of 1.0–10 μM Fru-1,6-P2 the 1:3 and 2:2p
hybrids display similar rates to those for the Glu-tagged homotetramer;
by contrast, the rates in this concentration range are smaller for the
2:2q/2:2r and 3:1 hybrids. Fig. 9B shows a comparison of the ratesmea-
sured at 10 μM substrate. Only tetramers containing a dimer C1C2 or
C3C4 with intact active sites have normal catalytic activity at non-
inhibitory substrate concentrations. Thus the kcat values of the 1:3
(15.9 s−1) and 2:2p hybrids (18.0 s−1) are similar to the kcat value of
17.2 s−1 for the Glu-tagged FBPase, whereas the kcat values of the
2:2q/2:2r (9.8 s−1) and 3:1 hybrids (9.5 s−1) are lower, close to that
for the Tyr244Phe enzyme (7.1 s−1). The Km values for all the hybrids
range from 9.6 to 16.5 μM, which are comparable with those of the
wild-type and Glu-tagged FBPases. On the other hand, at substrate con-
centrations above 10 μM the rates observed for the 1:3 and 2:2p hybrids
are higher than those measured for Glu-tagged FBPase, indicating shifts
in the curves for substrate inhibition to higher concentrations. Fig. 9C



Fig. 8. Separation of hybrid FBPases by chromatography on Q-Sepharose. A: Elution profile
of the hybridmixture. The peaks with enzymatic activity are markedwith letters. B: Non-
denaturing PAGE of the purified hybrids. Lane 1, independently purified Glu-tagged
FBPase; lane 2, independently purified Tyr244Phe FBPase; lane 3, hybrid mixture applied
on the column; lane 4, peak 4:0 (Tyr244Phe FBPase); lane 5, peak 3:1 (the 3:1 hybrid);
lane 6, peak 2:2q/r (mixture of 2:2q and 2:2r hybrids); lane 7, peak 2:2p; lane 8, peak
1:3; lane 9, peak 0:4 (Glu-tagged FBPase).

Fig. 9.Dependence of the enzymatic activity of Glu-tagged, Tyr244Phe and hybrid FBPases
on the concentration of Fru-1,6-P2. The samples were assayed immediately after isolation
of the enzymes, which are represented by the following symbols: (●) Glu-tagged FBPase;
(□) 1:3 hybrid; (▲) 2:2p hybrid; (○) 2:2q/2:2r hybrids; (■) 3:1 hybrid; (Δ) Tyr244Phe
FBPase. Panel A shows rates as a function of the substrate concentration, ranging from
0.5 μM to 1.0 mM. Panels B and C show the rates obtained for the different tetramers at
10 μM (B) and 300 μM (C) substrate, as indicated by the arrows in panel A.
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shows a comparison of the rates measured at 300 μM substrate. Strik-
ingly, the 2:2p hybrid (with two intact active sites in the same dimer)
has amuchhigher activity than the 2:2qr hybrids (againwith two intact
active sites, but now in different dimers): this implies that the two high-
affinity sites are in the same dimer. Notice that a consequence of the
higher substrate concentrations needed for inhibition is that the highest
rate for the 2:2p hybrid is much higher than that for the Glu-tagged
enzyme, and somewhat higher than for the 1:3 hybrid. Furthermore, al-
though the Glu-tagged and Tyr244Phe FBPases show similar rates at
300 μM substrate (Fig. 9C), the latter requires a much higher substrate
concentration to be inhibited (Fig. 9A).

4. Discussion

An earlier interpretation of inhibition of human muscle FBPase by
excess substrate was made in terms of uncompetitive inhibition [13].
Rakus et al. [49] later investigated FBPases from pig and cattle lung
(liver-like isozyme), and proposed amechanism in terms of partial non-
competitive inhibition that fitted well with the experimental data. They
postulated that FBPase consists of two classes of the substrate binding
site: the first catalytic and the second inhibitory. Our results with the
pig kidney enzyme can be considered to extend and amplify this
work. They indicate that the substrate inhibition of FBPase is due to sub-
unit interactions, such that binding of the first Fru-1,6-P2 molecule, in
one dimer, induce lower affinity and catalytic activity of the two binding
sites in the other dimer. Binding of Fru-2,6-P2, on the other hand,
appears not to induce the conformational change responsible for the ap-
pearance of the low-affinity sites, as it does not prevent the exchange of
subunits that is suppressed by inhibitory concentrations of Fru-1,6-P2.
Nonetheless, the fluorescence measurements indicate that it does in-
duce a conformational change, albeit not the same one.

Distinguishing between the two models of the dependence of the
rate on the substrate concentration – one with the binding sites treated
as four non-independent sites (Eq. (1)), the other with two pairs of two
sites, each pair behaving independently of the other (Eq. (2)) – requires
abundant and precise data over a wide range of concentrations, and this
probably explains why the problem has remained unresolved. The Km

and kcat values of FBPases have usually been determined using a modi-
fied form of the Michaelis–Menten equation that incorporates a term
for substrate inhibition [33,34,49], which is of a similar type as Eq. (2).
Although Eq. (2) gives an approximate account of the data, the F test
for lack of fit provides arguments for rejecting the underlying model.
Fitting the kinetic data of the substrate saturation curve to Eq. (1), for
four non-independent sites, showed the existence of two binding sites
of high and similar affinity (dissociation constants about 14 μM) and
two binding sites of much lower affinity (dissociation constants about
390 μM). Binding of the second, third and fourth substrate molecules
decrease the catalytic activity, with the greatest decrease occurring
when the third molecule binds. The dissociation constant of the high-
affinity sites agrees well with the value obtained by fluorometric titra-
tion. According to our results, binding of substrate at the low-affinity
sites does not affect the emission of Trp219, as concentrations higher
than 0.1 mM do not cause any further change. Furthermore, substrate
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at inhibitory concentrations (N50 μM), but not at lower concentrations,
prevents subunit exchange between native and Glu-tagged FBPase.

The conservative mutations Phe219Trp and Phe232Trp produce
onlyminor changes in the functional properties of FBPase, so these tryp-
tophan residues are non-perturbing spectroscopic probes of the enzyme
conformation. Residue 219 is near the active site, positioned at the ex-
treme of the loop L10, which contains residues Asn212 and Tyr215,
which are postulated to make hydrogen bonds with the substrate and
the inhibitor Fru-2,6-P2 [11,41]. The Phe219Trpmutant senses the bind-
ing of the substrate and of Fru-2,6-P2 by an increase in fluorescence.
Residue 232, on the other hand, is situated at the end of the helix H6,
near the C1–C2 interface [21], and the fluorescence emission of the
Phe232Trp mutant was almost unaffected by the binding of the ligands
Fru-1,6-P2, Fru-2,6-P2 and AMP, consistent with the high degree of ex-
posure shown by the Stern–Volmer collisional quenching constant.
The monophasic binding curve obtained by titration of Phe219Trp
FBPase with substrate (Fig. 5A) is consistentwith tight binding (dissoci-
ation constant about 8 μM) of a single molecule of the ligand to the tet-
rameric enzyme, or alternatively, the binding of two molecules of the
ligand to sites of similar affinity.

The active sites in free FBPase appear to be identical, but become
non-identical after a conformational change induced by binding of sub-
strate to the first subunit, which results in the lower affinity of two of
the other three subunits. The identity of the subunit to which the first
substrate molecule binds probably determines the subunit to which
the second binds. There could thus be a specific localization of high-
affinity sites, either on the same dimer, at C1 and C2, or on different di-
mers at C1 and C3, or alternatively at C1 and C4. Comparison of sub-
strate saturation curves of hybrid tetramers containing two subunits
of normal activity together with two with decreased activity (Fig. 9),
both with one another (2:2p compared with 2:2qr) and with the
homotetrameric enzymes (2:2p compared with 0:4 and 4:0), indicates
that the high-affinity substrate binding sites are on one dimer and the
low-affinity sites on the other. This conclusion is supported by the fact
that the 2:2p hybrid has almost the same catalytic activity as the Glu-
tagged enzyme at noninhibitory substrate concentrations (0.5–10 μM)
while the catalytic activity of the mixture of 2:2q and 2:2r hybrids is
considerably lower, explained by the presence of a subunit with a mu-
tated active site in each dimer. As expected, the substrate inhibition of
the 2:2p hybrid is less than that of the Glu-tagged tetramer, as the mu-
tation produces decreased affinity of the active sites available for the
third and fourth substrate molecules. Thus binding of the first substrate
molecule to a dimer of the enzyme (for instance C1C2) produces a con-
formational change at the other dimer (C3C4), reducing the affinity of
its subunits for the substrate. This accords well with results of Nelson
et al. [35], who showed that FBPase hybrids containing two subunits
with functional AMP binding sites exhibit cooperative AMP inhibition
if the functional subunits are on different dimers. It can be concluded
that in both AMP and substrate inhibition, binding of the ligand to one
subunit of a dimer elicits an affinity change of the binding sites on the
subunits of the other dimer.

According to the calculated rate constants shown in Fig. 3A for Eq. (1)
(Fig. 3B) binding of the first substrate molecule has almost no effect on
the affinity of the enzyme for the second, but it produces an approximate
halving of the rate. These results can be attributed to the communication
between the active sites of monomer C1 and C2; it is conceivable that if
two substrate molecules are bound simultaneously to a dimer, the
presence of the substrate molecule in each site causes a reorientation
of catalytic residues and/or the displacement of a catalytic metal ion at
the adjacent active site. In this regard, crystallographic studies [42]
have shown the interaction between helix H4 (residues 123–127) from
one monomer (C1) and residues Tyr258 and Arg243 from the adjacent
monomer (C2). Interestingly, Asp118 and Asp121 are catalytic residues
located in a negatively charged pocket that binds divalent metal cations
[50] and mutating them to Ala greatly diminishes catalytic activity of
human liver FBPase [51]. The third and fourth substrate molecules then
bind much more weakly than the first two, but with further changes in
rate. It is important also to realize that the highest rate visible in Fig. 4
(about 20 μmol min−1 mg−1) does not correspond to the value of V
(37.6 μmol min−1 mg−1), because at the concentration corresponding
to this maximum there are substantial effects of substrate inhibition
due to occupation of the second and later sites.

Our model extends previous studies of the mechanism of action of
FBPase [13,49] in a number of ways. First of all, it accounts for the effects
of Fru-1,6-P2 over a very wide range of concentrations. Secondly, it
recognizes that in the free enzyme the four active sites are identical,
but that differences are induced by substrate binding, and finally it clar-
ifies the importance of the structure of the enzyme as a dimer of dimers,
so that binding of ligands in one dimer affects other binding sites differ-
ently according whether they are in the same dimer or not.

As the crystal structure of the enzyme was determined in the
presence of high substrate or product (Fru-6-P; Pi) concentrations
[41,50,52] the kinetic results that we report imply that mechanisms
based on the crystal structure inevitably refer to saturation of the low-
affinity sites, and thus not to the enzyme in its most active state.

The mechanism that we propose for the substrate inhibition of
FBPase recalls one that has been proposed for PFK-1 of Escherichia coli,
which shows substrate inhibition by MgATP at low concentrations of
Fru-6-P: Berger and Evans [53] suggested that MgATP binds at a second
binding site distant from the active site, causing allosteric inhibition in
the active site. However, Fenton and Reinhart [54] demonstrated that
a hybrid tetramer of this enzyme with only one functional active site
does not show substrate inhibition, highlighting the importance of
intersubunit interactions for the regulatory mechanism of this enzyme.
They proposed thatMgATP in one active site behaves as an allosteric in-
hibitor of Fru-6-P affinity in a second active site, eliminating the need for
a new MgATP binding site. If this sort of mechanism applies also to
FBPase, as our results suggest, then the inhibition by excess substrate
may be closely related to the inhibition by Fru-2,6-P2, with the two
molecules binding to the same site, but with different determinants.
Then the inhibition by excess substrate at high concentrations can be
seen as the price to be paid for the physiologically useful inhibition by
Fru-2,6-P2, which functions as a glycolytic signal over a wide range of
plants, fungi, animals and protozoans [55]. That in turn would explain
the evolutionary conservation of the substrate inhibition by Fru-1,6-P2:
even if the substrate inhibition on its own appears puzzling from a
physiological point of view, it makes sense if it is regarded as a side effect
of properties with a more obvious function.

Gluconeogenesis and glycogenolysis are pathways for glucose pro-
duction, whereas glycolysis and glycogenesis are pathways for glucose
utilization and storage. At the biochemical and molecular level, the
metabolic and regulatory enzymes integrate hormonal and nutritional
signals and regulate glucoseflux in the liver.Modulating either activities
or gene expression of these metabolic enzymes can control hepatic glu-
cose production. Mimics of the substrate inhibition of FBPase may thus
provide a future option for combatting both postprandial and fasting
hyperglycemia.
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