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ABSTRACT. Kt and Li* were used to study the kinetic effects of monovalent cations on porcine liver
fructose-1,6-bisphosphatase (FBPase). At saturating fructose 1,6-bisphosphate (FBP) concentrations, Li
was found to be a linear noncompetitive inhibitor with respect tMgK* was found to activate the
wild-type enzyme at low concentration( = 17 mM) and to inhibit the enzyme at high concentrations
(Kik+ = 68 mM). A steady-state random ter mechanism was proposed, and a mathematical equation was
derived to account for the Mg and K kinetics and activation of FBPase. Interestingly, when Glu280
was mutated to glutamine by site-directed mutagenesislokt the ability to activate the enzyme and
became a noncompetitive inhibitor with respect to2¥lg These kinetic data suggest that Kas two

distinct sites. One is a high-affinity activation site and the other a low-affinity inhibition site. Glu280 is
essential for allowing K to bind at the activation site. Due to the geometric constraints and its small
atomic radius, LT can bind only at the inhibitory site. It is postulated that monovalent cations activate
FBPase by helping the Arg276 residue “deshield” the partial negative charge on the 1-phosphoryl group
of the substrate so that nucleophilic attack on the 1-phosphorus atom is facilitated. In addition, monovalent
cations may, along with Mg ions and surrounding residues of the protein, help orient the 1-phosphoryl
group so as to achieve the optimal position required for catalysis. Monovalent cations inhibit FBPase
either by distorting the geometry of the active site or by retarding turnover or product release.

Fructose-1,6-bisphosphatase (FBPase, EC 3.1.3.11) play4993a,b) that there are two divalent metal binding sites per
an important role in the regulation of gluconeogenesis (Krebs, subunit, a high-affinity “structural” site (M1) and a low-
1963; Marcus, 1981; Hers & Hue, 1983; Pilldsal., 1988). affinity “catalytic” site (M2) (Benkovicet al, 1978), and
In the presence of a divalent metal ion, it catalyzes the that catalysis requires the formation of a catalytically
hydrolysis of fructose 1,6-bisphosphate (FBP) to form competent quaternary complex of enzynél—M2—FBP;
fructose 6-phosphate (F6P) and inorganic phosphate. Thehowever, in the case of Mg ions, only one ion binds per
reaction is competitively inhibited by fructose 2,6-bisphos- subunit on the basis of kinetic (Liu & Fromm, 1990) and
phate (Fru-2,6-F) and noncompetitively inhibited by AMP  X-ray diffraction studies (Zhangt al, 1993a,b), and there
(Liu & Fromm, 1990). These two molecules act synergisti- is no evidence that the M2 site is occupied by2Zhang
cally to inhibit FBPase (Hers & Van Schaftingen, 1982). et al, 1993a,b).

AMP is thought to prevent divalent metal binding to FBPase,
and divalent metal binding is required for FBPase activity
(Gomori, 1943; Benkovic & deMaine, 1982). Fru-2,6if
pehevec! to_ have two functions N reg'ula.uc.)n of FBPase. One 1980). Among the monovalent cations studied, KIH,",
is that it is a potent competitive inhibitor of FBP and . .

. ) . . and TI" are the best activators, whereas' lis a strong
competes with the substrate for the enzyme’s active site (Ke'nh'b'tor' however. how these monovalent cations affect the
et al, 1989, 1990; Van Schaftingen & Hers, 1980) the other inhibitor; hNowever, how v :

is to keep AMP on the enzyme (Liu & Fromm, 1988), thus activity of FBPase remains unclear. Tejwaatial. (1976)
enhancing the action of AMP ' ' proposed that the activation effect of Kvas to overcome

] ) ) . inhibition of the enzyme by high concentrations of divalent
It is known that FBPase is a homotetramerywth a subunit 1 atal ions. Xuet al. (1993) suggested that activation by
molecular mass of 37 kDa (Marces al, 1982; Burtonet monovalent cations might result from the binding of Kt

al., 1993). It has been shown from binding studies (Benkovic g jte gistinct from the catalytic site. Marcus (1975) reported
et al, 1978) and the crystallographic structure (Zhangl,, that activation of FBPase by Kcould be abolished by
modification of arginyl residues with 2,3-butanedione in the

t This research was supported in part by Research Grants NS 1054epresence of AMP. He also found that only one arginyl
and GM06920 from the National Institutes of Health, United States residue per subunit played an essential role in monovalent
Public Health Service, and Grant MCB-9218763 from the National cation activation of the enzyme This arginyl residue was

Science Foundation. This is Journal Paper J-16406 of the lowa . - . .
Agriculture and Home Economics Experiment Station, Ames, Project thought to be in the substrate binding site on the basis of

A monovalent cation is needed for the enzyme to achieve
its maximal activity (Hubertet al, 1970; Villanueva &
Marcus, 1974; Colombo & Marcus, 1973; Marcus & Hosey,

3131. the fact that no loss of monovalent cation activation occurred
; L‘\’Iv‘;"gfigeamm?;?"“de“ce should be addressed. when modification was carried out in the presence of AMP
s Harvard University. Y plus the substrate. Very probably, this residue is Arg276,
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in the absence of divalent cations (Zhastgal., 1993a,b). 25
This arginyl residue plays important roles in both enzyme
activity and Mg" cooperativity and in determination of the
kinetic mechanism of FBPase (Zhang & Fromm, 1995).

In order to gain insight into the effects and mechanism of
monovalent cations on FBPase and the location of their
binding sites, we have studied the kinetic effects of monova-
lent cations on FBPase by using Kand Lit as models of
activation and inhibition, respectively. Here, we report that
Li* is a noncompetitive inhibitor with respect to Ffg
whereas K activates wild-type FBPase at low concentrations
but inhibits the enzyme at high levels. Our results, together ‘ ‘ ‘ ‘
with crystallographic studies of FBPase in the presence of 0.0 3.0 eo . 90 120 1.0

: : : : (1Mg)? (1/mM)
monovalerjt cations (Villerett ql., 1995), identify t_he FIGURE 1: Plot of the reciprocal of the initial velocity in arbitrary
different binding sites (.Jf K and Lﬁ.' From these studies, fluorescent units versus the reciprocal of [Mp at different
the molecular mechanisms of action for these monovalent concentrations of K with wild-type FBPase. The concentrations
cations are discussed. This is thought to be the first attemptof K+ are 25 mM @), 30 mM (+), 35 mM (a), and 45 mM ).
to explain the role of monovalent cations on FBPase at the These concentrations include the amount ofused to adjust the

molecular level based on the structure and function of the PH of Hepes buffer. The lines are theoretical and are based on eq
enzyme 3. All the points are experimentally determined.

1/velocity(arbitrary units)

language program with aa value of 2.0 (Liu & Fromm,
1990).

Materials NADP, FBP, Fru-2,6-F AMP, Hepes, and RESULTS
Tris were purchased from Sigma (St. Louis, MO). Glucose-
6-phosphate dehydrogenase and phosphoglucoisomerase Enzyme Quality. The purities of wild-type recombinant
were from Boehringer Mannheim (Indianapolis, IN). Dis- FBPase and the Glu280GIn mutant of porcine FBPase were
tilled deionized water was used in all experiments. All other evaluated by sodium dodecy! sulfatpolyacrylamide gel
reagents were of the highest purity available commercially. electrophoresis (SDSPAGE). The proteins were greater
A mutant of recombinant porcine liver FBPase, Glu280GIn, than 95% pure by using the criterion of electrophoresis. Also,
was obtained by site-directed mutagenesis as describedcho discernible degradation of the proteins was observed (data
elsewhere (Chert al, 1993). Recombinant and mutant not shown).
forms of porcine liver FBPase were prepared and purified ~Secondary Structure AnalysiSthe secondary structures
as previously described (Chest al, 1993) with slight of recombinant wild-type and the Glu280GIn mutant of
modifications. The pET-1la expression vector carrying FBPase were analyzed by CD spectrometry. The purpose
either the wild-type or mutant the FBPase gene was Of this study was to determine whether localized or global
transformed into aiEscherichia colDE657 host cell, a strain ~ structural alterations were induced in the mutant. The CD
deficient in the FBPase gene. Mutant forms of the enzyme spectral data showed that the spectrum of the mutant was
were obtained in yields comparable to those of the wild- essentially superimposable on that of the wild-type enzyme
type enzyme. Porcine liver and kidney FBPase are identical (data not shown). These results suggest that no major
in their primary sequences (Burtat al., 1993). conformational changes occurred in FBPase when Glu280
was mutated to glutamine by using CD as a criterion of
secondary protein structure.

Effects of K on Wild-Type FBPaseK™ plays a dual role

EXPERIMENTAL PROCEDURES

Protein Assay.Total protein was measured by the Bio-
Rad method with bovine serum albumin (from Sigma) as a

standard. . ; L ) X
in affecting the activity of wild-type FBPase. It can activate

Circular Dichroism (CD) SpectrometryCD studies on a4 inhibit the enzyme in a concentration-dependent manner.
the wild-type and mutant forms of FBPase were carried out Figure 1 illustrates the effects ofton the kinetics of Mg"

in 50 mM Tris-HCI buffer (pH 7.5) at room temperature in - 5civation and inhibition of FBPase at saturating levels of
an AVIV CD spectrometer model 62DS kindly supplied by rgp. From Figure 1, it can be seen that, when
Dr. EarI.Stellwagen at the University of Iov_va. Samples were 1/[Mg?*]2is plotted at different fixed concentrations of K
placed in a 1 mm cuvette, and data points were collected ihe |ines are linear and the intercepts of the lines orasis
from 200 to 260 nm in 0.5 nm increments. Each spectrum gecrease while the slopes increase as the concentration of
was calibrated to remove the background of the buffer and k+ jncreases. A stochastic approach was used to fit the data
smoothed by using a program in the computer of the shown in Figure 1 and then to explain the results shown in
spectrometer. Figure 1. The simplest and most feasible rationale for the
Kinetic Studies.FBPase activity during purification and data in Figure 1 is described by the mechanism depicted in
the specific activity of the pure enzyme were measured by Scheme 1, which is a steady-state random ter kinetic model.
using the phosphoglucoisomerase/glucose-6-phosphate dewhere A= Mg?t, B=K™*, and C= FBP. Scheme 1 depicts
hydrogenase coupled spectrophotometric assay (Pontremola paradigm of K and Mg " activation of FBPase based upon
& Traniello, 1975). All other kinetic experiments were done a number of well-documented investigations reported in the
using a fluorometric assay (Liu & Fromm, 1990) at pH 7.5 literature. These include the observations that there is an
(50 mM Hepes buffer) and 24C. The initial rate data were  absolute requirement for divalent metal ions by FBPase for
analyzed for kinetic mechanisms by using a MINITAB activity (Gomori, 1943; Benkovic & deMaine, 1982), that
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Scheme 1

25

EABC—E + P

monovalent cations such as‘Kan only serve to activate
FBPase in the presence of divalent cations (i.e., in the
presence of K; but in the absence of divalent ions such as
Mg?", FBPase is inactive), that only one ktgion binds
per FBPase subunit (Zhangt al, 1993a,b), that the
kinetic mechanism of FBPase at pH 9.5 is rapid equilibrium
random bi bi (Liu & Fromm, 1990), and that, at saturating

Mg?* concentrations, the FBPase reaction in the nonphysi-

ological direction is steady-state random bi bi (Stone &

Fromm, 1980). The model described in Scheme 1 was thus

proposed in the context of the previously reported kinetic

studies on the kinetic mechanism and activation of FBPase_ Ky og/kyekos: Kiy

by Mg?t and K' ions. The initial rate equation for this
kinetic model is

.
[k EABC) + ko EAC)IE,

E+EA+EB+ EC+ EAB + EAC+ EBC+ EB,C + EABC

1)

The determinants for E, EA, EB, EC, EAB, EAC, EBC,
EB,C, and EABC were obtained by using a computer

Zhang et al.

Table 1: Kinetic Constants for the Effects of kn Wild-Type
FBPase

constant enzymeligand interaction value (mM)
Kb FBP-E—Mg?" + KT = K*—E—Mg?'—FBP 17+ 0.23
Kig K*—E—FBP+ K* = K,"—E—FBP 68+ 2.1

displace the 1-phosphoryl group toward the metal binding
site. Thus, formation of a salt bridge between Arg276 and
FBP may hinder K binding to the free enzyme, but the
binding of Mg* to the enzyme disrupts this salt bridge,
which provides room for K, so that K binding is facilitated.

On the basis of these assumptions, the complex equation was

simplified to eq 2:
KasEo _ koolkoy n E)
Kis
)

vV iogk, +B
in which ka1 > kys andk;7 > kig on the basis of the above
assumptions. Thus, eq 2 is further simplified to eq 3:

n ki k25( kyglky7 + B) (l
k15k23\ A2

_1

1_
VoV,

KB
1+i2(1+£)+
A Kig

Ky

3 ®)

where v, A, and B represent the initial velocity, the
concentration of Mg, and the concentration of 'K re-
spectively: Vim = kasEp, which is the maximum velocity,

is the activation constant for andKig

is the inhibition constant for K The data in Figure 1 fit
very well to eq 3; e.g., the goodness of fit was 1.5%. The
kinetic constants for the effects oftkon wild-type FBPase
are summarized in Table 1. From Table 1, it can be seen
thatKg is about 4-fold higher thakp.

The data in Figure 1 are not consistent with a rapid
equilibrium random model in which all the steps in Scheme
1 are in rapid equilibrium relative to the breakdown of the
EAC and EABC complexes to products. In addition, the

program (Fromm, 1975). When these determinants weredata do not fit to the model where B binds the EABC

substituted into eq 1, a very complex equation containing

992 terms in the numerator and 6656 terms in the denomina-

tor of eq 1 was obtained (not shown). Since the kinetic

complex, i.e., K and Mg* bind mutually exclusively at
site 1.
Effects of K on Glu280GIn Mutant FBPaseCrystal-

studies were performed at a saturating FBP concentrationlographic studies have shown (Figure 4) that metal site 1 is

(12uM), most of the terms in the numerator and denominator
were eliminated. To simplify the equation further, four

defined by Glu280, Glu97, Aspll8, Aspl2l, and the
1-phosphoryl group of FBP (Zharet al., 1993a,b); metal

assumptions were made. (a) All forward direction steps are site 3, which is thought to be the putative Kctivation site,

much faster than the reverse direction steps. (bj™Nglds
more rapidly to the free enzyme and the enzymeebstrate
complexes than does*K (c) K™ binds to the enzyme
Mg?t—FBP complex much faster than either the breakdown
of the competent quaternary complex of enzyrvg? —
FBP—K™ to products or the dissociation of ¥tgfrom this
complex. (d) K adds to the ternary complex of enzyme,
K*, and FBP to form the dead-end complex,EB These

is defined by Glu280, Arg276, and the 1-phosphoryl group
of FBP (Villeretet al,, 1995). Therefore, Glu280 is thought

to be important for metal ion action. A mutant, Glu280GiIn,
was prepared and characterized, and the kinetic effects of
K* on this mutant form of FBPase were studied. The
mutation caused a dramatic decrease in enzyme activity, i.e.,
the keo: Of the mutant enzyme is 0.015%s which is 0.1% of

that of the wild-type enzyme. The kinetic data are shown

assumptions are based on the kinetics of the system, datan Figure 2. From Figure 2, it can be seen that, whernvs/

from the literature (Gomori, 1943; Benkovic & deMaine,
1982; Hubertet al, 1970; Villanueva & Marcus, 1974;
Colombo & Marcus, 1973; Marcus & Hosey, 1980), and the
crystal structure of FBPase (Zhaeg al., 1993a,b) which
shows that, in the absence of divalent metal ions¢thmino
group of Arg276 forms a salt bridge with the 1-phosphoryl
group of FBP. However, this salt bridge no longer exists in

1/[Mg?*] is plotted at different fixed concentrations of K

a noncompetitive inhibition pattern was obtained. These
findings suggest that Kis a noncompetitive inhibitor with
respect to Mg" when Glu280 of FBPase is changed to
glutamine. The data in Figure 2 fit well to eq 4 (the goodness
of fit was 5.3%) but did not fit to other models such as a
competitive inhibition model, a rapid equilibrium random

the presence of divalent ions because the bound divalent iondi bi model, or the steady-state random model shown in
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Ficure 2: Plot of the reciprocal of the initial velocity in arbitrary
fluorescent units vs the reciprocal of [’fg at different concentra-
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Ficure 3: Plot of the reciprocal of the initial velocity in arbitrary
fluorescent units vs the reciprocal of [Ffg? at different concentra-

tions of K™ with the Glu280GIn mutant FBPase. The concentrations tions of Li* with wild-type FBPase. The concentrations of lare

of K+ are 25 mM M), 125 mM (), and 175 mM 4). These
concentrations include the amount of kised to adjust the pH of

0OmM (m), 2 mM (+), and 4 mM @). The lines are theoretical
and are based on eq 4, where théerms are second power, and

Hepes buffer. The lines are theoretical and are based on eq 4, andhe points are experimentally determined. The assay solutions

the points are experimentally determined.

Table 2: Kinetic Constants for the Effects of Kn Glu280GIn
FBPase

constant enzymeligand interaction value (mM)
Ka E + Mg?" = E—-Mg?" 14+0.14
Ki E+ Kt=K**—E 102+ 56.0
Kii E—-Mg?" + K+ = K*—E—Mg?" 222+ 43.0
Kii K*—E + Mg2+ = K*—E—Mg?" 3.4+0.51
Scheme 1. The form of eq 4 is
1_1 |, Ka, K
=14+ ——+—=—+—-— 4
v Vm( Ki A KA )

wherev, Vim, A, |, K;, andK; represent the initial velocity,
the maximum velocity, the concentration of Rig the
concentration of K, and the inhibition constants for*K
respectively. Itis noteworthy that theterm in eq 4 is first

contained 25 mM K which was used to adjust the pH of Hepes
buffer. When 50 mM Tris-HCI buffer (pH 7.5) was used (no)K
identical results were obtained.

Table 3: Kinetic Constants of the Effects oftLon Wild-Type
FBPase

constant enzymeligand interaction value
Ka E + Mg?" = E—Mg?" 0.50+ 0.04 mM?
Ki E+Lit=Li"-E 0.20+ 0.05 mM
Kii E-Mg?" + LiT=Lit*—E-Mg?" 1.3+ 0.57 mM
Kii Lit—E + Mg?" = Lit*—E—Mg?" 3.3+ 0.05mM

are not mutually exclusive binding ligands, and a complex
of the two cations in the region of site 1 is consistent with
both the kinetic data of this report and the structural findings
of Villeret et al. (1995).

DISCUSSION

X-ray diffraction data have established that there are three

power instead of second power. These results suggest thatetal binding sites (Figure 4) associated with each FBPase

the mutation caused FBPase to lose?Mgjgmoidicity. When
the concentration of Hepes-Nauffer (pH 7.5) was varied
from 30 to 250 mM, enzyme activity was not affected. This
result indicates that the effect oftkon Glu280GIn FBPase
is not due to ion strength.

subunit, all of which can bind monovalent cations (Villeret
et al, 1995). Two of these sites, designated as sites 1 and
2, are divalent metal binding sites when the metals ar&"Mn
or Zrét (Zhanget al, 1993a,b), whereas site 3 reported for
FBPase is specific for monovalent cations. There is no

Equation 4 is the rate equation derived from a conventional evidence that Mg binds to site 2 (Zhangt al., 1993a,b;

noncompetitive inhibition model. The kinetic constants for
the effect of K on Glu280GIn mutant FBPase are shown in
Table 2.

Effects of Li on Wild-Type FBPaseFigure 3 depicts the
kinetic effects of Li on wild-type FBPase. At a saturating
FBP concentration (1M), a noncompetitive inhibition
pattern was obtained whenvMvas plotted vs 1/[Mg]2 The
data in Figure 3 gave excellent fits to eq 4 whereAlterm
was raised to the second power (Mgigmoidicity was not
affected by Li ions). The goodness of fit was 3.0%. When

Benkovic & deMaine, 1982). In the presence of Mgnd
activating concentrations of K sites 2 and 3 are expected
to be occupied by K. It has been shown that'Kactivation
of FBPase is similar with either Mg or Mn?>* (Hubertet
al., 1970). Tight binding at site 2 by Mh would preclude
inhibition at this site by K. Because Lf binds exclusively
at site 1 (Villeretet al, 1995) to inhibit FBPase, it is not
unreasonable to assume that site 1 may be the low-affinity
K* inhibition site.

The results of this report are consistent with the chemical

the data in Figure 3 were fit to other models such as a modification studies reported by Marcus (1975) and the
competitive inhibition model, a rapid equilibrium random crystallographic studies from Lipscomb’s laboratory (Villeret
bi bi model, or the steady-state random model as shown inet al,, 1995). Marcus found that modification of pig kidney

Scheme 1, the goodness of fit value was at least 20%. TheFBPase with 2,3-butanedione in the presence of AMP
kinetic constants for the effects of tion FBPase are resulted in the loss of activation of the enzyme by monova-
summarized in Table 3. From Tables 1 and 3, it can be lent cations, but no loss of monovalent cation activation was
seen that the affinity of FBPase is much higher fof thian observed when the modification was carried out in the
for K*. Because of its noncompetitive naturet aind Mg+ presence of both AMP and FBP. In addition, Marcus found
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P6

K274

Ficure 4: Stereoview of the metal binding region in the presence of the substrate analogue anlgygrivel-1,6-bisphosphate (AhG-

1,6-B,) and potassium ions, as observed in the crystal structure (Vikerat, 1995). P6 refers to the 6-phosphoryl group of AhG-1;6-P

011, 012, and 013 are 1-phosphoryl oxygens. K1, K2, and K3 refer to potassium ions at sites 1, 2, and 3, respectively. Distances between
K+ ions and their ligands are indicated. K1 and K2 are bound at the divalent metal sites, and K3 is bound at the specific'sde Tor K

ions. K1 and K2 are 3.9 A apart; K1 and K3 are 3.4 A apart.

that one arginyl residue per subunit plays an essential roleonly monovalent cation known to have only inhibitory effects
in monovalent cation activation of the enzyme. It is now on FBPase. From Figure 3, it can be seen that, at saturating
clear that this residue is probably Arg276 because this arginyl levels of FBP, Li is a noncompetitive inhibitor with respect
residue alone, together with Glu280 and the 1-phosphoryl to Mg?". Possibly due to the geometric constraints at the
group of FBP, defines the Kand TI* binding site (Villeret active site of the enzyme and the ionic radius of the cation,
et al, 1995). Li* may coexist with M@" at site 1 and may inhibit the
Li* cannot be seen by X-ray analysis, but kinetic evidence eénzyme by disturbing the geometry of kgand its ligands
in this report and indirect evidence from the crystal structure in @ manner similar to that in which K pushes the
data (Villeretet al, 1995) have shown that it binds at metal guanidinium group of Arg 276 aside at site 3 (Villerstt
site 1, which is defined by Glu280, Glu97, Asp118, Asp121, al., 1995).
and the 1-phosphoryl group of FBP (Zhaggal, 1993a,b; The effects of monovalent cations on FBPase have long
Villeret et al, 1995). The kinetic data presented in this report been recognized (Hubest al, 1970; Villanueva & Marcus,
suggest that K can bind at two sites: one activation site  1974; Colombo & Marcus, 1973; Marcus & Hosey, 1980;
with high affinity and one inhibition site with low affinity. Nakashima & Tuboi, 1976), but the mechanism of action of
It is probable that metal site 3 is the site where monovalent these ions remains unknown. It is well-known that monova-
cations bind and activate FBPase (X-ray analysis has shownlent cations have similar effects on Hsc70 protein (O’'Brien
that metal site 3 is the only site specific for'KTI*, and & Mckay, 1995) and on FBPase. The difference between
presumably NHi" ions), whereas metal site 1 is very probably Hsc70 and FBPase is that there is no positive residue at the
the site where monovalent cations bind and inhibit the K+ binding site in Hsc70, whereas FBPase has Arg276 at
enzyme. In this case, monovalent cations may either replacethis site. In the case of Hsc70 protein;” kparticipates
the divalent cation at this site or coexist with the divalent directly in the hydrolysis of ATP. It facilitates the hydrolysis
cation in this negatively charged pocket. Our kinetic data eijther by deshielding the target phosphorus atom and making
suggest that the former is true for"Knhibition, and the it more susceptible to nucleophilic attack or by electrostati-
latter may be true for Li inhibition. These arguments are cally stabilizing the pentavalent transition state (Wilbanks
supported by the finding that the effects of monovalent & Mckay, 1995). Some proteins have positive residues at
cations on FBPase are size-dependent (Nakashima & Tuboitheir active site which play the role of monovalent cations.
1976). For example, the-amino group of Lys18 in actin forms a
The kinetic data shown in Figure 2 also suggest that, whensalt bridge to oxygen of ADP (Kabscaét al, 1990), and
Glu280 was mutated to glutamine,*Kost the ability to Lys16 within the P-loop of H-ras p21 (Pat al,, 1990) has
activate the enzyme and became a noncompetitive inhibitorbeen shown to fulfill the role of K. However, in the case
with respect to Mg". Presumably, K can only bind to of FBPase, Arg276 and Kcannot replace each other, and
metal site 1 of the mutant form of FBPase and inhibit the both must be present for the enzyme to reach its optimal
enzyme. This is deduced from crystal structure data (Villeret activity. When Arg276 was mutated to methionine, the
et al, 1995) showing that L binds to site 1 and the kinetic ~ enzyme lost-99% of its activity (Zhang & Fromm, 1995),
findings in this report showing that tiis a noncompetitive  yet K* can still activate but cannot completely restore the
inhibitor with respect to Mg". Metal site 1 of the mutant  activity of the mutant FBPase (R. Zhang and H. J. Fromm,
enzyme may not be defined as well as it is in the wild-type unpublished observations). This suggests that Arg276 plays
enzyme so that Kmay coexist with Mg" at this site and  an important role in enzyme activity. This residue is also
thus play a role as a noncompetitive inhibitor. *Llis the known to be essential for Mg sigmoidicity, and it deter-
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mines the kinetic mechanism of FBPase (Zhang & Fromm, Hubert, E., Villanueva, J., Gonzalez, A. M., & Marcus, F. (1970)

1995).

On the basis of our kinetic data and the X-ray structure

data obtained by Villereg¢t al. (1995), it is postulated that

metal site 3 of FBPase is the monovalent cation activation

site where monovalent cations such as, KI*, or NH,™,

together with Arg276, activate the enzyme by deshielding
the 1-phosphoryl group of the substrate and aid in the

nucleophilic attack at the phosphorus atom by OHn
addition, this region of FBPase is involved with kgons
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plexed with Li* loses its ability to carry out catalysis, i.e., it
forms a dead-end complex. The inhibitory effects of Li

on inositolmonophosphatase may be the basis for the clinical
treatment of manic depression. The effects of monovalent
cation inhibition, and/or activation of FBPase, may represent
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