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ABSTRACT: A comparison of the X-ray crystallographic structures of the R and T allosteric states [Ke, H.
M., Liang, J.-Y., Zhang, Y., & Lipscomb, W. N. (1991) Biochemistry 30, 4412—4420] of the pig kidney
fructose-1,6-bisphosphatase (EC 3.1.3.11) reveals major changes in the quaternary structure of the enzyme
upon the binding of the allosteric inhibitor AMP. This change in quaternary structure involves the breaking
of one set of interactions that stabilize the R state and the formation of another set of interactions that
stabilize the T state of the enzyme. In particular, the interactions of Arg-22 with nearby amino acid
residues are quite different in the R and T states of the enzyme. Although the crystallographic data
suggest that intersubunit interactions such as those involving Arg-22 are important for stabilization of the
R and/or T states, the X-ray structures do not provide direct evidence concerning the functional role of
specific amino acid residues. Therefore, site-specific mutagenesis has been used to probe the function of
Arg-22 in pig kidney fructose-1,6-bisphosphatase. The replacement of Arg-22 by Ala results in a mutant
enzyme with enhanced catalytic efficiency compared to the wild-type, as indicated by a kinetic analysis
showing a slighly lower K, and increased Vpa.x compared to the wild-type enzyme. In addition, the
substitution enhances both substrate inhibition and the affinity of the inhibitor fructose 2,6-bisphosphate.
Moreover, the replacement of Arg-22 by Ala results in a more than 10-fold loss of the ability of AMP to
inhibit the enzyme. These results are consistent with a role of Arg-22 in the preferential stabilization of

the noncatalytic T state of the enzyme.

Fructose-1,6-bisphosphatase (EC 3.1.3.11) catalyzes the
hydrolysis of fructose 1,6-bisphosphate (Fru-1,6-P;)! to
fructose 6-phosphate and inorganic phosphate (P;) in the
gluconeogenesis pathway and plays a key role in regulation
of this pathway. The physiological regulators AMP and
fructose 2,6-bisphosphate negatively modulate Fru-1,6-P»-
ase activity and, in reciprocal fashion, positively affect the
activity of phosphofructokinase, a control point in glycolysis
[for a recent review, see Pilkis and Claus (1991)]. Fru-1,6-
Pjases are multimeric enzymes consisting of four identical
subunits. Each subunit of the pig kidney enzyme consists
of 337 amino acid residues corresponding to a molecular
weight of about 36 500 (Marcus et al., 1982; Williams &
Kantrowitz, 1992).

Hydrolysis of substrate by Fru-1,6-P;ase displays hyper-
bolic kinetics at neutral pH, with partial inhibition at high
substrate concentrations, whereas plots of reaction velocity
versus concentration of the cofactor magnesium are sigmoidal
(Nimmo & Tipton, 1975b). Inhibition by AMP is coopera-
tive, with a Hill coefficient near 2 (Nimmo & Tipton, 1975a;
Taketa & Pogell, 1965) while Fru-2,6-P; binds to the active
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! Abbreviations: Fru-1,6-P,ase, fructose-1,6-bisphosphatase; Fru-
1,6-P,, fructose 1,6-bisphosphate; Fru-2,6-P», fructose 2,6-bisphosphate;
Arg-22 — Ala, mutant pig kidney fructose-1,6-bisphosphatase with
alanine in place of arginine at position 22.

sites of the enzyme (Ke et al., 1989a) in competition with
the substrate Fru-1,6-P, (Pilkis et al., 1981).

Investigations of the catalytic and regulatory mechanisms
of Fru-1,6-P,ase have been enhanced by the availability of
crystal structures for pig kidney Fru-1,6-P.ase (Ke et al.,
1989b) and complexes of this enzyme with the hydrolytic
product fructose 6-phosphate (Ke et al., 1991b), with the
inhibitor AMP (Ke et al., 1991a), and with the inhibitor Fru-
2,6-P; (Ke et al., 1989a), among others [for a recent review,
see Liang et al. (1992)]. The tertiary structure of each
subunit is divided into two folding domains, the AMP and
the Fru-1,6-P; domains (Liang et al.,, 1992). The AMP
binding site in each subunit is approximately 30 A distant
from the active site (Ke et al., 1991a), and metal binding
sites are located between the Fru-1,6-P; and AMP domains
(Ke et al., 1990).

On the basis of the crystal structures of the R (Ke et al.,
1991b) and the T (Ke et al., 1991a) allosteric states,
Lipscomb and co-workers (Zhang et al., 1994) have proposed
structural details concerning the allosteric transition in pig
kidney Fru-1,6-P,ase. The R — T transition of pig kidney
Fru-1,6-P.ase involves a 17° rotation of the C1:C2? dimer
with respect to the C3:C4 dimer. This rotation dramatically
alters the interactions across the C1:C4 interface (as well as

2 The four subunits of fructose-1,6-bisphosphatase are designated
C1, C2, C3, and C4 and labeled clockwise. The C1 and C2 subunits
correspond to the upper dimer, and the C3 and C4 subunits correspond
to the lower dimer. Therefore, C4 is below C1 and C3 is below C2
[for additional details, see Ke et al. (1991a)].
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FIGURE 1: Stereoview of the C2:C3 interface I'CEIOT] of Fru-1.6-Psase in the R (gray) and T “’lldL]\) allosteric states near Arg-22. In the T
state, Arg-22 (C3) interacts with Thr-27 (C2), while in the R state, Arg-22 (C3) interacts with the backbone carbonyls of Glu-108 (C2) and

Arg-110 (C2).

the symmetry-related C2:C3 interface). For example, in the
R state, both Glu-108 and Arg-110 interact with Arg-22}
(Keetal., 1991b), while in the T state Arg-22 interacts with
Thr-27 and Glu-29* (Ke et al., 1991a) as illustrated in Figure
I. The AMP binding site is located close to this area of the
structure, and Lipscomb and co-workers have proposed that
the mechanism of allosteric regulation may be critically
related to a number of residues in the AMP binding site
including Thr-27. which interacts with Arg-22 in the T state
(Ke et al., 1991a). In order to determine whether the
interactions involving Arg-22 are critical for the stabilization
of either the T or the R states of fructose 1.6-phosphatase
and to evaluate the importance of the C1:C4 and the C2:C3
interfaces for allosteric regulation, we have used site-specific
mutagenesis to replace Arg-22 with alanine in the cloned
pig kidney enzyme (Williams & Kantrowitz, 1992). The
mutant enzyme (Arg-22 — Ala) was expressed in E. coli,
and consequences of this mutation on the kinetic properties
of Fru-1,6-P.ase were examined.

EXPERIMENTAL PROCEDURES

Materials. Agar, agarose, ampicillin, chloramphenicol,
sodium dihydrogen phosphate, and magnesium chloride were
purchased from Sigma Chemical Co. Tris and enzyme-grade
ammonium sulfate were supplied by ICN Biomedicals.
Tryptone and yeast extract were from Difco Laboratories.
All the reagents needed for DNA sequencing were obtained
from U.S. Biochemical. Restriction endonucleases, T4 DNA
ligase, T4 DNA polymerase, and T4 polynucleotide kinase
were either from U.S. Biochemical or New England Biolabs,
and used according to the supplier’s recommendations. DNA

*This interaction is only observed in the C2:C3 interface.
# This interaction is only observed in the C1:C4 interface.

fragments were isolated from agarose gels with the Geneclean
IT kit from Bio 101 Inc.

Strains. The E. coli K12 strain MV 1190 [A(lac-proAB),
supE, thi, Alsri-recA) 306:Tnl0(tet)/F traD36, proAB,
lach, lacZAM15], phagemid pUCI19, and the M13 phage
M13K07 were obtained from J. Messing. The strain CJ236
[dut-1. ung-1, thi-1, relA-1/pCI105(Cm")] was a gift of T.
Kunkel, while EKI1601 [tonA22. ADE3, ompF627(T-R),
relAl, pit-10. spoT1, A(fbp)287], a derivative of DF657
(Sedivy et al.. 1984). was constructed in this laboratory
(Giroux et al., 1994). E. coli strain XL1-Blue MRF" [A-
(merA)183, AlmerCB-hsdSMR-mrr) 172, endA 1, supE44. thi-
1, recA, gvrA96, relAl, lac, A~ IF" proAB, lacli, lacZAM15,-
Tnl10(tet')] was from Stragene (La Jolla. CA).

Methods. Oligonucleotide Svnthesis. The oligonucle-
otides required for site-specific mutagenesis and the sequenc-
ing primers were synthesized on an Applied Biosystems
381A DNA synthesizer and purified by HPLC employing a
DuPont Zorbay Oligo ion-exchange column.

Construction of the Arg-22 — Ala Mutation. Comple-
mentary DNA for pig kidney Fru-1.6-P,ase was previously
cloned from a 1.3 kb BstXI fragment inserted into the vector
pcDNA 1T (Williams & Kantrowitz, 1992). A HindIll—Xbal
fragment was excised from this plasmid and cloned into the
vector pUCI119 to give phagemid pEK178. Sequencing of
mutations in pEK178 was simplified because it contained
the MI3 intergenic region, allowing isolation of single-
stranded DNA after coinfection with a helper phage.

Site-specific mutagenesis was performed on the cDNA of
Fru-1.6-P»ase harbored on plasmid pEK178, employing the
method of Kunkel (1985, 1987). Uracil-containing single-
stranded DNA was obtained by infection of E. coli strain
CJ236 containing pEK178 with helper phage MI13KO7
(Vieira & Messing, 1987). Two primers were used simul-
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taneously to introduce both the Arg-22 — Ala mutation as
well as an Ndel restriction site at the translational start of
the cDNA of the Fru-1,6-P,ase gene. The introduction of
the Ndel site did not alter the amino acid sequence of the
Fru-1,6-Psase. Potential mutant candidates were initially
screened by restriction analysis of double-stranded DNA to
determine whether the Ndel site had been introduced. Those
candidates containing the new Ndel restriction site were
further screened by DNA sequence analysis (Sanger et al.,
1977). Both the introduction of the Ndel site at the
translation start and the Arg-22 — Ala mutation were
confirmed in this fashion. The resultant plasmid, pEK212,
contained both the Arg-22 — Ala mutation as well as the
Ndel site at the translational start site.

Construction of Expression Phagemid for the Arg-22 —
Ala Fru-1,6-Psase. In order to express the Arg-22 — Ala
Fru-1,6-P»ase, the phagemids pEK212 and pET23a (Novagen,
Inc.) were first treated with the restriction enzymes Notl and
BamHI. The fragment from pEK212 coding for the mutant
Fru-1,6-P,ase and the large fragment of pET23a, containing
most of the vector, were mixed and treated with T4 DNA
ligase. After transformation into XL1-Blue MRF, an
intermediate construct was isolated and cleaved with Ndel
to remove a small Ndel—Ndel fragment. The larger fragment
was isolated and then circularized by treatment with T4 DNA
ligase. Likely candidates, identified by restriction analysis,
were confirmed by DNA sequence analysis (Sanger et al.,
1977) in order to verify the presence of both the Arg-22 —
Ala mutation and the Ndel site at the translational start of
the Fru-1,6-Piase gene. The final phagemid was identified
as pEK279.

Expression of Pig Kidney Fru-1,6-Pzase in E. coli. In
order to express the wild-type and Arg-22 — Ala pig kidney
Fru-1,6-Psases, phagemids pEK188 and pEK279, respec-
tively, were transformed into E. coli strain EK1601. E. coli
strain EK1601 has a deletion in the chromosomal fbp gene
and can be induced to produce T7 RNA polymerase (Giroux
et al.,, 1994). Therefore, it was impossible to contaminate
the pig kidney Fru-1,6-P.ase expressed from the plasmid with
E. coli Fru-1,6-Pjase expressed from the chromosome.

Enzyme Purification. Bacteria were cultured with vigorous
agitation at 37 °C in M9 medium supplemented with 0.5%
casamino acids and ampicillin at 100 gg/mL. Induction of
T7 RNA polymerase was initiated by addition of 0.4 mM
isopropyl [-D-thiogalactopyranoside (U.S. Biochemical).
After further cultivation for 16—22 h, cells were harvested
by centrifugation, and then broken open by a freeze—thaw
procedure (El-Maghrabi & Pilkis, 1991). The purification
of the Arg-22 — Ala enzyme was accomplished by the
method previously described (Giroux et al., 1994).

Fru-1,6-Prase Assays and Data Analysis. A spectropho-
tometric, coupled enzyme assay was employed to measure
Fru-1,6-P,ase activity (Riou et al., 1977). Standard condi-
tions (2 mM magnesium chloride, 17.5 uM Fru-1,6-P;) were
used to determine specific activity. Digital absorbance values
were collected over a 6 min assay interval and fit to a straight
line by computer, using data beyond the coupling lag period.
In all assays, the substrate Fru-1,6-P, was added last, after
incubation and thermal equilibration of enzyme, magnesium
(and inhibitor) components. One unit of enzyme activity
causes reduction of 1 umol of NADP per minute at 30 °C.,

Methods used to determine the kinetic model parameters
were described previously (Giroux et al., 1994). Substrate
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FIGURE 2: Dependence of the activity of wild-type (@) and the
Arg-22 — Ala (W) Fru-1,6-P;ases on the concentration of Fru-1,6-
P; at 2 mM Mg?". Assays were performed in Tris buffer, pH 7.5,
at 30 °C. All data points are the average of at least 4 determinations.
The error bars indicate plus and minus one standard deviation, and
the curves drawn are the best-fit curves calculated by a nonlinear
least-squares procedure to the Michaelis—Menten equation incor-
porating a term for substrate inhibition.

saturation curves for both the wild-type and mutant enzymes
were fit by nonlinear regression to a modified form of the
Michaelis—Menten equation which incorporated a term for
substrate inhibition. Multiple determinations of initial rates
at a specific set of component concentrations provided
measures of assay precision, and weighted mean data were
used.

Determination of Protein Concentration. The concentra-
tions of the wild-type and the Arg-22 — Ala enzymes were
determined using the Lowry method (Lowry et al., 1951)
with bovine serum albumin as the standard.

Other Methods. SDS—polyacrylamide gel electrophoresis
was used to judge enzyme homogeneity (Laemmli, 1970).
Concentrations of Fru-1,6-P; and NADP were checked by
performance in the coupled assay, of AMP using 15.4 as
the millimolar extinction coefficient at pH 7.0 at 259 nm,
and of Fru-2,6-P; by partial acid hydrolysis and analysis of
fructose 6-phosphate (Pilkis et al., 1981).

RESULTS

Kinetic Properties of the Arg-22 — Ala Fru-1,6-P;ase.
After purification to homogeneity, the Arg-22 — Ala Fru-
1,6-P;ase exhibited a slightly lower K., a slightly higher Vyax,
and an enhanced level of substrate inhibition compared to
the wild-type enzyme (Figure 2). Due to the enhanced
substrate inhibition observed for the mutant enzyme, analysis
of the kinetic data was performed using a nonlinear least-
squares method incorporating a term for substrate inhibition.
Since the wild-type enzyme also exhibits substrate inhibition,
although at lower levels, analysis of the kinetic data for the
wild-type enzyme was performed in an identical fashion. The
Vimax Of the Arg-22 — Ala enzyme, 44 ymol-min~'-mg~!,
was elevated about 30% compared to the value observed for
the wild-type enzyme, 34 ymol-min~!-mg~!. The catalytic
efficiency of the Arg-22 — Ala enzyme increased, compared
to the wild-type enzyme, not only because of an increase in
the k... but also because of a slight decrease in the K, from
1.4 uM observed for the wild-type to 1.1 #M observed for
the Arg-22 — Ala enzyme (Table 1). Analysis of the
substrate saturation curves indicated that there was a
substantial enhancement in the ability of the substrate to
inhibit the Arg-22 — Ala compared to the wild-type enzyme.

Influence of Mg®>~ on the Wild-Type and Mutant Enzymes.
Wild-type Fru-1,6-Psase is activated by Mg?™, and this
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Table 1: Kinetic Parameters for Wild-Type and Arg-22 — Ala Fru-1,6-P;ases?

enzyme kear (s71) Kn(Fru-1,6-P;) (uM) [Mg**]os* (mM) Ko s(AMPY (uM) Ki(Fru-2,6-P2) (uM)
wild-type 21 1 1.4+03 0.34 4.4¢ 0.065 £ 0.005
Arg-22 — Ala 27 =1 1.1£0.1 0.27 44¢ 0.029 £ 0.002

@ The concentration of Mg?" required to activate the enzyme half of the maximal extent. ¢ The concentration of AMP required to inhibit the
enzyme by 50%. ¢ 3 mM Mg?*. ¢ Experiments on the wild-type and the Arg-22 — Ala enzyme were performed at 17.5 uM Fru-1,6-P; and 2 mM
magnesium concentrations when the components were held constant, except as noted.
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FIGURE 3: Influence of Mg?* on the activity of the wild-type (@,
solid line) and the Arg-22 — Ala (M, dashed line) Fru-1,6-P,ases
at 17.5 uM Fru-1,6-P,. Assays were performed under the same
conditions as mentioned in the legend to Figure 2. Because of the
differences in specific activity between the wild-type and mutant
enzymes, the rates were normalized to the values obtained at
saturating Mg?* (5 mM).
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FIGURE 4: Inhibition by Fru-2,6-P, of the wild-type (@) and the
Arg-22 — Ala (W) Fru-1,6-P;ases, expressed as activity relative to
inhibitor-free rates, at 2 mM Mg?" and 7 uM Fru-1,6-P,. Assays
were performed under the same conditions as described in the
legend to Figure 2.

activation is cooperative with a Hill coefficient of ap-
proximately 2 (Nimmo & Tipton, 1975b). As seen in Figure
3, Mg?" activated both the wild-type and the Arg-22 — Ala
enzymes to almost identical extents. However, these data
suggest that the affinity of the Arg-22 — Ala enzyme for
Mg?* was slightly higher than that of the wild-type enzyme.
The concentration of Mg?* required to activate the wild-
type enzyme to half of its maximal activity was 0.34 mM
compared to 0.27 mM for the Arg-22 — Ala enzyme.
Influence of Fru-2,6-P; on the Wild-Type and Mutant
Enzymes. Wild-type Fru-1,6-P;ase is inhibited by Fru-2,6-
P, and this inhibition is competitive with the substrate Fru-
1,6-P,. As seen in Figure 4, Fru-2,6-P; inhibited the wild-
type and Arg-22 — Ala enzymes in an almost identical
fashion. The K; for Fru-2,6-P; of the Arg-22 — Ala enzyme
was less than half that of the wild-type enzyme (Table 1).
Influence of AMP on the Wild-Type and Mutant Enzymes.
Just as observed with the wild-type enzyme, the Arg-22 —
Ala enzyme could be completely inhibited by AMP. How-
ever, AMP inhibition of the mutant enzyme was substantially
different than that found for the wild-type enzyme. As
illustrated in Figure 5, the Arg-22 — Ala enzyme required
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FIGURE 5: Inhibition by AMP of the wild-type (@) and the Arg-22
— Ala (H) Fru-1,6-Pases, expressed as activity relative to inhibitor-
free rates, at 3 mM Mg?* and 17.5 uM Fru-1,6-P>. Assays were
performed under the same conditions as described in the legend to
Figure 2.

more than 10-fold higher concentrations of AMP to be
inhibited to the same extent. The concentration of AMP
required to inhibit the wild-type enzyme to half of its
maximal activity was 4.4 uM compared to 44 uM for the
Arg-22 — Ala enzyme (Table 1).

DISCUSSION

A comparison of the X-ray crystallographic structures of
the R and T states of pig kidney Fru-1,6-P»ase indicates a
major change in the quaternary structure of the enzyme upon
the binding of the allosteric inhibitor AMP (Ke et al., 1991a).
This change in quaternary structure involves a rotation of
the lower dimer C3:C4 relative to the upper dimer C1:C2
by 17°. In both the R and T states, the interfaces between
the upper and lower dimers are stabilized by specific sets of
interactions between amino acid residues of different sub-
units. The rotation of the two dimers during the R — T
transition breaks one set of interactions that stabilize the R
state and allows the formation of a different set of interactions
that stabilize the T state of the enzyme. Although the
structural data suggest that these intersubunit interactions are
important for stabilization of the R and or T states, these
data do not provide direct information concerning the
functional role of these residues in the R — T transition.

Here we report studies related to the function of Arg-22,
which is involved in different intersubunit interactions in the
R and T states of the enzyme. When Arg-22 in pig kidney
Fru-1,6-P,ase was replaced by alanine, there was not only
an increase in the V.« of the enzyme-catalyzed reaction,
but also a slight decrease in the Ky, resulting in an enzyme
with a 65% enhancement of catalytic efficiency as judged
by the k../Kn ratio. The higher affinity for Fru-1,6-P;
observed in the Arg-22 — Ala enzyme also was reflected in
the more than 2-fold enhanced affinity of the mutant enzyme
for the competitive inhibitor Fru-2,6-P,, as well as an
enhancement in substrate inhibition. All these factors suggest
that the Arg-22 — Ala enzyme in the absence of AMP has
a destabilized T allosteric state, and can be described as an
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FIGURE 6: Stereoview of the C1:C4 interface of pig kidney Fru-1,6-Pyase in the T state (Ke et al., 1991a). Shown are portions of helices
H1 and H2 that flank the AMP binding site. The side-chain hydroxyl of Thr-27 interacts with a phosphate oxygen of AMP, while the
backbone carbonyl oxygen of Thr-27 forms a hydrogen bond with the side chain of Arg-22. This figure was drawn with the program

SETOR (Evans, 1993).

R-state enzyme possessing enhanced catalytic potential. The
enhanced catalytic efficiency as well as the ability of the
mutant enzyme to be activated by Mg?™ also indicates that
the replacement of Arg-22 by Ala has in no way diminished
the ability of the enzyme to catalyze the hydrolysis of Fru-
1,6-P-.

The major kinetic alteration caused by the substitution of
Arg-22 by Ala was the decreased affinity of the enzyme for
the allosteric effector AMP, demonstrated by the 10-fold
increase in the concentration of AMP required to inhibit the
enzyme. Although this alteration must be due to a weaken-
ing of the interactions between the enzyme and the inhibitor,
the cause of this affinity loss may be direct or indirect. In
the R state, the side chain of Arg-22 is more than 8 A from
Thr-27, the residue with which it interacts in the T state.
Therefore, a replacement at Arg-22 might not be expected
to have a direct influence on AMP binding to the R state of
the enzyme. However, the R — T transition results in a
substantial alteration in the interactions involving this residue
that span both the C1:C4 and C2:C3 interfaces. In the T
state, the guanidino group of Arg-22 is within hydrogen
bonding distance to the carbonyl oxygen of Thr-27. Al-
though the carbonyl oxygen of Thr-27 does not interact with
AMP, the side chain hydroxyl of this Thr-27 does interact
with a phosphate oxygen of AMP (Ke et al., 1991a).
Therefore, in the T state, it is possible that the replacement
of Arg-22 by Ala may have a direct influence on the binding
of AMP by disturbing the protein backbone near Thr-27.
However, the loss of AMP affinity due to a protein backbone
displacement is unlikely because helices H1 and H2 stabilize
the conformation of the turn containing residue Thr-27
between them (see Figure 6).

The enhanced affinity of the Arg-22 — Ala enzyme for
Fru-1,6-P, and Fru-2,6-P, as well as the higher k., value
suggests an enzyme in which the equilibrium between R and
T is shifted more toward the R state than is characteristic of
the wild-type enzyme. Given this hypothesis, the altered
affinity for AMP would be reflected in the weakened

stabilization of the T state due to the loss of the interactions
of Arg-22 across the C1:C4 and C2:C3 interfaces. Such a
destabilization of the T state can explain all the observed
alterations in the kinetic properties of the Arg-22 — Ala
enzyme.

As pointed out by Ke et al. (1991a), arginine is uniformly
present at residue 22 in the Fru-1,6-P,ases that are inhibited
by AMP, but absent in certain Fru-1,6-P,ases that are not
inhibited by AMP. The data reported here suggest that a
substitution at Arg-22 may be partially but not totally
responsible for the loss of AMP inhibition observed in these
enzymes.

The X-ray structural data indicate that the T-state inter-
subunit interaction between Arg-22 and the backbone car-
bonyl of Thr-27 is only one of several interactions that
stabilize the C1:C4 and C2:C3 interfaces. Furthermore,
many of these intersubunit interactions are different in the
R and T states of the enzyme. Therefore, the interactions
involving Arg-22 contribute only a part to the overall
stabilization of T allosteric state over the R allosteric state.
Additional experiments are planned to further evaluate the
functional role of the remaining intersubunit interactions in
the R — T transition of pig kidney Fru-1,6-P»ase.
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