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ABSTRACT: Isotope partitioning and initial velocity studies have been used to study the kinetic mechanism
of Ascaris suunphosphofructokinase (PFK) at pH 8.0 for the native enzyme (nPFK), and at pH 6.8 for
a form of enzyme desensitized (dPFK) to hysteresis in the reaction time course, to ATP allosteric inhibition,
and to F6P homotropic cooperativity. Complete trappiPtyfx ~ 100%) of the E:MgATP* complex as
fructose (132P)-1,6-bisophosphate for both enzyme forms is consistent with the previously proposed steady-
state ordered mechanism [Rao, G. S. J., Harris, B. G., & Cook, P. F. (19B¥)l. Chem 262 14074

14079] with MgATP binding before fructose 6-phosphate (F6R)ep values for trapping of MgATP*

of 0.544 0.09 mM for nPFK and 0.85- 0.15 mM for dPFK were obtained. Saturating amounts of the
heterotropic activator fructose 2,6-bisphosphate (ER§Res no change in the trapping parameters for
NPFK with aP* nax 0f 100% and &'rep0f 0.404+ 0.06 mMM. For dPFK, however, F26Pauses a decrease

in both parameters, giving B* max of 54% and aK'rep Of 0.26 £ 0.07 mM. The partial trapping of
E:MgATP* in the presence of F26Ror dPFK suggests that the activator changes the kinetic mechanism
from an ordered to a random binding of substrates. Initial velocity studies confirm the change in
mechanism. Uncompetitive inhibition by arabinose 5-phosphate (Ara5P), a dead-end inhibitory analog
of F6P, versus MgATP for nPFK in the absence and presence of,R2@®nsistent with an ordered
mechanism with MgATP adding to enzyme prior to F6P. An uncompetitive pattern is also obtained with
dPFK for Ara5P versus MgATP in the absence of FzZ@Rit the pattern becomes noncompetitive in the
presence of F26P consistent with a change to a random mechanism. No trapping of tHEEGP
complex could be detected, indicating either that thé*€]F6P complex does not form in a significant
amount under the conditions used or that the off-rate for F6P from enzyme is much faster than the net
rate constant for formation of the first product, FBP. The data are consistent with a predominantly ordered
mechanism with MgATP binding prior to F6P. The minor pathway with MgATP dissociating from the
E:F6P:MgATP ternary complex becomes apparent for the dPFK in the presence of F26P

Phosphofructokinase (PFKgatalyzes the transfer of the allowed kinetic studies to be carried out at neutral pH and
y-phosphate of MgATP to F6P to form FBP. Phosphofruc- below (Racet al,, 1987b). The kinetic mechanism of both
tokinase from the parasitic helmintkscaris suunis a key nPFK (pH 8.0) and dPFK (pH 6.8) has been shown to be
regulatory enzyme in the overall metabolism of this organ- steady-state ordered, with MgATP bound before F6P and
ism. TheAscarisPFK is activated by a number of small FBP released before MgADP (Ratal., 1987a). A minor
molecule effectors including F26PAMP, and small inor-  alternative pathway in which F6P binds to enzyme prior to
ganic ions such as NH, K*, and phosphate. The enzyme MgATP has also been suggested based on protection by F6P
also exhibits homotropic cooperativity with F6P and allos- of the active site from diethylpyrocarbonate modification.
teric substrate inhibition by MgATP. The fact that PFK However, the dissociation constant for the E:F6P complex
exhibits such allosteric behavior has complicated kinetic was estimated to be 560 mM, which effectively eliminates

studies of the enzyme, leading most researchers to carry outhe pathway in which F6P binds prior to MgATP at
experiments at pH 8.0, where allosteric behavior is mini- physiological levels of F6P.

mized. . , The established ordered mechanism Amrcaris PFK is

A diethylpyrocarbonate-modified form of théscaris unique for a phosphofructokinase. Both rabbit muscle PFK
enzyme (dPFK) which is desensitized to hysteresis, t0 (vierry & Britton, 1985) andEscherichia colPFK (Deville-
homotropic cooperativity, and to MgATP inhibition has Bgnneet al, 1991) have a random kinetic mechanism. The
pyrophosphate-dependent enzymes{FK) from Propi-
T This work was supported by grants from the National Institutes of onibacterium freudenreich{iCho et al., 1988),Entamoeba

Health to P.F.C (GM 36799) and B.G.H (Al 24155), and a grant to R;j i i
P.E.C. from the Robert A. Welch Foundation (B-1031). histolytica (Bertagnolli & Cook, 1984), and®haseoleus

® Abstract published i\dvance ACS Abstract#ypril 1, 1996. aureus(Bertagr_lolli_et al, 1986) all exhibit a rapid equmbf
! Abbreviations: Ara5P, arabinose 5-phosphate; BMEpercap- rium random kinetic mechanism. The only case in which
tFoBe;hapol;tDEPcll,edkl)ethﬁl pyLO%arblg%%tsr; FtGP, frzutétck)fe g-ph?]sghate;an ordered mechanism is observed is for the nonallosteric
, fructose 1,6-bisphosphate; uctose 2,6-bisphosphate; ; ;
MgATP*, Mg[y-*2P]ATP; PFK, phosphofructokinase with the leading P!:K from L.aCFObaCI"us plantarumbut the ordgr is reversed
consonants n and d indicating the native and desensitized forms, With F6P binding to enzyme before MgATP (Simon & Hofer,

respectively. 1978).
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In the present study, the technique of isotope partitioning tions of F6P. Inhibition patterns were also determined using
(Rose, 1980) has been used to study the kinetic mechanisnthe double coupled assay by fixing F6P equal tiitsvalue
of nPFK at pH 8.0 and dPFK at pH 6.8 in the presence and and varying MgATP at several different concentrations of
absence of F26P The resulting partitioning data have been inhibitor. The individuaK,, andVnax values which are used
used to estimate some of the rate constants along the reactioin the isotope partitioning calculations were determined using
pathway. Results for both enzymes (nPFK and dPFK) in the aldolase/triosephosphate isomerasgycerolphosphate
the absence of effectors are consistent with a steady-statalehydrogenase coupled assay by fixing one substrate at a
ordered mechanism in which MgATP binds to enzyme prior saturating concentration and varying the other substrate. To
to F6P, while results in the presence of F28FRe consistent  avoid activation of PFK by (N&>.SO,, all coupling enzyme
with an ordered mechanism for nPFK, but a random stock solutions were made either by desalting an ammonium
mechanism for dPFK. sulfate suspension of the enzyme using a Centricon-30

centrifuge/filter apparatus or by dissolving a lyophilized
MATERIALS AND METHODS powder of the enzyme.

Chemicals and Enzymes(y-*2P)ATP and (U*C)FBP Circular Dichroism Spectral MeasurementsCircular
were purchased from ICN Radiochemicals. {GQ)F6P was dichroic spectra were recorded using an Aviv Model 62 DS
prepared from (U4C)FBP in a 0.5 mL reaction mixture CD spectrometer maintained at a constant temperature of
containing 50 mM Tris-HCI, pH 7.5, 5 mM Mggl0.1 mM 10 °C. Samples contained 0.2 mg/mL enzyme in 20 mM
EDTA, 0.1 unit ofp-fructose 1,6-bisphosphatase, andG KH,PO, plus 8 mM MgC}, at either pH 6.8 (for dPFK) or
of (U-*“C)FBP. After 30 min, greater than 95% of the pH 8.0 (for nPFK), in 0.2-cm quartz cuvettes. Spectra were
radioactivity copurified with (UYC)F6P on anion exchange recorded from 250 to 200 nm at intervals of 1 nm and a
chromatography. The reaction mixture was passed throughdwell time of 3 s. Each spectrum was the average of two
a Centricon-100 membrane to remove the bisphosphatase andepetitions, and buffer blanks were substracted from each
was used without further purification. spectrum. Titrations were carried out in a single cuvette by

Phosphofructokinase frod suumwas purified according  adding 2xL increments of stock ATP so that final MgATP
to the method of Starlingt al. (1982) with the exception of  concentrations ranged from 0.4 to 1Q:M and the total
the addition of the protease inhibitors aprotinin (10 mg/L), volume increased by3%. The increase in ellipticity at 222
trypsin inhibitor (20 mg/L), and phenylmethanesulfonyl nm for each concentration of MgATP was then fitted using
fluoride (1 mM) to the crude extract and the DEAE-Sephacel eq 1 to obtain the calculated dissociation constant for the
eluate. The purified enzyme had a final specific activity of E:MgATP complex.

43 units/mg. The dPFK was then prepared according to the Isotope Partitioning Isotope partitioning experiments
method of Raet al. (1987b), giving a final specific activity ~ were performed at 30C according to the method of Rose
of 30 units/mg. The protein concentration was determined (1980) for the dPFK:MgATP*, nPFK:MgATP*, and dPFK:

by the method of Bradford (1976) with reagents purchased [U-1“C]F6P complexes in the absence or presence of saturat-
from Bio-Rad and with bovine serum albumin as a standard. ing F26R.

All other chemicals and enzymes were purchased from For the dPFK:MgATP* experiment in the absence of
Sigma. F26R, the pulse consisted of 13¢0M dPFK (based on a

Enzyme AssaysAll assays in the direction of phospho- MW of 90 000 per subunit) and 0.24 mM MgATP* (9000
rylation of F6P were obtained by coupling product formation cpm/nmol) in a total volume of 50L. The chase consisted
to the disappearance of NADH and monitoring the absor- of 100 mM imidazole-HCI (pH 6.8), 2.0 mM MgATP, and
bance at 340 nm. The formation of FBP was coupled to the 0.5, 1.0, 4.2, or 10.0 mM F6P in a total volume of 5 mL.
aldolase/triosephosphate isomerasglycerolphosphate de-  Using aKp value of 2.0uM for the dPFK:MgATP* complex,
hydrogenase reactions where a typical 1 mL reaction mixture [dPFK:MgATP*], is 129 uM. For experiments in the
contained 100 mM imidazole-HCI, pH 6.8 (or 100 mM Tris- presence of saturating F26Rhe pulse consisted of GV
HCI, pH 8.0), 8 MM MgC}, 14 units of aldolase, 34 units dPFK, 0.24 mM MgATP* (9000 cpm/nmol), and 0.2 mM
of triosephosphate isomerase, 4 uniteugjlycerolphosphate  F26R in a total volume of 5QuL, and the chase consisted
dehydrogenase, 0.2 mM NADH, ATP and F6P in the of 100 mM imidazole-HCI (pH 6.8), 2.0 mM MgATP, and
amounts indicated, and 20 milliunits of PFK. MgADP 0.2, 0.5, 1.0, or 10.0 mM F6P plus 0.2 mM F26R a total
formation was coupled to the pyruvate kinase/lactate dehy-volume of 5 mL. Using & value of 2.34M for the dPFK:
drogenase reactions where a typical 1 mL reaction mixture MgATP* complex, [dPFK:MgATP*} is 59 uM.
contained 100 mM imidazole-HCI, pH 6.8 (or 100 mM Tris- For the nPFK:MgATP* experiments in the absence or
HCI, pH 8.0), 8 mM MgC}, 3 units of pyruvate kinase, 3  presence of saturating F26fhe pulse consisted of 56V
units of lactate dehydrogenase, 100 mM KCI, 0.2 mM nPFK and 0.2 mM MgATP* (10 000 cpm/nmol), plus and
NADH, 0.2 mM PEP, ATP and F6P in the amounts minus 0.2 mM F26F and the chase consisted of 100 mM
indicated, and 20 milliunits of PFK. In the initial velocity  Tris-HCI (pH 8.0), 2.0 mM MgATP, and 0.1, 0.2, 2.0, or
and inhibition experiments, a double coupled assay was usedL0.0 mM F6P, plus and minus 0.2 mM F26RJsing aKp
which monitors the production of both FBP and MgADP in  of 2.0 uM for the nPFK:MgATP* complex in the absence
the same 1 mL cuvette. This double coupled assay givesof F26B, [NnPFK:MgATP*], is 54 uM. Using aKp of 6
greater sensitivity than either assay alone, avoids productuM for the nPFK:MgATP* complex in the presence of
inhibition by removing both products, and gives longer linear F26R, [nPFK:MgATP*]y is 53 uM.
time courses by recycling ATP. All assays were initiated  For the dPFK:[U¥C]F6P experiments in the presence of
with PFK. saturating F26R the pulse consisted of 9M dPFK, 1 mM

Initial velocity patterns were determined using the double [U-**C]F6P (2000 cpm/nmol), and 0.2 mM F26iR a total
coupled assay by varying MgATP at several fixed concentra- volume of 50uL, and the chase consisted of 100 mM
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imidazole (pH 6.8), 1 mM MgATP, 10 mM F6P, and 0.2
mM F26R in a total volume of 5 mL. Thé&, for the E:F6P
complex has been estimated to be-80 mM (Raoet al.,
1987b). Since F26fhas been shown by Payaeal. (1991)

to activate PFK by decreasini§esp by 15-fold without
affecting Vimax it is assumed that F26Rlecreases the off-
rate for F6P. This 15-fold decrease in the off-rate for F6P
in the presence of F26Rjives an upper limit of around 4
mM for the Ky for the E:F6P complex. The pulse solution
for the [M“C]F6P trapping experiment in the presence of R26P
should therefore have a lower limit of approximately2@

of [Y*C]F6P (2000 cpm) initially bound to enzyme. Under
these conditions, partial trapping of as low as 25% (500 cpm)
should be detectable by scintillation counting.

For the“C-F6P trapping experiments, it is also assumed
that if no significant trapping occurs in the presence of RL26P
then no trapping should occur in the absence of R2&Rce
the initial binary complex is even more difficult to form. It
is not feasible to study'{C]F6P trapping in the absence of
F26R due to the high concentrations HC-F6P necessary
to form the initial E:}*C]JF6P complex in the pulse solution
and the large dilution of unlabeled F6P that is necessary in
the chase solution.

For all isotope partitioning experiments, the pulse was
added to the rapidly stirring chase solution, and the reaction
was quenched after 3 s by adding 2080l of EDTA. Al
mL aliquot of the quenched reaction mix was then injected
onto a Whatman Partisil 10-SAX column with 250 mM
phosphate as the running buffer, a gradient from0to 1.5 M
KCI, and a flow rate of 2 mL/min. Fractions of 2 mL were
collected, and the amounts of MgATP*/f#P]JFBP and
[U-“C]F6P/[UMC]FBP were determined by scintillation
counting. For each experiment two controls were done.
Control 1 was a zero point for the substrate varied in the
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Table 1: Steady-State Kinetic ParametersAscarisPFK

nPFK dPFK
—-F26R  +F26R ~F26R +F26R
VimalEi(sY) 65+3  65+3 42+ 1 42+1
Kesp(MM)® 1.0+ 0.1 0.07+0.02 0.86+0.06 0.10+0.01

Kp (uM)P 20+£06 6+3 2.0+05 2.3+ 0.7

aAll Kegp values were determined using the single aldolase/
triosephosphate isomeragejlycerolphosphate dehydrogenase coupled
assay with coupling enzyme solutions made fresh from lyophilized
powder to avoid the effects of (Nj#SO; on Krep. P Calculated from
the CD studies.
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FiGUrRe 1: Isotope trapping of the E:MgATP* complex witkscaris
PFK. The amount of [£2P]FBP formed at different concentrations

of F6P in the chase solution was determined as described in the
text. (A) nPFK trapping in the absence of F26pH 8.0). (B)
nPFK trapping in the presence of 0.2 mM F26pH 8.0). (C)
dPFK trapping in the absence of F26fpH 6.8). (D) dPFK

chase, thus accounting for any ATPase reaction in the pulseyapping in the presence of 0.2 mM F28pH 6.8). The lines are

solution. This control was necessary becausard FBP
coelute from the anion exchange column under these
conditions. Control 2 was carried out for each concentration

the best fit of the data using eq 1, while the points are experimental
values.

of varied chase substrate by placing the radiolabeled substraté&nd V are initial and maximum velocities), B, and| are

only in the chase solution, thus accounting for any steady-

reactant and inhibition concentratiot,andK, are Michae-

state production of radiolabeled product in the pulse/chaseliS constants for A and B, arid., Kis, andKi are inhibition

mixture. All data points and controls were the average of
duplicate experiments.
Data Analysis Steady-state kinetic data were fitted using

constants for A, slope, and intercept, respectively.

RESULTS

the appropriate rate equations and computer programs Kp Determination The increase in ellipticity at 222 nm

developed by Cleland (1979). Equation 1 was used for
substrate saturation curves. Equation 2 was used for initial
velocity patterns in the absence of inhibitors. Equations 3
and 4 were used for uncompetitive and noncompetitive

for nPFK and dPFK in the absence or presence of F26P

a function of MgATP concentration is hyperbolic, and a fit
of the data to eq 1 gives the dissociation constant for the
E:MgATP complex (data not shown). For nPFK, tkg

inhibition patterns, respectively, where one substrate wasfor the E:MgATP complex is 2.& 0.6 M in the absence
fixed and the other substrate was varied at several differentof F26R and 6+ 3 uM in the presence of F26P For dPFK,

concentrations of inhibitor. Partitioning data were fitted

v=VAK,+ A (1)
v = VAB/(K K, + KB + K A+ AB) )

v =VA{K,+ A+ I/K} ©)
v = VA{K 1+ IKg) + A+ I/K;)} (4)

using eq 1 withP* and P* .« substituted forv and Vimax
andK', (Kn for trapping) substituted fok,. In eqs +4, v

theKp is 2.0+ 0.5uM in the absence of F26Rand 2.3+
0.7 uM in the presence of F26P Data are summarized in
Table 1.

Isotope Partitioning of nPFK:MgATP* in the Absence or
Presence of F26f2 The amount of the nPFK:MgATP*
trapped as a function of the F6P concentration in the chase
solution is shown in Figure 1. Panel A shows the trapping
in the absence of F26Rvith a P* 2 0f 0.051+ 0.002 mM
estimated, representing 94% of the8M MgATP* present
in the initial binary complex ((nPFK:MgATP%), calculated
using aKp of 2.0 uM. A K'ggp Of 0.54 &+ 0.09 mM is
estimated. Panel B shows the partitioning data in the
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Table 2: Summary of Data from Isotope Partitioning of E:MgATP* withcarisPFK

nPFK dPFK

—F26R +F26R —F26R +F26R
P* max (M) 51 + 2 (94%) 48+ 2 (89%) 110+ 10 (85%) 32+ 2 (54%)
K'rsp (MM) 0.54+ 0.09 0.40+ 0.06 0.85+ 0.15 0.26+ 0.07
[E:A]o/P* max 1.06+ 0.11 1.12+0.11 1.18+0.11 1.85+0.11
Kott (S7) 34+7 370+ 120 42+8 110+ 30 to 200+ 45
Kalks 0.85+ 0.05
ks (s°Y) 36+ 2
Kon (M~1 579 (1.7+£0.7)x 107 6.2+ 3.2) x 107 2.1+ 0.7) x 107 (4.8+2.9)x 107t0 (8.7+ 3.7) x 107

2 The dPFK used in the experiments for isotope partitioning in the presence of Wa6from a separate preparation than that used for experiments
in the absence of F26P The specific activity of both preparations was 30 U/mg, but the final concentration of enzyme used in the presence of
F26R was lower than that of the enzyme used in the absence of Fg6fhg a lower concentration of the initial binary complex. The 54%
trapping is calculated based on the lower concentration of binary complex and is not directly comparable to the absolute trapping in the absence
of F26R. As a control, the-F26R experiment was repeated with this enzyme preparation, and approximately 85% trapping was obtained. However,
limited amounts of enzyme from this preparation allowed only 3 data points to be measured, so data obtained using the previous preparation (with
4 data points, Figure 1C) is shown.

FéP (mM)

presence of 0.2 mM F26Rgiving aP* . of 0.048+ 0.002
mM, within error equal to th®* . obtained in the absence
of F26R. TheK'rspVvalue decreases only slightly to 0.40
0.06 mM in the presence of F26PData are summarized
in Table 2.

Isotope Partitioning of dPFK:MgAT®Pin the Absence or
Presence of F26R The amount of the dPFK:MgATP*
trapped as a function of the FEP concentration in the chase
solution is shown in Figure 1. Panel C shows that trapping . )
in the absence of F26Rjives aP* . 0f 0.11+ 0.01 mM, 0.0 0.1 0.2 0.3
or 85% trapping of the 128M MgATP* initially present 1/[MgATP] (uM™ ")
in the pulse solution binary complex, estimated usifpa  Figure 2: A typical initial velocity pattem forAscarisdPFK at
of 2.0 uM. The K'rep for the pulse/chase reaction in the pH 6.8, in 100 mM imidazole-HCI in the absence of F26Fhe
absence of F26Hs 0.85+ 0.15 mM. Panel D shows the lines are the best fit of the data using eq 2, while the points are
trapping of dPFK:MgATP* in the presence of 0.2 mM F26P experimental values. Estimated kinetic parameters for all initial
A P*.. of 0.032+ 0.002 mM is obtained, estimated as 54% velocity patterns are discussed in the Results section.

) . e )
g&ﬂ%ﬁg gifntgre 5(?(;% I\I/leng-Ic-:ZlcngelgEéiensem:)r} tzhg plI\J/Ilse inhibition. The uncompetitive inhibition pattern for nPFK
y complex, g@ of 2.3uM.  iolds aKygare Of 7.0+ 0.4u4M, and aK; of 12.0+ 0.5

ﬁ‘q |\I; _Fep;g:at_rsgglr;g I::I tf;egpgefsot?gtlig O;rlztﬁgif 3]'26; Oéqz the mM for Ara5P, while the noncompetitive pattern for dPFK
IS ined, a value s.5- W value ! gives aKygarp of 10 + 1 uM, and Kis and K; values for

absence of F26P Data are again summarized in Table 2. Ara5P of 124+ 3 mM and 10 1 mM, respectively.

Isotope Partitioning of dPFK:][4C]':16P in the Presence While the initial velocity patterns give estimates of
Olf F26F. No trapping of the dPFKY{C]FEP complex as  gissociation constants for both substrates, the estintated
[CIFBP was detected in the presence of F2@8ee gy, . values from these patterns can have relatively large
Materials and Methods section). standard errors. For this reason, tigandVi./E; values

Initial Velocity Studies Initial velocity patterns in the  used in the isotope partitioning calculations were determined
absence or presence of 0.2 mM F288Y both nPFK and  from single saturation curves as described in the Materials
dPFK were measured using the double coupled assayand Methods section. The results are shown in Tablg,3/
described in the Materials and Methods section, and all give E; values are 65 3 s and 424+ 1 s** for nPFK and dPFK,
similar results. A typical initial velocity pattern is shown respectively. Kegp values in the absence of F26de 1.0+
in Figure 2. In all cases the patterns exhibit near-parallel 0.1 mM for nPFK and 0.86- 0.06 mM for dPFK. In the
lines, suggesting a very loKp of MgATP relative to the presence of F26Pthe Krepvalue for NnPFK decreases to 0.07
Km for MgATP. The fit of the nPFK pattern in the presence =+ 0.02 mM, while that of dPFK decreases to 0-400.01
of F26R gives aKwgatp Value of 9+ 1 uM, a Krep value of mM.
130+ 15uM, and aKp for MgATP that is undefined (the
associated error is larger than the calculated value). The fitpjscussioN
of the dPFK pattern in the presence of F26Res aKugare

value of 17+ 4 uM, a Kepvalue of 72+ 21 uM, and aKop Isotope Partitioning in the Absence of F26PWith nPFK,

for MgATP that is undefined. 94% of the estimated E:MgATP* complex was trapped and
The arabinose 5-phosphate (Ara5P) inhibition patterns in converted to product. The specific activity of the nPFK used

the presence of 0.2 mM F26Mvere also measured using in these experiments was 43 U/mg, or only 86% of the

the double coupled assay and are shown in Figure 3. Dataspecific activity reported by Starlinef al. (1982) forAscaris

for nPFK, Figure 3A, adhere to uncompetitive inhibition, PFK. The lower specific activity for the nPFK used in these

while data for dPFK, Figure 3B, adhere to honcompetitive experiments is likely the result of the presence of contami-
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Ficure 3: Dead-end inhibition by arabinose 5-phosphate of (A)
nPFK, pH 8.0, and (B) dPFK, pH 6.8, both in the presence of 0.2
mM F26R. The lines in panels A and B are the best fits of the
nPFK data using egs 3 and 4, respectively. Points are experimental
values.

nating impurities and/or an inactive fraction of the nPFK
itself. About 85% of the calculated E:MgATP* complex is
trapped with dPFK. The dPFK is prepared by diethyl
pyrocarbonate (DEPC) modification of the ATP allosteric
site with the enzyme active site protected from modification
by bound F6P (Raet al, 1987b). The decrease in the
specific activity of dPFK compared to nPFK from which it

Biochemistry, Vol. 35, No. 17, 1996455

the following equation (Rose, 1980):

(Ko Krep) (Vimad B < Kot <
(K'F6F/KF6P)(Vma>!E1)([E: MgATP*] OIP* ma><) (5)

Assuming 100% trapping, for nPFK the estimated is
about 34+ 7 s1, and for dPFKke is about 42+ 8 st
(Table 2). Using the dissociation constant value qil\2

for both enzyme forms, the net on-rate for MgATP to enzyme
is on the order of 10M~* s1, which is about 10- to 100-
fold less than the diffusion rate of combination of a small
molecule and a macromolecule (Fersht, 1977). This differ-
ence suggests the possibility of a structural isomerization
occurring after MgATP binds to enzyme.

Isotope Partitioning in the Presence of F26PIn the
presence of 0.2 mM F26Pno change in th®* . or K'rgp
values for nPFK is observed; that is, essentially 100% of
the E:MgATP* complex is trapped. Data are consistent with
an ordered mechanism, and the off-rate for MgGATP from
the E:MgATP complex is 37G: 120 s!, about 10-fold
higher than that estimated in the absence of E26Rwever,
in the presence of 0.2 mM F26fhe dPFK gives a decrease
in P* maxto 54% of that obtained in the absence of effectors.
TheK'rep value for dPFK trapping in the presence of F26P
decreases by 3.3-fold from that obtained in the absence of
effectors. The decrease Rfmax in the presence of F26P
suggests that some of the MgATP is able to dissociate from
the ternary complex prior to catalysis. Using eq 5, the data
for dPFK in the presence of F26Bive akq range of 110
=+ 30 to 200+ 45 s1, 2.5- to 4-fold greater than the value
in the absence of F26P Assuming a dissociation constant
of approximately 26 uM, the on-rates for both enzyme
forms are again on the order of 1Bt s,

In the case of the dPFK where less than 100% trapping is
estimated, the partition ratiok/ks (Scheme 1) can be

was prepared suggests inactivation of some of the enzymecalculated using the following equation:

during preparation. This inactivation is expected since the
concentration of F6P is not maintained high enough to give
complete saturation at the active site. An estimate of 80%
is obtained for protection at the active site (Ra@l, 1987b).
Thus, for both nPFK and dPFK the actual concentration o
the initial E:MgATP* complex is less than the estimated
value based on the assumption that all protein is active
enzyme. Taking into account the inactive enzyme in both
the nPFK and the dPFK preparations, both enzyme forms
trap very close to 100% of the E:MgATP* initially present.
The data for both nPFK and dPFK are consistent with a
predominantly steady-state ordered kinetic mechanism, in
agreement with the initial velocity data obtained previously
(Raoet al, 1987a). However, even 100% trapping of the
E:MgATP complex does not rule out the possibility of a
random mechanism, but only says that catalysis is much
faster than MgATP dissociation. Indeed, the fact that F6P
alone protects the active site against DEPC modification
suggests that a minor pathway in which F6P binds to enzyme
prior to MgATP probably does exist. However, the high
Kp (50—60 mM) for the E:F6P complex compared to the
low Kp (2 uM) for EMgATP and the rate constants for
dissociation of E:MgATP:F6P gives an essentially ordere
mechanism.

The K'rep values of 0.54+ 0.09 mM and 0.8%+ 0.15
mM for nPFK and dPFK, respectively, allow the estimation
of the off-rate of MgATP from the binary complex using

f

d

k7/k5 = ([E:MgATP*] OIP* ma>> -1 (6)
The partition ratio is zero when 100% trapping occurs
becausd; is much smaller thaks. In order for only partial
trapping to occurk; must be of the same order les giving

a partition ratio greater than zero. Thus, the increase in the
partition ratio for dPFK in the presence of F26Bee Table

2) must be caused either by nPFK having a much lakger
with respect tok; than dPFK, or by dPFK having a much
largerk; than nPFK in the presence of F26PRaoet al.
(1987a) showed that the overall rate of the PFK reaction in
the direction of F6P phosphorylation is not limited by product
release, so thad is the same a¥ma/Er? Since theVia/E:
values for nPFK and dPFK are similar (see Table 1), the
high partition ratio for dPFK is likely not due to large
differences irks for nPFK and dPFK. So, the difference in
the partition ratios between nPFK and dPFK in the presence
of F26R must be a result of dPFK having a much larger
value fork; than nPFK. Such a “leaky” ternary complex is
consistent with a random kinetic mechanism for dPFK in
the presence of F26P Using aks value of 424+ 1 s for
dPFK k7 is estimated to be 36 2 s7.3 It should be pointed

2 ks is not necessarily a microscopic rate constant, and may contain
rate processes for conformational changes in the enzyme required to
close and reopen the active site prior to and after the catalytic $eps.
can be considered a net rate constant for catalysis.
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Scheme 1: Steps in the Substrate Trapping of MgATP* with PFK
%k
K k;[F6P] ks FBP K MgADP
E + MgATP* — E:MgATP* ~—— E:MgATP*:FGP—i E:MgADP —4 E

ky l kg
E + MgATP* E:F6P + MgATP*

Scheme 2: Steps in Binding and Isomerization of MgATP with PFK

ki Kiso . ks[F6P] | ks kg
E + MgATP ;T—; E:MgATP —= E:MgATP ? E :MgATP:F6P —> E:MgADP —=E

2 -iso
k; l

E':F6P

out that no trapping of the dPFRC]F6P complex occurred,  estimates oKp values similar to th&wgare values for both
which lends support to a strictly ordered mechanism. nPFK and dPFK is ascribed to error in the earlier assays
However, the lack of trapping of F6P does not rule out a due to rapid consumption of MgATP and to low sensitivity
partially random mechanism but only says that either the of the assay. (The slope effect was generated by the initial
E:F6P complex does not form (or ha&amuch larger than  rates measured at the lowest concentration of MgGATP.) The
the concentration of F6P used in the pulse solution), or the earlier initial velocity patterns were measured using the single
off-rate for F6P is much faster than catalysis. aldolase/triosephosphate isomerasgl{cerolphosphate de-
Initial velocity studies also support the finding that F26P  hydrogenase coupled assay. The present study has avoided
shifts the kinetic mechanism for dPFK from ordered to the problems of rapid loss of substrate and low sensitivity
random. The noncompetitive inhibition pattern (Figure 3B) by using the double coupled assay which recycles the
by the F6P analog arabinose 5-phosphate versus MgATP forconsumed MgATP via the pyruvate kinase reaction and gives
dPFK indicates binding of Ara5P to E and to E:MgATP, a 1.5-fold greater sensitivity than the aldolase coupled assay
consistent with a random kinetic mechanism for dPFK in alone.
the presence of F26P nPFK shows uncompetitive inhibition As mentioned, there is good evidence for an isomerization
(Figure 3A) by Ara5P versus MgATP in the presence or of E:MgATP. First, changes are observed in the far-Uv CD
absence of F26P consistent with the isotope partitioning spectrum of PFK upon binding of MgATP. Second, Yhe/
data and an ordered kinetic mechanism. (KmgatrEr) is pH-independent and equal to 1410° M1
Initial velocity patterns for both nPFK and dPFK (Figure s ! (Payneet al, 1995). TheV/K for the first reactant in an
2) give a series of near-parallel lines. A ping pong ordered mechanism is the on-rate for that reactant binding
mechanism has previously been ruled outAacarisPFK to enzyme, yet the value of 4¥~* s is significantly lower
(Rao et al, 1987a). The fact that radioactive product than the diffusion limit, consistent with a multistep process
formation in the isotope partitioning experiments is depend- for MgATP binding. Finally, the off-ratek{;) for MgQATP
ent on the amount of chasing substrate (F6P) also rules ouffrom enzyme that is estimated from the isotope partitioning
a ping pong mechanism. Any covalently bound enzyme studies increases in the presence of R26Rile theKp for
intermediate that survives the brief pulse/chase time period E:MgATP does not show any significant change, giving a
would give a constant amount of trapping independent of net on-rate on the order of 1M ~!s™% Since it is unlikely
the chasing substrate. The near-parallel lines in the initial that the diffusion ratelkq) of MgATP to E changes, other
velocity patterns are thus caused by kigfor the E:MgATP steps which limit the net on-rate must be involved in forming
complex being much smaller than tkg, for MgATP, and the E:MgATP active complex. The experimentak is
the fact that the concentration of MgATP was varied around therefore a net off-rate (expanding Scheme 1 to include the
theKm. The same near-parallel initial velocity pattern is seen isomerization step, Scheme 2) which is described by eq 7.
with rabbit muscle PFK (Uyeda, 1970). It has been Expressions for th¥ma/(KugateEr) and the observelp for
postulated with the rabbit enzyme that the pattern is not dueE":MgATP are given by egs 8 and Yma/(KwgatpE)
to a ping pong mechanism but to a Idw/K, ratio. The

Kp's calculated from the present circular dichroism studies Koit = KoK _isd/ (K + Kiso) (7)
confirm a lowKp/Kn, ratio for theAscarisPFK.

The fact that earlier initial velocity studies withscaris Vina! (KigatpEd) = Kikisd (I + Kigo) (8)
PFK (Raoet al, 1987a) in the absence of F268howed
initial velocity patterns that clearly intersected and gave Kp = (K isdKiso) (Ko/Ky) 9)

represents the net on-rate for MgATP to form the isomerized

3 The isotope trapping of dPFK in the presence of RA6Fhe only (active) complex. Under conditions for obtaininga/

case where [E:AJP* is clearly larger than unity. For this reason, Table

2 does not show the estimated values of the partition rhilks, for (KmgateEy), saturating F6P, the isomerization step is irrevers-
th? otlrlmerd t‘?rreef cases._tHc;\;]vev?rr], if thet_st_e othetr_ three Mo';eegxc\)liluez ible. Kp is the overall dissociation constant for the isomer-
actually differ from unity, then the partition ratios are .0lan ; . -

0.12 £ 0.01 for nPFK in the absence and presence of E26P !zed E..Mg.ATP complex. Limits can be placed on the
respectively, and 0.1& 0.02 for dPFK in the absence of F26PThe isomerization rate constants. The constégs must be

ratek; then is not zero but ranges from 4 to & for the three cases.  greater than or equal to the turnover number for formation
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of FBP (42 s1), andk_is, must be greater than or equal to
the experimentally determinddy (Table 2). Finally, for
100% trapping to occur, eith&x, must be greater than s,
so that all bound MgATP is in the active isomerized form,
or kiso must be greater thak, so that any nonisomerized
E:MgATP will proceed toward product prior to dissociating.
It is unlikely that ks, will be much greater thark,, the
diffusion-limited off-rate for MgGATP. More likely is that
kiso > K-iso, SO that enzyme is predominantl{: AgATP once
MgATP binds. Thus for all of the conditions studied, the
presence of F26Hikely increases the rate of the isomer-
ization step, so that if it was partially limiting in the absence
of F26R, it no longer limits in the presence of the effector.
The role of F26RPon the isomerization of the binary complex
is consistent with the role proposed by Pawtel (1991,
1995) for F26R in F6P binding. These authors have
suggested that binding of F26® its allosteric site decreases
the off-rate for F6P, presumably by facilitating isomerization
of the ternary complex to its catalytically optimal conforma-
tion.

Conclusions The data confirm a predominantly steady-

Biochemistry, Vol. 35, No. 17, 1996457

that there must be subtle differences in the dPFK at neutral
pH and nPFK at high pH. Finally, calculations from the
isotope partitioning data as well as the changes seen in the
circular dichroic spectra for both nPFK and dPFK indicate
that an isomerization occurs upon binding MgATP.

REFERENCES

Bertagnolli, B. L., & Cook, P. F. (1984Biochemistry 234101~
4108.

Bertagnolli, B. L., Younathan, E. S., Voll, R. J., & Cook, P. F.
(1986) Biochemistry 254682-4687.

Bradford, M. M. (1976)Anal. Biochem 72, 248-254.

Cho, Y. K., Matsunaga, T. O., Kenyon, G. L., Bertagnolli, B. L.,
& Cook, P. F. (1988Biochemistry 273320-3325.

Cleland, W. W. (1979Methods Enzymob3, 103-109.

Deville-Bonne, D., Bourgain, F., & Barel, J. (1998)ochemistry
30, 5750-5754.

Fersht, A. (1977Enzyme Structure and MechanisM. H. Freeman
and Co., San Francisco, pp }2627.

Merry, S., & Britton, H. G. (1985Biochem J. 226, 13—28.

Payne, M. A., Rao, G. S. J., Harris, B. G., & Cook, P. F. (1921)
Biol. Chem 266, 8891—8896.

Payne, M. A, Rao, G. S. J., Harris, B. G., & Cook, P. F. (1995)

state ordered kinetic mechanism for both nPFK and dPFK _ Biochemistry 247781-7787.

in the absence of effectors due to the complete trapping of

the E:MgATP* complex. It has previously been concluded

that dPFK at pH 6.8 exhibits identical characteristics to the

Rao, G. S. J., Harris, B. G., & Cook, P. F. (1987aBiol. Chem
262 14074-14079.

Rao, G. S. J., Wariso, B. A., Cook, P. F., Hofer, H. W., & Harris,
B. G. (1987b)J. Biol. Chem 262 14068-14074.

native enzyme at pH 8.0. The conformational and/or Rao, G. S. J, Schnackerz, K. D., Harris, B. G., & Cook, P. F.

chemical change that occurs on enzyme upon treatment with
DEPC in the presence of F6P is thought to lock the enzyme

into an active or “high-pH” form (Raoet al, 1995).
However, the current isotope partitioning and initial velocity
data indicate a differential effect of F266h the two enzyme

(1995) Arch. Biochem Biophys 322, 410-416.

Rose, I. A. (1980Methods Enzymob4, 47—59.

Simon, W. A., & Hofer, H. W. (1978Fur. J. Biochem 88, 175—
181.

Starling, J. A., Allen, B. L., Payne, D. M., Blytt, H. J., Hofer, H.
W., & Harris, B. G. (1982)J. Biol. Chem 257, 3795-3800.

forms. The change from an ordered to a random mechanismUyeda, K. (1970)). Biol. Chem 245 2268-2275.

in the presence of F26For dPFK and not for nPFK indicates

BI19528980



