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ABSTRACT:. Phosphofructokinase (PFK) catalyzes the phosphorylation of fructose 6-phosphate (F6P) to
give fructose 1,6-bisphosphate (FBP) using MgATP as the phosphoryl donor. As the concentration of
Mg?* increases above the concentration needed to generate the MgATP chelate complex, a 15-fold increase
in the initial rate was observed at low MgATP. The effect of ¥i¢gs limited to V/Kugate, and initial rate

studies indicate an equilibrium-ordered addition ofaflgefore MgATP. Isotope partitioning of the dPFK:
MgATP* complex indicates a random addition of MgGATP and F6P at low#Muwith the rate of release

of MgATP from the central E:MgATP:F6P complex 4-fold faster than the net rate constant for catalysis.
This can be contrasted with the ordered addition of MgATP prior to F6P at higti.Mdpe addition of
fructose 2,6-bisphosphate (F2§PRas no effect on the mechanism at low Mgwith the exception of a

4-fold increase in the affinity of the enzyme for F6P. At high WgF26R causes the kinetic mechanism

to become random with respect to MgATP and F6P and with MgATP released from the central complex
half as fast as the net rate constant for catalysis. The latter is in agreement with previous studies [Gibson,
G. E., Harris, B. G., and Cook, P. F. (199Bjochemistry 355451-5457]. The overall effect of MRy

is a decrease in the rate of release of MgATP from the E:MgATP:F6P complex, independent of the
concentration of F26P

Phosphofructokinase (PFKgatalyzes the phosphorylation inhibitory site by diethylpyrocarbonate in the presence of
of the 1-hydroxyl of fructose 6-phosphate (F6P) to give high concentrations of F6P, generating a form of the enzyme
fructose 1,6-bisphosphate (FBP). In the parasitic nematodetermed dPFK, which is still activated by AMP and F26P
Ascaris suumwhich has an anaerobic metabolism, the PFK (3). In addition a T state of the enzyme can be stabilized by
reaction determines the flux through the glycolytic pathway, covalent modification of the ATP inhibitory site witH,3'-
which ends with the production afmalate. The PFK is  dialdehyde ATP, giving an enzyme form termed oPHK (
highly regulated by small molecule effectors. Inhibition by Although the enzyme exhibits a sigmoid saturation curve
ATP is observed at high concentrations as a result of binding for F6P at pH values lower than 7.5, the curve becomes
to an allosteric site stabilizna T state, while adenosine noncooperative at pH 8, likely a result of titrating the
5'-monophosphate (AMP) and fructose 2,6-bisphosphateimidazole in the ATP inhibitory site5).

(F26R) are activators binding to separate allosteric sites  The kinetic mechanism of the native form of thesuum
stabilizing an R state?). Allosteric inhibition by ATP can PFK at pH 8 and the dPFK at pH 6.8 has been studied in
be essentially eliminated by covalent modification of the ATP the absence and presence of the allosteric activator F26P
(6). The mechanism is steady-state-ordered in the absence
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to random as the Mg concentration decreases. In the the double-coupled assay, fixing F6P equal takitsvalue

presence of F26lPthe mechanism also becomes random as and varying MgATP at several different concentrations of

a result of an increase in the affinity of F6P),(but M¢?* inhibitor. The individualKrep andV values, which are used

still increases the affinity for MgATP at saturating F26P  in the isotope partitioning calculations, were determined
using the adolase/triose phosphate isomesagb/fcerol-

MATERIALS AND METHODS phosphate dehydrogenase coupled assay, fixing one substrate

. 32 . atasaturating concentration and varying the other substrate.
Chemicals[y-*P]JATP was purchased from ICN Radio To avoid activation of PEK by (NE,SOs all coupling

chemicals. All other chemicals and enzymes were purchased . . .
from Sigma and used without further purification. enzyme stock solutions were prepared either by desalting

o an ammonium sulfate suspension of the enzyme using a
Purification of A. suum PFKPFK from A. suumwas  cenricon-30 centrifugeffilter apparatus or by dissolving an
purified according to the method of Allen et a8) {with the

. - e . (NHy)2SOx-free lyophilized powder of the enzyme.
exception of the_ad_dnpn of the protease inhibitors aprotinin Mg?"—Chelate CorrectionAll previous A. suumPFK
(10 mg/L), trypsin inhibitor (20 mg/L), and phenylmethyl-

p initial velocity experiments were carried out at an arbitrary
sulfonyl fluoride (1 mM) to the crude extract and the DEAE- high [Mg?*] concentration so that all ATP would be present

Sephacel eluate. The purified enzyme had a final specific 55’ \gATP, the true substrate for PFK. However, in studying
activity of approximately 43 units/mg. The enzyme was e effect of the M@ ion on PFK activity, it was necessary
stored in 50 mM KHPQ, buffer at pH 7.5 with 2% glycerol 4 correct for the presence of all Mdigand complexes
and 10 mM/-mercatoethanol (BME). For initial velocity  nresent in a reaction mixture. The concentration of substrates,
experiments, the enzyme was diluted with the same storag€gtfectors, and inhibitors was corrected for the concentration

buffer_to approximately 5 units/mL. For isotope partitio_ning of any metatligand complex at a given [Mg]see concen-
experiments, the enzyme was concentrated to approximately,ation using eq 1

500 units/mL using an Amicon conical membrane centrifuge
apparatus with a molecular-weight cutoff of 30 000. L] e[Mgz+]f
re ree

Chemical Modification of Nate PFK. The dPFK was [L]; = [L]fee T
prepared according to the method of Rao et3)l. giving a
final specific activity of 30 units/mg. The dPFK was stored ) i . i
in 50 mM KH,PO; buffer at pH 6.8 with 2% glycerol and Where [L} is th_e total Ilga_md concentration in the reaction
10 mM BME. The concentration of the dPFK in initial MXtUre, [Llrec is the desired concentration of free Mg
velocity and isotope partitioning experiments was the same and K_’V'L is the equilibrium constant for dis_sociatioq of the
as for the native enzyme. The protein concentration of dPFK Md—ligand complex. The total concentration of fgons
was determined by the method of Bradfof), (vith bovine to be added to a reactlon mixture containinggands was
serum albumin as a standard. calculated according to eq 2

Initial Velocity Studiesln the direction of phosphorylation M 2+] L]
of F6P, the production of FBP was coupled to the adolase/ [Mg2+] — [M92+] + Z 9" JredL lfree )
triosephosphate isomerasaglycerol phosphate dehydroge- ! free K,
nase reactions and monitoring the disappearance of the
reduced form of nicotinamide adenine dinucleotide (NADH) where [Md*]nee is the total concentration of Mg to be
at 340 nm. A typical 1 mL reaction mixture contained 100 added to the reaction mixture, Jke is the desired concen-
mM imidazole-HCI at pH 6.8, 8 mM MgGJ 14 units of  tration of theith ligand, and<yy, is the equilibrium constant
aldolase, 34 units of triosephosphate isomerase, 4 units offor dissociation of the chelate complex between2Mgnd
a-glycerolphosphate dehydrogenase, 0.2 mM NADH, ATP theith ligand. Results at “low” Mg" are those obtained at
and F6P as indicated, and 20 milliunits of PFK. MgADP the fixed free Mg" concentration of 0.1 mM, while
formation was coupled to the pyruvate kinasactate  experiments at “high” Mg are those obtained at 5 mM free
dehydrogenase reactions, and a typical 1 mL reaction mixtureMg2?+ concentration.
contained 100 mM imidazole-HCl at pH 6.8, 8 mM MgCl A dissociation constant of 1Vl was used for the MgATP
3 units of pyruvate kinase, 3 units of lactate dehydrogenase,complex (L0), while a dissociation constant of 25 mM was
100 mM KCl, 0.2 mM NADH, 0.2 mM phosphoenolpyruvate used for the MgF6P comple ). At low Mg?*, about 15%
(PEP), ATP and F6P as indicated, and 20 milliunits of PFK. of the ATP is uncomplexed. It has been shown previously
In initial velocity and inhibition experiments, a double-  that uncomplexed Mg only binds to the allosteric inhibitory
coupled assay was used, which monitors the production ofsite, which has very low affinity for the nucleotide in dPFK
both FBP and MgADP in the same 1 mL cuvetfg. (The 3.
double-coupled assay gives greater sensitivity than either |sotope Partitioning Studiegsotope partitioning experi-
assay alone, avoids product inhibition by removing both ments were performed at 3C according to the method of
products, and gives longer linear time courses by recycling Rose (2) at 5 mM Mg and 0.1 mM Md* for the dPFK:
ATP. All assays were initiated by the addition of PFK. The MgATP* complex. Experiments were carried out in the
initial rate was a linear function of the dPFK concentration absence and presence of F26Fhe method for experiments
at all Mg?* concentrations used. In addition, the initial rate at high Mg+ are described first, followed by the method
is constant to an ionic strength ef0.25. for experiments at low Mgj.

Initial velocity patterns were determined using the double-  For the high Mg" dPFK:MgATP* experiment in the
coupled assay, varying MgATP at several fixed concentra- absence of F26Pthe pulse consisted of 130M dPFK (on
tions of F6P. Inhibition patterns were also determined using the basis of a MW of 9000/subunit) and 0.24 mM MgATP*

KoL 1)
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(9000 cpm/nmol) in a total volume of 5@L. The chase  was fixed and the other substrate was varied at several
consisted of 100 mM imidazole-HCI (pH 6.8), 2.0 mM different concentrations of inhibitor. Equation 6 was used
MgATP, and 0.5, 1.0, 4.2, or 10.0 MM F6P in a total volume for the initial velocity pattern at varied Mg and MgATP

of 5 mL. Using aKp value of 2.0uM for the dPFK:MgATP* with F6P fixed. Isotope partitioning data were fitted using
complex at 8 mM M§g", [dPFK:MgATP*], is 129uM. For eq 3 withP* and P, ,, substituted forr andV andK', (Km
experiments in the presence of saturating K26 pulse  for trapping) substituted foK.

consisted of 6«M dPFK, 0.24 mM MgATP* (9000 cpm/

nmol), and 0.2 mM F26fin a total volume of 5QuL, and v= KVfA (3)
the chase consisted of 100 mM imidazole-HCI (pH 6.8), 2.0 a
mM MgATP, and 0.2, 0.5, 1.0, or 10.0 mM F6P plus 0.2 VAB @
mM F26R in a total volume of 5 mL. Using &p value of v=
2.3 uM for the dPFK:MgATP* complex at 8 mM Mgy, Kiakp T KB + KA+ AB
[dPFK:MgATP*]o is 59 uM. _ VA

For the low Mg" dPFK:MgATP* experiments in the v= [ I (5)
absence or presence of F26tPe pulse consisted of 0.1 mM Ka(l + K_) + A(l + K_)
dPFK and 0.2 mM MgATP* (10 000 cpm/nmol), plus and 'S !
minus 0.2 mM F26Rin a total volume of 5Q:L. The chase _ VAB 6
consisted of 50 mM imidazole-HCI (pH 6.8), 2.0 mM v= KK, + KA+ AB 6)

MgATP, and 0.25. 0.5, 1.0, or 20 mM F6P in a total volume o . .
of 5 mL. Using aKp value of 30uM for the dPFK:MgATP In egs 3-6, v andV are |n'|t|all qnd maximum yelouhe@,,
complex at 0.1 mM Mg" in the absence of F26P[dPFK: B, and_l are reactant and inhibitor concentratiokg andKj
MgATP], is 80 uM. Using aKp value of 38uM in the are I\_/I_|chaeI|s constants fok and B,_Kia, Kis, and Kj; are
presence of F26P[dPFK:MgATP}, is 76 uM. inhibition constants foA, slope, and intercept, respectively.
To allow a reliable comparison of the isotope partitioning RESULTS
data at 0.1 and 5 mM Mg, experiments at high Mg were
repeated using the same enzyme stock as that used in the The initial rate of theA. suumPFK reaction is faster at
low Mg?*" experiments. The Mgd concentration was fixed  high (8.0 mM) than at low (1.0 mM) Mg. At 1 mM Mg?",
at 5 mM, correcting for the presence of MgATP and MgF6P sufficient metal ion is available to completely convert all of
as discussed above. The pulse consisted of 0.1 mM dPFKthe ATP to its metatchelate complex. The observation
and 0.2 mM MgATP* (10 000 cpm/nmol) plus and minus suggests that Mg may play a role in the reaction distinct
0.2 mM F26R in a total volume of 50uL. The chase  from that of forming the MgATP chelate complex. The fact
consisted of 50 mM imidazole-HCI (pH 6.8), 2.0 mM that the [Md*]iee cOncentration might affect the catalytic
MgATP, and 0.5 or 10.0 mM F6P in a total volume of 5 activity of PFK is not unprecedented. Many enzymes
mL. Assuming aKp value of 2uM for the dPFK:MgATP catalyzing phosphoryl transfer reactions have been shown
complex at high Mg", [dPFK:MgATP}, is 98 uM. to require more than a single divalent metal ion for catalysis,
For all isotope partitioning experiments, the pulse was including the catalytic subunit of cyclic AMP-dependent
added to the rapidly stirring chase solution, and the reaction protein kinaseX4), choline kinaseX5), pyrophosphatasé&,
was quenched aft8 s byadding 200 mM ethylenediamine  17), sodium/potassium ATPasd§), and pyrophosphate-
tetraacetate (EDTA)A 1 mL aliquot of the quenched dependent PFK 10). To determine whether a second,
reaction mix was then injected onto a Whatman Partisil 10- catalytically important metal ion contributes to tAesuum
SAX column, with 250 mM phosphate as the running buffer, PFK reaction, initial rate measurements were carried out as
a gradient from 0 to 1.5 M KCI, and a flow rate of 2 mL/ a function of the Mgee concentration. All experiments were
min. Fractions of 2 mL were collected, and the amounts of carried out with the dPFK at pH 6.8. dPFK is the diethylpy-
MgATP* were determined by scintillation counting. For each rocarbonate-modified enzyme desensitized to allosteric in-
experiment, two controls were carried out. The first control hibition by ATP @). Although subtle differences may exist
was a measure of trapping at O substrate in the chase, thubetween the nPFK (native enzyme) at pH 8.0, where the
accounting for any ATPase reaction in the pulse solution. enzyme is noncooperative, and the dPFK at pH 6.8, the basic
This control was necessary becausar®l FBP coelute from  mechanisms are the same for both enzyn2eS)
the anion-exchange column under these conditions. The Initial Velocity Studies at Varied Mg. To determine
second control was carried out for each concentration of whether the steady-state kinetic paramet®sKgse and
varied substrate in the chase solution. The enzyme alone waKugate, are affected by the concentration of ¥Mginitial
added to the chase solution containing the same amount ofvelocity experiments were carried out. The initial rate of the
radio-labeled substrate present in the pulse, thus accountinglPFK reaction was measured with F6P and ATP concentra-
for any steady-state production of radio-labeled product in tions fixed at their respectivk, values while varying the
the pulse/chase mixture. All data points and controls were total Mg?" concentration (Figure 1). The Mgdependence
the average of duplicate experiments. of the reaction velocity under these conditions is biphasic,
Data Processing.Steady-state kinetic data were fitted giving apparent activation constants of approximately 15 and
using the appropriate rate equations and computer program®00 M. Mg?* appears to have a slight inhibitory effect at
developed by ClelandL@). Equation 3 was used for substrate concentrations above 5 mM.
saturation curves. Equation 4 was used for initial velocity = To determine the details of the Nigactivation, initial
patterns in the absence of inhibitors. Equation 5 was usedvelocity patterns were obtained varying MgATP at several
for noncompetitive inhibition patterns, where one substrate fixed levels of F6P, and this pattern was then repeated at



2456 Biochemistry, Vol. 45, No. 7, 2006

2500 -

2000 -

1/ (min/mM)

:

0 - ‘ ‘ . ‘ ‘
40 60 80 100

1/[Mg?*] (mMEY)

FiGURE 1: Activation of dPFK by M@" in the absence of F26P
The concentrations of ATP and F6P were fixed around their
respectiveKy, values (assuming that ATP is present as MgATP),
while the total M@ concentration was varied without correction
for the metat-substrate complexes. The two lines are based on
linear regression analysis of the data at the lowest 5 points and th
highest 5 points to illustrate the biphasic nature of the plot. Initial

rates were measured at pH 6.8, 100 mM imidazole-HCI, and 25

°C.

several fixed concentrations of Nig (data not shown).
Kinetic parameters obtained at low and high Wgare
summarized in Table 1. The pattern obtained at a lovw#'Mg
concentration intersects to the left of the ordinate, while the
pattern at high Mg exhibits near parallel lines. The parallel
pattern is likely due to a lovKi/K, ratio for MgATP, and
the qualitative difference between the two patterns is likely
caused by Mg affecting this ratio. For patterns obtained at
0.1, 0.2, 0.5, 1.0, and 2.0 mM Mg V/Kgepis independent
of the M@ concentration. The value o¥/Kugatr is
increased with an increasing Kfgconcentration, and a
double-reciprocal plot 0¥/Kugate versus M@" is shown in
Figure 2. A fit of the data using eq 3 gives an activation
constant Kae) for Mg?* of 0.31 & 0.07 mM. The lowest

€
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FIGURE 2: K plot for Mg?* activation of dPFK (pH 6.8). The
reciprocal of theV/Kygarp values obtained from initial velocity
patterns at different Mg concentrations are plotted versus the
reciprocal of the Mg" concentration. The data are fitted to eq 3,
wherev andV are substituted bY/Kygare and {//Kugatp)max A is
the Mg?™ concentration, ané, is Kqg for Mg2™.

Because there is no changekipsp as the Mg" concentra-
tion is changed, F6P was maintained saturating (20 mM)
and an initial velocity pattern was obtained varying the’iig
concentration at several different fixed concentrations of
MgATP (Figure 3). The initial velocity pattern intersects on
the ordinate, indicating an equilibrium-ordered addition of
Mg?" before MgATP. A fit of the data using eq 4 gives a
Kwmgatp Value of 19+ 2 uM and aKijvgz+ value of 0.47+
0.08 mM. The Md"-independent value of/E; from Figure
3is 38+ 2 st (Table 1).

Repeating the above experiments in the presence of
saturating F26§ an allosteric activator of PFK, givesvaE;
value of 36+ 3 s'1 (Table 1), which is, within error, equal
to the value obtained in the absence of F26Fhe corre-
spondingKgep vValues in the absence and presence of F26P
are 0.49+ 0.07 and 0.15+ 0.01 mM, respectively, and the

concentration point deviates from the fitted line as a result change inKgep is independent of the Mg concentration

of experimental error.

(Table 1).

Table 1: Summary of the Data from Isotope Partitioning for dPFK:MgATP* at Low and g+

5 mM Mg?" 0.1 mM Mg+

—F26R +F26R —F26R +F26R
V/IE; (s7}) 38+2 36+3 38+2 36+ 3
Krep (MM)® 1.2+ 0.1 0.13+£0.01 0.49+ 0.07 0.15+ 0.01
Kimgatp (1UM)© 2.0+ 05 2.3+ 0.7 30+ 15 38+ 10
Prnax (M) 9F (95%) 67 (68%) 16t 1 (20+ 1%) 16+ 1 (20+ 1%
K'rep (MM) 0.76 0.15 0.66: 0.05 0.08+ 0.01
[E:Alo/Phay 1.05+0.10 1.147H4 0.12 5.0+ 0.5 5.0+ 0.5
kott (571) 25+7 444+ 9to 48+ 12 to 19+ 5to

64+ 12 240+ 60 1004+ 25

ka/K's 0.50 4.0+ 0.3 4.0+ 0.3
k7 (s7) 1842 145+ 5 145+ 5
kon (M~1s71) (1.34 0.5) x 107 (1.940.8) x 10 to (1.640.9) x 10 to (6.3£3.2)x 10°to

(2.84 1.4) x 10°

(8.1+£3.9)x 10° (3.24+ 1.4) x 10P

aMg?" (5 mM) data were obtained as a repeat of the highi™Miata for dPFK 7) using the same enzyme preparation that was used in experiments
at 0.1 mM Mg". This was to ensure that apparent Wgffects on isotope partitioning parameters were not caused by changes in the enzyme
preparations. Only two points were measured for each ofti26R experiments; therefore, no error estimates are givél. Keep values were
determined using the single aldolase/trisephosphate isomesglyeerolphosphate dehydrogenase coupled assay with coupling enzyme solutions
made fresh from lyophilized powder to avoid the affects of gNHO: on Kesp. € For data at 5 mM Mg, Kiwgare Was calculated from the CD
studies; for data at 0.1 mM Mg, Kimgate Was obtained as an estimate from a computer fit of eq 4 to the initial velocity data.
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Ficure 3: Initial velocity pattern varying MgATP and Mg with
F6P fixed at saturation. The lines are the best fit of the data to eq

6, while the points are experimental values. The symbols represent

0.1 mM M2+ (@), 0.5 mM Mc?* (M), 1.0 mM Mg+ (a), and 2.0
mM Mgzt (®).
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FIGURE 4: Isotope trapping of the dPFK:MgATP* complex at 0.1
mM (¢ andHl) and 5.0 mM & and®) Mg?* in the absence
anda) and presencal and®) of 0.2 mM F26R. The amount of
[1-32P]FBP formed at different concentrations of F6P in the chase

solution was determined as described in the text. The lines are the,

best fit of the data using eq 3, while the points are experimental
values.

Isotope Partitioning of dPFK:MgATP* in the Absence or
Presence of F26P To obtain further information on the
mechanism of Mg activation, isotope partitioning experi-
ments were carried out at low and high Mgoncentrations
in the absence and presence of F26Fhe partitioning of
the dPFK:MgATP* complex at 0.1 mM My in the presence
or absence of F26Hs shown in Figure 4. In both cases, a
Pl o Of 16 = 1 uM is obtained, representing 20% of the
MgATP bound in the initial binary complex, using dissocia-
tion constants of 3@ 15 and 38+ 10 uM for the dPFK:
MgATP complex in the absence and presence of E26P
respectively (Table 1). In the absence of F2&K'rsp value
of 0.66 + 0.05 mM is obtained, while in the presence of
F26R, the value decreases by about 8-fold to 0408.01
mM.

Biochemistry, Vol. 45, No. 7, 200457

Partitioning the dPFK:MgATP* complex at 5 mM Mg
in the presence or absence of F28Palso shown in Figure
4. P; ., values of 93 and 67M in the absence and presence
of F26R, respectively, represent 95 and 68% of the MgATP*
bound in the initial binary complex. The correspondi€igsp
values are 0.76 and 0.15 mM, respectively. Data are
summarized in Table 1.

Arabinose 5-Phosphate Inhibitioithe arabinose 5-phos-
phate (Ara5P) versus MgATP inhibition patterns for dPFK
at 0.1 mM Mg@" were obtained in the absence and presence
of F26R (data not shown). Data adhere to noncompetitive
inhibition for both inhibition patterns. In the absence of
F26R, a fit of the data using eq 5 givesKagatp Of 33 £ 2
uM, aKis of 23+ 6 uM, and aK; of 5.0+ 0.3 mM. In the
presence of F26Pa fit of the data using eq 6 yield<augate
of 34 + 2 uM, aKjs of 7 £ 1 mM, and aK; of 8 = 1 mM.

DISCUSSION

For concentrations of ATP less than 0.5 mM, a totaPMg
concentration of 1 mM ensures that essentially 100% of the
ATP in a reaction mixture is present as MgATP. However,
the rate of the PFK reaction is faster at 8 mM than at 1 mM
total Mg?t, a phenomenon that cannot be explained simply
by a difference in the concentration of the substrate MgATP
at the two levels of Mg". The latter finding suggests an
activating effect of M§" on theA. suumPFK and led to the
experiments at varied Mg described above.

Initial Velocity Studies at Varied Mg. The double-
reciprocal plot shown in Figure 1 shows a biphasic saturation
curve for total M@", giving apparent activation constants
of approximately 15 and 200M. Because the total Mg
concentration in these assays was not corrected for the
formation of the MgATP complex, the lower constant of 15
uM likely represents the titration of ATP to form the
substrate MgATP. The value of 1BM is in excellent
agreement with the dissociation constant for the MgATP
complex reported previously3( 7, 11). The 200 uM
activation constant likely represents binding of free?¥Mg
to some form of the enzyme.

Activation of the dPFK by Mg" is more easily seen in
the initial velocity patterns at low and high ¥ig(Table 1).

A qualitative change in the initial velocity pattern from
intersecting at low Mg to near parallel at high Mg
suggests a decrease in tgKn, ratio for MgGATP (data not
shown). In agreemenkivwgate decreases about 15-fold as
the Mg?* concentration increases from 0.1 to 5 mM (Table
1), while only a 3-4-fold decrease ifKygarp iS Observed
over the same rang¥;andKgsp do not change appreciably.
A Kae for Mg?+ of 0.314 0.07 mM is estimated from the
Mg dependence o¥/Kygate (Figure 2). Thus, activation is
observed only under conditions where MgATP is limiting.
An initial velocity pattern obtained with saturating F6P,
varying the concentration of MgATP at different fixed
concentrations of My intersects on the ordinate indicative
of an equilibrium-ordered addition of Mg prior to MgATP.

A Kyt for Mg?*t obtained from the data in Figure 3 is 0.47
4+ 0.08 mM, in good agreement with the apparent activation
constants obtained from the data in Figures 1 and 2. In
addition, values foKygate (19 uM) and VIKugateE: (1.9 x

10° Mt s7Y) are both in excellent agreement with values
reported by Payne et ak(@). Of interest, F26fhas no effect
on theKa for Mgt or Kugate (Table 1;1).
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Inhibition patterns obtained with Ara5P are noncompetitive
at 0.1 mM Mg™, indicating that the F6P analogue is able to
bind to the enzyme both before and after MgATP in the
absence or presence of F26Phese data are consistent with
the noncompetitive inhibition pattern obtained for dPFK at
8 mM Mg?" in the presence of F26R1). Thus, it appears
that the absence of the second W¢as the same effect as
high Mg?" in the presence of F26Pi.e., an increase in the
off rate for MgATP from the central complex.

Mg?* Dependence of Partitioning of the E:MgATP Com-
plex. At 0.1 mM Mg?*, a Py, of 16 uM is measured,
indicating about 20% trapping of the E:MgATP* complex
at infinite F6P. This can be compared to a value of.®8
at 5 mM Mg, indicative of about 95% trapping. The
amount of trapping is corrected for a decrease in the specific
activity of dPFK compared to the nPFK from which it was

prepared as a result of the inactivation of some of the enzyme

during its preparation. The dPFK is prepared by diethylpy-
rocarbonate (DEPC) modification of the ATP allosteric site,
with the enzyme active site protected from modification by
bound F6P ). The inactivation is expected because the
concentration of F6P cannot be maintained high enough to
give complete saturation at the active site. When inactive
dPFK is taken into account, all of the E:MgATP* complex,
within error, is trapped at high Mg, consistent with an
ordered kinetic mechanism with F6P binding after MgATP.

Gibson et al.

Scheme 1: Kinetic Scheme for Partitioning of the
E:MgATP* Complex in theA. suumPFK Reaction
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4

E + MgATP* E:F6P + MgATP*

enzyme is about T0M ! s, which is about 16-100-fold
lower than the diffusion-limited rate of combination of a
small molecule and a macromolecul0). The difference
in the estimated on rate and the known diffusion rate is in
agreement with previous studies, which suggest an isomer-
ization of the E:MgATP complex1).

At 0.1 mM Mg*", where less than 100% trapping is
estimated, the partition ratié/ks' (Scheme 1) can be
calculated using eq 8

k7

[E:MgATP*]
=

o _1
P*

max
In Scheme 1ks' is the net rate constant for all steps involved
in converting the E:MgATP:F6P complex to products and
the release of the first product. Release of MgADP is rapid,
as demonstrated by initial rate studies, and tMiE; ~ ks'

(8)

Data are in agreement with previous studies obtained using(6). The partition ratio is 0 when 100% trapping occuks;

8 mM Mg?* (1, 6). The partial trapping at low Mg indicates
that MgATP is able to dissociate from the ternary complex.
At high Mg?*, 100%, within error, of the estimated
E:MgATP* complex was trapped as discussed above,
consistent with an ordered addition of MgATP before F6P,
in agreement with previously published isotope partitioning

(1) and initial velocity data ). However, even 100%

trapping of the E:MgATP complex does not rule out the
possibility of a random mechanism but only suggests that
catalysis is much faster than MgATP dissociation. Indeed,

< kg, as found at 5 mM Mg". The 20% trapping at low
Mg?* gives a partition ratioki/ks') of 4 (Table 1). Because

the rate at the saturating reactant concentration is independent
of Mg?*, the increase in the partition ratio observed at low
Mg?" (Table 1) likely results from an increaseks the off-

rate constant for MgATP from the central E:MgATP:F6P
complex. The second Mg thus functions by increasing the
affinity for MgATP in the central complex. The increase in
the off rate of MgATP from the ternary complex at low fig

is consistent with the 15-fold increase in tig (compared

the fact that F6P alone protects the active site against DEPCto high Mg?") for the E:MgATP binary complex. &s' value

modification suggests that a minor pathway in which F6P
binds to the enzyme prior to MgATP may exist. However,
the highKp (50—60 mM) for the E:F6P complex estimated
from the F6P protection against DEPC modificatidd) (
compared to the lowp (2 uM) for the E:MgATP complex

of 36 + 3 s at low Mgt gives a value of 144- 16 s for

kz using the value of 4.6 0.3 fork//ks'. It should be pointed
out that previous attempts to trap the dPE&:F6P complex
failed, suggesting an ordered mechanisith The absence
of F6P trapping does not, however, rule out a random

and the rate constants for dissociation of E:MgATP:F6P gives mechanism with respect to MgATP and F6P but only
an essentially ordered mechanism. Formally, the mechanismsuggests that either the E:F6P complex does not form (or
can be described as random with a high degree of synergismhas aKp much larger than the concentration of F6P used in

of substrate binding.

TheK'rspvalue of 0.76+ 0.15 mM obtained at high Mg
allows estimation of the off rate of MgATP from the binary
complex using eq 71Q3)

|

From Table 1, at 5 mM Mg, values for V/IE;, Krep,
[E:MgATP*]o/P},,,are 38+ 2, 1.2+ 0.1, and 1.05t 0.10,
respectively. Assuming 100% trapping, the estimatgdor
MgATP from the E:MgATP complex is about 26 5 s*
within a factor of 2 of the value of 42°$ obtained at 8 mM
Mg?" (1). Using the dissociation constant value of«®,

Kimgate in Table 1, an on rate for MgGATP binding to the

K'es K'eer|( Vv

E,

PV<

E

P

*
max

[E:MgATP*| 0) -

Krep Krep

the pulse solution), or that the off rate for F6P is much faster
than catalysis. Such a “leaky” ternary complex is consistent
with the random kinetic mechanism observed previously for
dPFK in the presence of F26see below:l).

Isotope trapping gives K'rep Of 0.66+ 0.05 mM at 0.1
mM Mg?", similar to the value of 0.8% 0.15 mM at high
Mg?* (Table 1). Using eq 7 and the values measured in Table
1, a range from 48t 12 to 240+ 60 s is calculated for
ko Given a dissociation constant of 8™ for the E:MgATP
complex, an on rate of about{B8) x 1 M1 s!is
calculated, which is at least 100-fold slower than the
estimated diffusion rate. In addition, the 15-fold increase in
Kimgatp at low compared to high Mg results from a 2-9-
fold increase in the off-rate constant for MgATP from the
binary complex and a 1-56-fold decrease in the on-rate
constant for MgATP to form E:MgATP.



Metal lon Requirements of the PFK Reaction

Effects of F26R on the PFK-Catalyzed Reactiom the
presence of F26Pa value okz/ks' can be calculated at high
and low Mg" because less than 100% trapping of
E:MgATP* was observed in both cases. As shown in Table
1, values of 0.5 and 4 are obtained for the ratio at high and
low Mg?". The value estimated at low Mgis not affected
by F26R, while a finite value ofk/ks' is observed at high
Mg?*. The value ok; at high Mg in the absence of F26P
is essentially 0 (100% trapping), while in the presence of
F26R, it is finite but 8-fold lower than the F26fndependent
value ofk; obtained at low Mg". In the presence of F26P
the Krep Value decreases to 0.@80.1 mM, which is about
3-fold less than the value of 0.26 0.07 mM obtained for
K'esp at high M@, The Krgp value obtained at low Mg
in the presence of F26Hs about 8-fold lower than that
obtained in the absence of F26®)sing eq 7, the value for
kot for MgATP from E:MgATP in the presence of F26R
in the range from 19t 5 to 100+ 25 s'! at low M¢?™ and
from 44 + 9 to 64 & 12 s! at high Mg*. Using a
dissociation constant of 30M for the E:MgATP complex
in the presence of F26Pthe on rate is on the order of 40
M~! s71, similar to values estimated above in the absence
of F26R. Data at low M@" are, within error, equal in the
absence and presence of F26P

The main effect of F26Pon the PFK reaction is to
increase the affinity for F6P7( 21). Payne et al. have
suggested that the binding of F26®8® its allosteric site
decreases the off rate for F6P. Isotope partitioning dhta (
present study) are consistent with the previously proposed
role for F26R. At high Mg?*, the leakiness of the ternary
complex is observed with respect to MgATP release from
the E:MgATP:F6P ternary complex as a result of an increase
in the affinity for F6P. At low Md@", no effect of F26PRis
observed on the off rate for MgATP from either binary or
ternary complexes. The combined effect of Wland F26R
is to increase the concentration of the Michaelis complex
and thus the rate of the overall reaction.

Effects of Mgt on the PFK-Catalyzed Reactiomitial
velocity studies at varied Mg indicate an activating effect
of the metal ion, giving an increase in the apparent affinity
of PFK for MgATP with an increase in Mg. As with the
activator F26P, the parameteY is not affected by Mg
Assuming that the rate of the forward reaction is not limited
by the product release so thatepresents the catalytic steps,
Mg?*t must activate by decreasing the off rate for MgATP.
Although the specific role of Mg in decreasing the off rate
for MgATP is uncertain, it is likely that the metal ion acts
at the active site and not as an allosteric site. A number of

enzymes catalyzing phosphoryl transfer reactions have been

identified that indicate that Mg is an active-site effector
(16—19, 22). The role of a second Mg in decreasing the
off rate for MgATP could simply be structural, maintaining
the proper enzyme conformation, or chemical, neutralizing
the negative charge(s) on MgATP. The freely dissociable
Mg?" has an effect on the affinity of PFK for MgATP and
may have an effect on the reaction chemistry, acting as a
Lewis acid to polarize thg phosphoryl and neutralizing the
negative charge on the and/ory phosphate of MgATP.
Overall, this would facilitate nucleophilic attack by the
hydroxyl group of F6P.

If Mg?* were an essential activator Af suumPFK, then
no activity should occur in its absence. The reaction rate
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measured in the absence of any addedMg finite (data
not shown), being 30% of the rate measured aulD of
added M@". However, the addition of micromolar amounts
of EDTA to the reaction mixture eliminates the activity. The
small residual activity likely results from contaminating ¥g
(or other divalent metal ions) in the reaction buffer, because
decreasing the concentration of the imidazole reaction buffer
from 100 to 20 mM causes a decrease in the activity at 0
added M@*. Bertagnolli and Cook1(9) used atomic absorp-
tion analysis to show that a background level of as much as
5 uM Mg?t may be present in a reaction mixture similar to
the one used in the above-mentioned assays, with most or
all of the contaminating MKy coming from the buffer.
Although Mg activation of the PFK activity has been
treated as occurring from the binding of a second metal in
addition to that bound in the MgATP metathelate com-
plex, the actual stoichiometry of Mgbinding is not known.
Indeed, multiple metal ions may be involved in activating
the enzyme. Knight et al.1¢) showed through nuclear
magnetic resonance and electron paramagnetic resonance
experiments on the yeast inorganic pyrophosphatase that two
divalent cations are necessary at the active site for catalysis
to occur in addition to the one divalent cation involved in
forming the metatPR complex. Also unknown for thé.
suumPFK is the physiological significance of Mgas an
effector of the enzyme. However, the estimatgg for Mg?*
(0.4 mM) is within the range of the estimated physiological
concentration of 0.5 mM Mg in A. suummuscle tissue
(23), suggesting a likely importance. Further studies are
necessary to elucidate the stoichiometry and chemical role
of metal ion binding to the\. suumPFK.
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