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ABSTRACT: A thermodynamic linked-function analysis is presented of the interactions of MgATP and 
fructose 6-phosphate (Fru-6-P) with phosphofructokinase (PFK) from Escherichia coli in the absence of 
allosteric effectors. MgATP and Fru-6-P are shown to bind in random fashion by product inhibition of 
the back-reaction as well as by the kinetically competent binding of each ligand individually as monitored 
by the consequent changes in the intrinsic fluorescence of E .  coli PFK. When Fru-6-P is saturating, the 
dissociation of MgATP is sufficiently slow that it cannot achieve a binding equilibrium in the steady state, 
causing the observed K, (49 pM) to significantly exceed the Kd (1.7 pM) deduced from a thermodynamic 
linkage analysis. The following features distinguish the interactions of MgATP and Fru-6-P with E.  coli 
PFK: MgATP and Fru-6-P antagonize each other’s binding to the enzyme in a saturable manner with an 
overall apparent coupling free energy equal to +2.5 kcal/mol a t  25 OC; MgATP induces positivecooperativity 
in the Fru-6-P binding profile, with the Hill coefficient calculated from the Fru-6-P binding curves reaching 
a maximum of 3.6 when MgATP is saturating; and MgATP exhibits substrate inhibition at  low concentrations 
of Fru-6-P. Simulations based upon the rate equation pertaining to a two-active-site, two-substrate dimer 
indicate that these features can all result from two independent couplings: an antagonistic MgATP-Fru- 
6-P coupling extending at  least in part between active sites and a MgATP-induced Fru-6-P-Fru-6-P coupling. 
The average magnitudes of these couplings are estimated to equal +1.1 and -1.3 kcal/mol at  25 OC, 
respectively. 

Escherichia coli PFK’ (EC 2.7.1.11) is a tetrameric 
allosteric enzyme that catalyzes the phosphorylation of Fru- 
6-P to Fru-1,6-BP, with MgATP serving as the phosphoryl 
donor. When MgATP is saturating, PFK shows cooperative 
kinetics with respect to Fru-6-P binding, while saturation 
profiles are hyperbolic with respect to MgATP at high Fru- 
6-P concentrations (Blangy et al., 1968). Control of the 
activity of E.  coli PFK is thought to derive physiologically 
from the effectors PEP and ADP. Both the inhibitor PEP 
and the activator ADP allosterically alter the apparent affinity 
of the protein for Fru-6-P, while the maximal catalytic activity 
remains unchanged (Blangy et al., 1968). This allosteric 
control has been described in terms of the concerted transition 
theory (Monod et al., 1965; Rubin & Changeux, 1966; Blangy 
et al., 1968). According to this two-statemodel, an equilibrium 
exists between an active “R” conformation having an optimal 
binding site for substrate and an inactive “T” conformation 
with very low substrate affinity. Shifts in this equilibrium 
occur when the allosteric activator and inhibitor bind pref- 
erentially to the R and T states, respectively. 

A regulatory role for the substrate MgATP has recently 
been proposed for E.  coli PFK (Berger & Evans, 1991). It 
was demonstrated through the steady-state quenching of PFK’s 
intrinsic tryptophan fluorescence that Fru-6-P in the absence 
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of MgATP binds with much greater affinity than at saturating 
MgATP. A more recent kinetic investigation into this 
phenomenon has revealed a mutually antagonistic relationship 
between the two substrates MgATP and Fru-6-P (Deville- 
Bonne, et a)., 1991b) when monitored under saturating GDP 
concentrations to abolish Fru-6-P cooperativity (Blangy et 
al., 1968). Deville-Bonne et al. (1991b) concluded that 
MgATP and Fru-6-P bind in a rapid-equilibrium random 
manner with mutual antagonism arising when both substrates 
bind within each single active site. 

Berger and Evans (1991) have attempted to explain the 
actions of MgATP within the context of the R and T model 
used to explain the effects of the allosteric effectors. From 
this perspective, since MgATP antagonizes Fru-6-P binding 
and exhibits substrate inhibition at low Fru-6-Pconcentrations, 
it promotes the formation of the inhibited T conformation. 
When Fru-6-P is bound, subsequent binding of MgATP 
maintains the R state since MgATP binding is not cooperative. 
Free enzyme, which binds Fru-6-P with high affinity, is thought 
to exist in the R form. However, this model fails to explain 
how MgATP can simultaneously bind to the R form with 
high affinity and promote the formation of the T form. Berger 
and Evans ( 199 1) recognized this inconsistency and suggested 
that MgATP may bind to a second allosteric site, although 
there is a growing recognition that the R-T model itself is 
likely insufficient to explain these and other regulatory features 
of E. coli PFK (Kundrot & Evans, 199 1; Deville-Bonne et al., 
1991 a). 

In the present work, carried out in the absence of allosteric 
effectors, steady-state fluorescence, multi-frequency phase 
fluorometry, and enzyme kinetics are used to quantify the 
binding of each substrate in the presence and absence of the 
other. Both the affinity and the apparent cooperativity of the 
binding profiles are evaluated. Our point of view focuses on 
the properties of the four enzyme species that can be defined 
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unambiguously: free enzyme with neither MgATP nor Fru- 
6-P bound, enzyme fully saturated with bound MgATP, 
enzyme fully saturated with bound Fru-6-P, and enzyme with 
a catalytically competent ternary complex at each of its four 
active sites. Product inhibition studies of the back-reaction 
kinetics provide patterns that confirm that MgATP and Fru- 
6-P bind to free enzyme in a random sequential mechanism. 
However, a linked-function analysis of the data reveals that 
the Km for MgATP does not provide a reasonable estimate of 
its thermodynamic dissociation constant when Fru-6-P is 
saturating. Nonetheless, the coupling free energy between 
the mutually antagonistic substrates and the apparent ho- 
motropic coupling free energy associated with Fru-6-P binding 
at saturating MgATP can be estimated. The properties of 
the enzyme, including the cooperativity displayed by Fru-6-P 
binding at high MgATP concentrations and the substrate 
inhibition by MgATP at low Fru-6-Pconcentrations, are shown 
to be a direct consequence of these two coupling interactions 
and the oligomeric nature of the enzyme. 

MATERIALS AND METHODS 

Materials. PFK was purified from E. coli K12, carrying 
the wild-type PFKA gene obtained as a frozen paste from 
Grain Products Corporation. All chemical reagents used in 
buffers, PFK purification, and enzymatic assays were of 
analytical grade, purchased from either Sigma, Fisher, or 
Aldrich. Matrex Gel Blue A-agarose resin for affinity 
chromatography was obtained from Amicon Corp. Creatine 
phosphate, the potassium salts of ADP, and the sodium salts 
of Fru-6-P, Fru- 1,6-BP, ATP, and PEP were obtained from 
Sigma. The coupling enzymes aldolase, triosephosphate 
isomerase, glycerol-3-phosphate dehydrogenase, phosphoglu- 
coisomerase, hexokinase, and glucose-6-phosphate dehydro- 
genase in ammonium sulfate suspensions and creatine kinase 
in lyophilized form were obtained from Boehringer Mannheim. 
Coupling enzymes were dialyzed extensively against a buffer 
consisting of 50 mM MOPS-KOH, 100 mM KC1, 5 mM 
MgC12, and 100 pM EDTA at pH 7.0. Deionized distilled 
water was used throughout. 

PFK Purification. PFK was purified via the method of 
Kotlarz and Buc (1982) with the following modifications. 
The cell extract, clarified by centrifugation after treatment 
with deoxyribonuclease I, was loaded at 15 mL/h onto a 15 
cm X 0.85 cm Matrex Gel Blue A-agarose affinity column. 
The column was then rinsed at 15 mL/h in the following 
three-step series: 300-500 mL of buffer A (Kotlarz t BUC, 
1982), buffer A + 1.5 M NaCl until the absorbance at 280 
nm of the eluate decreased below 0.05, and buffer A + 2 mM 
ATP until the absorbance at 595 nm of the eluate fell below 
0.03 after reaction with Bio-Rad Bradford protein reagent 
(Bradford, 1976). Elution of PFK was then accomplishedvia 
the application of buffer A + 2 mM ATP + 1.5 M NaCl. 
Fractions containing the highest specific activity were dialyzed 
against buffer A + 2 mM ATP and subsequently applied to 
the Mono Q HR 5/5 anion-exchange column produced by 
Pharmacia for FPLC. A linear 0-1 M NaCl gradient was 
used to elute the PFK. Fractions with high specific activity 
were pooled and dialyzed against a 50 mM HEPPS buffer for 
storage. A 60% yield and specific activity of 205-220 units/ 
mg were generally obtained, with homogeneity demonstrated 
by a single band on SDS-polyacrylmide gel electrophoresis. 

Enzyme Activity Determination. Activity determinations 
for the forward reaction were carried out in 1 .O mL of a HEPPS 
buffer adjusted to pH 8.0 at 25 OC and containing 50 mM 
HEPPS-KOH, 10 mM MgCl2, 10 mM NH4C1, 0.1 mM 
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EDTA, 2 mM dithiothreitol, 0.2 mM NADH, 250 pg of 
aldolase, 50 pg of glycerol-3-phosphate dehydrogenase, 5 rg 
of triosephosphate isomerase, and the Fru-6-P and MgATP 
concentrations indicated in the text. When assays were 
performed at low MgATP concentrations, 3 mM creatine 
phosphate and 30 pg/mL creatine kinase served as an ATP- 
regenerating system. To initiate the enzymatic reaction, 20 
pL of PFK, suitably diluted in a buffer containing the coupling 
enzymes, was added to the mixture. The steady-state reaction 
rate was determined by monitoring the decrease in absorbance 
at 340 nm with respect to time, caused by the oxidation of 
NADH, with a strip-chart recorder. Rates were determined 
after the completion of any pre-steady-state transients. 

The back-reaction, in which Fru-6-P and MgATP are 
formed from MgADP and Fru-1,6-BP, was assayed with the 
same buffer as was utilized in the forward reaction assays just 
described. Two separate coupling enzyme systems were used. 
To monitor inhibition by MgATP, a 1.0-mL assay mixture 
contained 16 pg of phosphoglucoisomerase, 4 pg of glucose- 
6-phosphate dehydrogenase, and 1 mM NADP. For the 
product inhibition by Fru-6-P, 1.0 mL of the assay mixture 
contained 16 pg of hexokinase, 4 pg of glucosed-phosphate 
dehydrogenase, 10 mM glucose, and 1 mM NADP. In both 
cases, the reaction rate was followed by measuring the increase 
in absorbance at 340 nm caused by the reduction of NADP. 

Protein Determination. Protein determinations were ac- 
complished using the BCA protein assay reagent (Smith et 
al., 1985). By ensuring that both standards and unknowns 
consisted of 10% buffer, potential interferences by buffer 
reagents were avoided. 

Fluorescence Measurements. Steady-state intensity of the 
intrinsic PFK fluorescence was measured on an ISS Model 
K2 multifrequency phase fluorometer using a xenon arc lamp 
as an excitation source. Excitation was performed at 300 nm, 
and emission was collected through a Schott WG-345 filter 
for Fru-6-P titration experiments and through a Schott WG- 
320 filter for MgATP titration experiments. Titration 
experiments were performed in 50 mM HEPPS-KOH (pH 
= 8.0), 10 mM MgC12,lO mM NH4C1, and 0.2 mM EDTA, 
and all intensity measurements were corrected for any 
contribution made by this buffer. PFK subunit concentration 
was equal to 0.8 pM and 0.1 pM for the Fru-6-P and MgATP 
titration experiments, respectively. The fractional binding 
saturation by either ligand was calculated from the intensity 
variation with free ligand concentration by calculating the 
quantity IP - 4/1P - F"I where P represents the emission 
intensity in the absence of ligand, F" equals the emission 
intensity when the ligand is saturating, and F corresponds to 
the intensity after the addition of a particular concentration 
of ligand. 

Frequency domain fluorometry was performed with an ISS 
K2 multifrequency phase fluorometer, using the 300-nm line 
of a Spectra-Physics Model 2045 argon ion laser as an 
excitation source. The excitation beam was passed through 
a 2-mm-thick Schott WG-290 filter to remove the 275-nm 
line which is also produced by this laser when operated in the 
"deep-UV" mode. Emission was measured through a Schott 
WG-345 cut-on filter and a Corning 7-54 band-pass filter. 
Buffer conditions were identical to those described for steady- 
state fluorescence measurements, while the PFK-subunit 
concentration was 2.7 pM. Data acquisition was made with 
ISS software, while analysis was performed with GLOBALS 
UNLIMITED, obtained from the Laboratory for Fluorescence 
Dynamics at the University of Illinois at Urbana-Champaign. 
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Table I: Product Inhibition Patterns for Back-Reaction 
[FBPI [MgADPl 
(mM) (mM) inhibitor pattern' K" (pM) K" (rM) 
varied 0.06 Fru-6-P C i 7 i i  N A ~  
5.0 varied Fru-6-P NC 1 3 + 1  4 6 h 2  
varied 0.2 MgATP NCe 2 0 + 8  2304=9 
1 .o varied MgATP Cc 27*1 NA 

a NC = noncompetitive; C = competitive. Not applicable. Inhibition 
pattern complicated somewhat by the appearance of cooperativity in the 
binding of thevariable substrate. However, the general featuresconformed 
to those expected for the indicated inhibition, and the replots of l/V- 
and/or Kip/ V,, were sufficiently linear so that inhibition constants 
could be determined in the usual manner. See text for further explanation. 

EXPERIMENTAL RESULTS 

Back-Reaction. In the back-reaction, Fru-l,6-BP and 
MgADP bind noncooperatively in the absence of MgATP 
and Fru-6-P. Initial velocity data for the back-reaction fit 
well to the following equation which describes either an ordered 
or rapid-equilibrium-random bi-bi mechanism (Cleland, 
1963): 

where A = Fru-1,6-BP and B = MgADP. The following 
kinetic parameters were obtained from nonlinear regression 
analysis, performed as described by Cleland (1967): Vmax = 

51 f 2 pM; and Kib = KiaKb/Ka = 68 f 5 pM (data not 
shown). 

The results of product inhibition of the back reaction are 
summarized in Table I. Inhibition by Fru-6-P was easily 
interpreted as either noncompetitive or competitive inhibition 
patterns because all experiments produced linear double- 
reciprocal plots and replots. Inhibition by MgATP often 
produced substrate binding profiles that exhibited a modest 
amount of binding cooperativity, with Hill coefficients never 
exceeding 1.5. When MgADP was the variable substrate, 
Vmax was clearly invariant, and the value of Kll2 for MgADP 
increased linearly with MgATP concentration, behavior 
consistent with a competitive-type inhibition and in agreement 
with the competitive inhibition observed between MgATP 
and MgADP for the forward reaction of E.  coli PFK (Blangy 
et al., 1968). When Fru-1,6-BP was the variable substrate, 
both K1/2/Vmax and l/Vmax varied in a linear manner as a 
function of MgATP concentration as expected for noncom- 
petitive inhibition. 

Fru-6-P and MgATP Binding to Free Enzyme. The 
hyperbolic binding of Fru-6-P to E.  coli PFK in the absence 
of MgATP can be monitored by the ensuing quenching of the 
intrinsic PFK fluorescence. A plot of fraction binding 
saturation as a function of Fru-6-P concentration is presented 
in Figure 1A. A Hill plot analysis (1910) of these data 
indicates a Kd equal to 6.8 pM and a Hill coefficient 
approximately equal to 1. The Fru-6-P binding event was 
also monitored by a decrease in fluorescence lifetime of the 
intrinsic fluorescence which accompanies the drop in emission 
intensity. In the absence of ligands, the fluorescence decay 
of the four identical tryptophan moieties per tetramer in E.  
coli PFK fits best to two exponentials, with greater than 94% 
of the emission deriving from a single discrete lifetime of 5.6 
ns. The minor component exhibits a lifetime of 0.9 ns. Upon 
saturation by Fru-6-P, the lifetime of the large component 
decreases to 4.7 ns. The small lifetime component does not 
vary with Fru-6-P concentration and therefore was fixed in 

39 s-'; Ka = 1.85 f 0.07 mM; Kia = 2.46 f 0.22 mM; Kb 
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FIGURE 1 :  (A) Binding of Fru-6-P to E. coli PFK as followed by the 
decrease in intrinsic PFK fluorescence intensity (0) and lifetime 
(0). Percent saturation was calculated in each case as described in 
the text. (B) Binding of MgATP to E.  coli PFK as followed by the 
concomitant increase in intrinsic PFK fluorescence. Percent satu- 
ration and free concentration of MgATP were calculated as described 
in the text. The inset to each panel shows a corresponding Hill plot 
of the data. 

the analysis. Fitting the data obtained at intermediate 
concentrations of Fru-6-P to a sum of two exponentials 
corresponding to the free and Fru-6-P bound lifetimes, 
respectively, allowed the determination of the relative con- 
centrations of free and bound, from which we determined the 
binding profile also shown in Figure 1A. The entire data set 
exhibited a value for the global x2 of 1.95. Essentially the 
same binding curve is described by both the intensity and 
lifetime data. 

MgATP also modifies the intrinsic fluorescence of E. coli 
PFK so that binding of MgATP can be observed under 
equilibrium conditions. Saturation with MgATP causes a 
14% increase in emission intensity and roughly a 0.1-ns increase 
in the fluorescence lifetime, although the latter perturbation 
was too small to utilize effectively in titration experiments. 
By considering the fraction of the total increase in fluorescence 
associated with the titration of a given total MgATP 
concentration, the concentration of unbound MgATP was 
calculated. A plot of fraction bound versus free MgATP 
concentration, and the corresponding Hill plot, is shown in 
Figure 1 B. A Kd of 0.025 pM and a Hill coefficient of 1 were 
obtained. 

Fru-6-P and MgATP Binding with the Other Substrate 
Saturating. The binding profiles of Fru-6-P and MgATP 
alone to free enzyme shown in Figure 1 contrast markedly 
with the apparent binding profiles obtained by following 
catalytic turnover when the nonvaried substrate is saturating, 
as shown in Figure 2. In the absence of allosteric effectors 
and at a saturating concentration of MgATP (3 mM), Fru- 
6-P appears to bind cooperatively, as shown in Figure 2A. 
The concentration of Fru-6-P producing half-maximal velocity, 
K1/2, is equal to 0.45 mM and the Hill coefficient = 3.6. The 
dependence of initial velocities on MgATP concentration is 
hyperbolic when Fru-6-P is saturating, with a Km for MgATP 
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FIGURE 2: (A) Dependence of the rate of the reaction catalyzed by 
PFK from E. coli on Fru-6-P concentration with concentration of 
MgATP equal to 3 mM. (B) Dependence of the rate on MgATP 
concentration when Fru-6-P concentration is equal to 4 mM. The 
inset to each figure shows a corresponding Hill plot. 

equal to 49 pM and a Hill coefficient equal to 1 (Figure 2B). 
To confirm that the binding monitored with fluorescence 

in Figure 1 is relevant to the binding of these substrates in a 
kinetically competent fashion, kinetic assays were performed 
to determine values of Kll2 for Fru-6-P and Km for MgATP 
over a broad range of second substrate concentrations. When 
the concentration of MgATP was decreased from 3 mM to 
0.1 pM, the value of K1p for Fru-6-P decreased from 450 to 
8.6 pM (Figure 3A). In the process, Hill numbers also 
decreased from 3.6 to 1.4 (Figure 3B). As the concentration 
of MgATP diminishes, both the Klp  and the Hill coefficient 
approach the values obtained with fluorescence in the absence 
of MgATP (Figure 1A). 

Fru-6-P was similarly varied from 3 mM to 5 pM while the 
K m  for MgATP was measured. These data are also presented 
in Figure 3. When Fru-6-P concentration is below Kll2 (450 
pM), substrate inhibition by MgATP becomes evident, as 
noted by Kundrot and Evans (1991). As Fru-6-P concen- 
tration is further decreased, this MgATP inhibition is 
manifested at successively lower concentrations of MgATP 
as shown in Figure 4. However, the substrate inhibition is not 
due to a typical dead-end mechanism since the curves tend to 
plateau, rather than diminish to zero, at high MgATP 
concentrations. Double-reciprocal plots of these data are 
clearly biphasic, with a clearly defined linear portion at low 
concentrations of MgATP (data not shown). From the linear 
portions of these complex double-reciprocal patterns, we 
estimated a lower limit of the K m  for MgATP to be reduced 
from 49 pM at 3 mM Fru-6-P to 0.045 pM at 5 pM Fru-6-P 
(Figure 3A).2 MgATP binding remains noncooperative in 

Nonlinear regression analysis of these data to the functions normally 
used todescribe complete and partial substrateinhibition (Cleland, 1979) 
failed toconverge. Evidently the functional formof the observedinhibition 
ismore complex, whichisconsistent withour conclusion that this inhibition 
arises from inter- as well as intrasubunit antagonism in the tetramer (see 
Discussion). 

Y 
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Log [XI 
FIGURE 3: (A) Logarithm of the K L / ~  for Fru-6-P presented as a 
function of the logarithm of MgATPconcentration (0) and logarithm 
of Km for MgATP presented as a function of the log of Fru-6-P 
concentration (0). (B) Hill coefficients determined from the data 
from which the values of K112 and K ,  presented in panel A were 
derived. 

6 
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FIGURE 4: Substrate inhibition evident in the saturation profiles for 
MgATP with Frud-Pconcentration equal to 50 pM (O), 25 pM (m), 
and 10 pM (A). 

this low concentration regime throughout the entire concen- 
tration range of Fru-6-P, as indicated in Figure 3B. 

SIMULATION RESULTS 
Dimer. The data just presented are characterized by the 

following distinguishing features: (1) positive cooperativity 
in the Fru-6-P binding profile when MgATP is saturating; (2) 
substrate inhibition apparent in the MgATP binding profiles 
at low concentrations of Fru-6-P; (3) saturable antagonism 
between Fru-6-P and MgATP. We wish to understand the 
ligand-ligand coupling interactions that give rise to this 
behavior. For example, is it necessary to invoke a separate 
binding interaction, Le., an allosteric binding for MgATP, as 
has been proposed previously (Berger & Evans, 1991)? 

Clearly, the oligomeric nature of the enzyme must be taken 
into account in order to fully understand the possible 
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ramifications of any possible site-site interactions. However, 
the active form of E. coli PFK is a tetramer with four active 
sites each binding an equivalent of MgATP and Fru-6-P, and 
a complete linked-function description of such a system is too 
complex for an explicit solution. We therefore examined the 
general properties of a dimeric, two-substrate, two-active-site 
enzyme in an effort to model a mechanism that would at least 
qualitatively explain the above characteristics. 

We derived the rate equation below by modifying the 
recently published general solution of the rate equation 
pertaining to a symmetrical dimeric enzyme containing a single 
substrate and single modifier ligand in rapid equilibrium 
(Reinhart, 1989) so that both ligands are required for catalytic 
activity; i.e., both are substrates of a bimolecular reaction. 
The details of this modification are presented in the appendix 
below, but the resulting rate equation, assuming maximal 
velocity of each active site to be the same and invariant, is 
given by 
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MgATP binding at site 1 antagonizes the binding of Fru-6-P 
at site 2. For the purposes of simulation, we assign each of 
these coupling parameters a value of 0.1, which corresponds 
to a modest coupling free energy of + 1.4 kcal/mol. 

From Figure 3 we know that as MgATP binds to the enzyme 
a positive cooperativity is induced in the binding profile of 
Fru-6-P. Since the Hill coefficient increases continuously 
with MgATP saturation and does not diminish when MgATP 
achieves complete saturation, the coupling parameter that 
designates the homotropic coupling between Fru-6-P equiv- 
alents when MgATP is bound, Qaa/b, must have a value greater 
than 1, which we arbitrarily set equal to 10; Le., a coupling 
free energy equal to -1.4 kcal/mol at 25 O C ,  for the purposes 
of this simulation. 

With these parameter definitions, we can now use eq 3 to 
describe the binding profiles of A and B at both low and high 
concentrations of the nonvaried substrate, where concentra- 
tions are considered relative to the corresponding dissociation 
parameter. The results of these simulations are presented in 
Figure 5 .  

It is readily apparent that the simulations shown in Figure 
5 qualitatively mimic the characteristics evident in Figures 
1 4 .  The saturation curves at low B (MgATP) and high A 
(Fru-6-P) are both hyperbolic. When B is high, A binds in 
sigmoidal fashion whereas when A is low the binding of B 
displays significant substrate inhibition. Moreover, in the 
absence of A, which can be simulated by letting Qabl Qab2 
= 1, the binding of B is hyperbolic (simulation not shown) as 
observed for MgATP in the absence of Fru-6-P (Figure 1B). 
Consequently, we feel that these features can be viewed as 
deriving from the interconnected relationship between these 
couplings that are a consequence of the oligomeric features 
of the enzyme. 

Tetramer. Since the equations derived explictly for the 
dimer by Reinhart (1 989) involve the binding of four ligands; 
Le., two substrate and two allosteric ligands, the general rate 
equation for a homotropic tetramer binding four substrate 
ligands can also be derived by modifying the previous solution 
as outlined in the appendix. The resulting rate equation is 

[ Q a b ~  + QablIB + 1)A + Qd2 + 2B+ 1 1  (2) 

As applied to the present case, we let A = [Fru-6-P]/Kia 
and B = [MgATP] /Kit, where Kia and K i b  equal the reciprocals 
of the thermodynamic binding constants governing the binding 
of the first equivalent of A and B, respectively. Although the 
above equation is somewhat complex, it is comprised of 
parameters that can be intuitively understood and assigned 
a value on the basis of the experimental data presented in 
Figures 1-4. Qbb represents the homotropiccoupling between 
the individual bindings of MgATP in the absence of Fru-6-P. 
Since no cooperativity is evident when MgATP binds, 
regardless of the concentration of Fru-6-P (Figures 1B and 
3B), Qbb must equal 1. Similarly, Qbb/a and Qbb/aa, which 
represent the homotropic coupling between MgATP equiv- 
alents when 1 or 2 Fru-6-P equivalents are bound, respectively, 
must also equal 1. In the same vein, because the binding of 
Fru-6-P to free enzyme is hyperbolic (Figure lA), the 
homotropic coupling between bound Fru-6-P equivalents, Qaa,  
must also equal 1. Finally, it follows from the values that we 
have just assigned that the effect of the binding of MgATP 
on the value of the homotropic coupling for Fru-6-P must be 
additive; i.e., Qaa/bb = (Qaa/b)’, because of linkage identities 
previously described (Reinhart, 1989; see Appendix). These 
parameter values allow us to simplify eq 2 to 

(Qab2QablB2 + QablB)AI/  [(&a/b&b2&blB2 + 

2Qaa/bQab,Qab,B + 1)A2 + 2(Qab2QablB2 + 

[Qabz + QablIB  + 1)A + B2 + 2’ + 11 (3) 
Three parameters remain in eq 3 to which values of arbitrary 
magnitude must be assigned in our simulation. Qabl reflects 
the antagonistic coupling between MgATP and Fru-6-P that 
derives from within a single active site, and Qab2 represents 
the antagonistic coupling between MgATP and Fru-6-P that 
would extend between active sites; i.e., the extent to which 

(4) 
Q:aA4 + 3QiaA3 + 3QaaA2 + A 

QtaA4 + 4QiaA3 + 6QaaA2 + 4A + 1 
-= 
vm 

where Qaa represents the average site-site coupling between 
substrates binding to each of the four active sites. For any 
given value of Qaa one can calculate from eq 4 the corresponding 
value of the Hill coefficient. The resulting relationship between 
Qaa and Hill coefficient is given in Figure 6. 

DISCUSSION 
There has been some disagreement regarding the kinetic 

mechanism of E. coli PFK. Blangy (1971) concluded that 
the reaction was ordered with MgATP binding first on the 
basis of his failure to see with equilibrium dialysis Fru-6-P 
binding in the absence of ATP. Deville-Bonne et al. (1 99 1 b), 
however, concluded that the order of addition is random 
because they were able to see Fru-6-P binding in the absence 
of MgATP via its quenching of intrinsic PFK fluorescence. 
Dead-end inhibition by analogs of MgATP and Fru-6-P also 
suggested to Deville-Bonne et al. (1991b) that the substrate 
addition was random; however, those data are subject to 
alternative interpretations. Deville-Bonne et al. (1 991 b) also 
performed their experiments in the presence of the allosteric 
activator GDP. 

Our data, obtained in the absence of any allosteric effectors, 
lend further support to the conclusion that Fru-6-P and 
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FIGURE 5:  Substrate binding behavior predicted by eq 3 for a dimeric, two-substrate enzyme as described in the text assuming an average 
antagonistic coupling between substrate ligands, &, equal to 0.1 (+1.4 kcal/mol) and an average heterotropically induced homotropic coupling 
experienced by substrate A when an equivalent of B is bound, &/b, equal to 10 (-1.4 kcal/mol). (A) [B]/&b = 1 X lW3; (B) [A]/& = 
1 X 10-3; (C) [B]/Kib = 1 X lo5; (D) [A]/& = 1 X lo5. Note in particular the substrate inhibition in panel B and the positive cooperativity 
in panel C. If one considers substrate A to represent Fru-6-P and substrate B to represent MgATP, panels A-D are qualitatively similar to 
the behavior exhibited by E. coli PFK in figures lA,  4, 2A, and 2B, respectively. 
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FIGURE 6: Relationship between the average homotropic coupling, 
Qu, and the Hill coefficient for a tetramer as predicted by eq 4 
described in the text. 

MgATP bind in random fashion. Not only have we measured 
the interaction of both Fru-6-P and MgATP individually with 
E. coli PFK by monitoring their influences on the intrinsic 
PFK fluorescence, but we have also shown that the same Kd 
values are approched in kinetic experiments, indicating that 
the equilibrium binding is kinetically competent. Product 
inhibition studies of E. coli PFK's back-reaction are also 
consistent with a random mechanism. If the products of the 
back-reaction (i.e,, the substrates of the forward reaction) 
were released in ordered fashion, the first product to be released 
would be a noncompetitive inhibitor when either substrate is 
varied and the nonvaried substrate is subsaturating. Both the 
Fru- 1,6-BP-Fru-6-P and MgADP-MgATP patterns are 
convincingly competitive, indicating that neither substrate 
addition nor product release are ordered in the back-reaction. 

It follows that the same is true in the forward reaction. 
There are clearly other features of Fru-6-P and MgATP 

interactions with E. coli PFK that require explanation. 
MgATP and Fru-6-P antagonize one another's binding 
substantially, and MgATP induces a positive cooperativity in 
the Fru-6-P binding profile. It is significant that this latter 
effect is maximal when MgATP is saturating (Figure 3). The 
cooperativity Fru-6-P displays is therefore a property of the 
enzyme-MgATP complex rather than a consequence of Fru- 
6-P displacing an antagonistic ligand as it binds. Such 
cooperativity we have previously termed "heterotropically 
induced homotropic cooperativity" (Reinhart, 1983). The 
simulations presented in Figure 5 indicate that a two-substrate 
dimeric enzyme that exhibits heterotropically induced ho- 
motropic cooperativity with respect to one substrate and 
binding antagonism between both substrates will exhibit 
behavior that qualitatively matches that displayed by E. coli 
PFK. specifically the cooperativity increasingly manifested 
as MgATP binds and the substrate inhibition by MgATP 
when Fru-6-P is subsaturating. Consequently, no additional 
binding interactions, other than the multiple active sites present 
in the oligomer, are necessary to explain its behavior, contrary 
towhathaspreviouslybeensuggested (Berger & Evans, 1991). 
Simulations of other combinations of coupling interactions 
fail to exhibit comparable behavior (data not shown). 

An interesting feature of eq 3 is that a distinction can be 
drawn between intra-active-site and inter-active-site antag- 
onism between Fru-6-P and MgATP, designated Qabl and 
Qabz, respectively. Simulations in which the antagonism 
between these substrates is exclusively derived from intra- 
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FIGURE 7: Freeenergydiagram, as developed by Weber (1972,1975) 
to demonstrate the reconciliation of the reciprocity requirement for 
the binding of each substrate with and without the prior binding of 
the other substrate. The solid arrows labeled A G ~ f l p  and A G F ~ + P  
correspond to the standard free energies calculated from the binding 
of MgATP and Fru-6-P, respectively, to free enzyme. The total free 
energy released if the binding of both ligands were independent is 
obtained from the sum of these two values. The actual free energy 
realized by the binding of both substrates is obtained by adding the 
actual free energy release obtained when Fru-6-P or MgATP bind 
second (Le., when the other substrate is saturating) and is denoted 
by A G F ~ . ~ - P / M ~ ~  and A G ~ f l p / ~ ~ + p ,  respectively. The solid arrow 
labeled A G M ~ A T P / F ~ ~ P  does not point to the same value as 
AGF~+P/M~ATP in apparent violation of the reciprocity requirement 
for linkage. For the reasons discussed in the text, we believe this is 
due to the fact that the Km for MgATP, measured when Fru-6-P is 
saturating, is not a true thermodynamic quantity. The true value for 
A G M ~ A ~ / F ~ . C P  would instead correspond to the dashed arrow in the 
figure. The apparent coupling free energy between Fru-6-P and 
MgATP, AGF,.~.~ M ~ A W ,  is given by the double-headed arrow. 

active-site interactions, i.e., Qabl < 1 but Qab2 = 1, fail to 
exhibit substrate inhibition at low values of A, whereas the 
opposite case, in which the antagonism is entirely inter-active- 
site, does exhibit substrate inhibition by B at subsaturating 
A (data not shown). We can conclude, therefore, that the 
antagonism exhibited by E. coli PFK in the binding of Fru- 
6-P and MgATP is at least partially due to an influence between 
active sites, contrary to the conclusions of Deville-Bonne et 
al. (1991b). 

One characteristic of our data is not simulated by eq 3, 
namely, the apparent failure of linkage reciprocity. Ther- 
modynamic linkage dictates that AG for the formation of the 
ternary complex PFK-MgATP-Fru-6-P be the same regard- 
less of the order of substrate addition. However, as shown in 
Figure 7, our data fail to meet this expectation. 

The value of Kd calculated for the interaction of Fru-6-P 
with E. coliPFK in the absence of MgATP is 6.8 pM (Figure 
lA), and the K m  for MgATP when Fru-6-P is saturating is 
equal to 49 pM (Figure 2B), which is equivalent to a free 
energy change of 7.1 and 5.9 kcal/mol at 25 OC, respectively, 
if Km were torepresent a thermodynamicvalue. Consequently, 
the total free energy of formation of the ternary complex would 
be -13.0 kcal/mol at 25 “C when Fru-6-P binds first. 
However, when MgATP is considered to bind first, its Kd is 
equal to 0.025 pM (Figure 1B) and the K1p for Fru-6-P after 
MgATP is bound is equal to 0.45 mM. These values 

correspond to free energies of 10.4 and 4.6 kcal/mol, 
respectively, at 25 OC, or a total free energy of formation of 
the ternary complex of -15.0 kcal/mol. Clearly, in our data 
the free energy of formation of the ternary complex appears 
todepend on the order of addition of the two substrates, which 
violates the fundamental requirement for reciprocity embodied 
in the principle of thermodynamic linkage (Wyman, 1948, 
1964, 1967; Weber, 1972, 1975). 

The reason for this discrepancy is not associated with the 
apparent behavioral asymmetry that results from only one 
substrate (Fru-6-P) showing cooperative binding behavior in 
response to the other substrate’s binding. The simulations 
reaffirm that the same apparent coupling parameter describing 
the influence felt by Fru-6-P to the prior binding of MgATP 
and vice versa should be obtained in either case. In the case 
of the simulated dimer, the apparent coupling parameter, Q, 
should equal the following (Reinhart, 1989): 

where the superscripts 0 and = refer to the relative concen- 
tration of the substrate to which the K1/2 does not pertain. 
Somewhat surprisingly, this value is obtained regardless of 
which ligand is considered to bind first despite the fact that 
the Qaa/bb coupling does not introduce cooperativity in the B 
binding profiles. 

The most reasonable explanation for the apparent failure 
of linkage reciprocity in our data is that not all of the measured 
dissociation parameters are equal to thermodynamic values. 
Of the four values in question, the dissociation constants for 
Fru-6-P and MgATP in the absence of the other substrate are 
undoubtedly thermodynamic since they were obtained from 
thermodynamic as well as kinetic methods. Of the two 
remaining, we note that MgATP has unusually high affinity 
in the absence of Fru-6-P and apparently binds an order of 
magnitude more tightly to form the ternary complex than 
does Fru-6-P. Consequently, we suspect that MgATP has 
the highest likelihood of failing to satisfy the rapid-equilibrium 
condition in the steady state. 

Let us for the moment suppose that only MgATP fails to 
achieve a rapid equilibrium, i.e., that Klp for Fru-6-P in the 
presence of saturating MgATP represents the mean of the 
thermodynamic dissociation constants for Fru-6-P from the 
ternary complex. Using the values for gI2 and qI2 for Fru- 
6-P evident in Figure 3A, the true thermodynamic coupling 
parameter would therefore be equal to 

which corresponds to an apparent coupling free energy equal 
to +2.5 kcal/mol at 25 OC, as denoted by A G F ~ . ~ - P / M ~ A T P  in 
Figure 7. Linkage would then dictate that the actual value 
for the mean thermodynamic MgATP dissociation constant 
with Fru-6-P bound, qb, be given by 

which yields the value for the binding free energy denoted by 
the dashed arrow in Figure 7. 

If we further assume that when Fru-6-P is saturating the 
enzyme exhibits simple single-substrate behavior with respect 
to MgATP binding, we can now write the following expression 
pertaining to the K m  for MgATP when Fru-6-P is saturating: 
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with the a priori restriction that only two functionally 
significant conformations exist, the altemate perspective 
utilized here would seem to have merit in that it delineates 
thermodynamic constraints that must be ultimately reconciled 
by any mechanism. There are four forms of PFK that can be 
defined unambiguously: free enzyme, enzyme saturated with 
MgATP, enzyme saturated with Fru-6-P, andenzyme in which 
both MgATP and Fru-6-P sites are fully occupied. The 
properties that these four species exhibit with respect to the 
binding and/or release of MgATP and Fru-6-P can be clearly 
deduced from the data presented. Free enzyme displays a 
relatively high affinity for both Fru-6-P and MgATP, with 
binding constants equal to the reciprocal of 6.8 pM and 25 
nM, respectively. These ligands bind to each of their four 
individual binding sites with little apparent homotropic 
interaction and hence the same affinity. PFK with Fru-6-P 
bound in turn binds MgATP with lower affinity than does 
free enzyme, although MgATP still binds sufficiently tightly 
that upon binding MgATP has a very high commitment to 
catalysis. The enzyme-MgATP complex, in contrast, binds 
the first equivalent of Fru-6-Pvery weakly. One can estimate 
the dissociation constant of the first equivalent of Fru-6-P to 

However, since Fru-6-P binds to the enzyme-MgATP complex 
with a positive homotropic interaction (i.e., AGaa/bbbb < 0), 
the affinity for Fru-6-P of the enzyme-MgATP complex 
increases with Fru-6-P occupancy. Consequently, the ternary 
complex with both ligands saturating exhibits an affinity for 
the bound Fru-6-P that is nearly equivalent to that of the free 
enzyme. The dissociation constant for the first equivalent of 
Fru-6-P to leave from the 4-fold ternary complex is given by 
T/2(Qa,/bbbb)-’” = 14 pM. On the other hand, MgATP, 
which does not display positive cooperativity when binding to 
the enzyme-Fru-6-P complex, remains bound to the ternary 
complex with comparatively low affinity. 

It is clear from this summary that free enzyme, the enzyme- 
MgATP complex, and the enzyme-Fru-6-P complex all have 
different attributes with respect to the affinity displayed for 
both substrates. By this crudest of measures, the enzyme- 
Fru-6-P complex and the ternary complex exhibit generally 
similar properties and might reasonably be viewed as repre- 
senting a single functional class or state. However, given the 
obvious structural difference between these two species, we 
suspect that behavioral distinctions with respect to allosteric 
effectors, pH, etc. will become apparent upon further inves- 
tigation. 

Finally, all of the empirical behaviors of E. coli PFK just 
described can be explained as deriving from two different 
coupling interactions: Qab and Qaa/bbbb. Qab represents the 
average Fru-6-P-MgATP antagonistic interaction, and the 
corresponding coupling free energy is equal to + 1.1 kcal/mol 
at 25 “C. Simulations convincingly demonstrate that such 
antagonism, when manifested at least in part between active 
sites on an oligomeric enzyme, will cause the substrate 
inhibition evident in the MgATP binding profiles at low Fru- 
6-P.3 Qaa/bbbb is the average homotropic coupling between 
successive Fru-6-P binding interactions when MgATP is 
saturating, corresponding to a homotropic free energy of 
interaction equal to -1.4 kcal/mol at 25 “C. This latter 
coupling parameter is completely independent from the 
antagonistic heterotropic coupling, and therefore the positive 

bind to be equal to q p ( Q a a / b b b b ) 3 ”  = 14 mM (eq 9). 

where the quantity 5 X M is obtained from the upper 
plateau value in Figure 3A. From Vmaxr we know that kat = 
150 s-l, and we can therefore calculate the apparent values 
of k,, and koff to be equal to 3 X 10+6 M-’ s-l and 5 s-*, 
respectively. Since k,ff is substantially smaller than kcat, 
according to this calculation, MgATP would clearly fail to 
achieve a binding equilibrium in the steady state. The 
calculated value of k,, is at the lower end, but still within, the 
range typically found for low molecular weight substrates 
(Fersht, 1985). 

If, as a check of our initial premise, we perform a similar 
calculation for Fru-6-P, assuming as a reasonable worse case 
in which k,, is equal to that for MgATP, we find that k,ff is 
equal to 1.2 X lo3 s-l, a value 8 times that of kcat. 
Consequently, we believe that the true value of the coupling 
between MgATP and Fru-6-P is obtained from the Fru-6-P 
saturation profiles in the absence and presence of MgATP 
and that the true value for the thermodynamic dissociation 
constant of MgATP when Fru-6-P is saturating is given by 
eq 7 and the thermodynamic coupling is given by eq 6. 

As noted above, this apparent coupling (and the corre- 
sponding apparent coupling free energy of +2.5 kcal/mol at 
25 “C) is composed of contributions from both the antagonistic 
coupling between Fru-6-P and MgATP, Qab, and the het- 
erotropically induced homotropic coupling between bound Fru- 
6-P equivalents when MgATP is saturating, Qaa/bbbb. From 
eq 4, one can derive that in a tetrameric enzyme displaying 
homotropic cooperativity, K l p  is related to the individual site 
dissociation constant (i.e., the reciprocal of the binding constant 
of the first equivalent of A), Kia, by eq 9. (The subscript 
appended to the Q term and the superscript designations 
indicate that the homotropic cooperativity we have observed 
in Figure 2A is exhibited in the saturating presence of 
MgATP.) 

G 
T/2 = 3/2 

Qaa/bbbb 
(9) 

We can now write the following expression that defines the 
observed coupling parameter Q in terms of the average Fru- 
6-P-MgATP heterotropic and Fru-6-P-Fru-6-P homotropic 
interactions: 

Q = 1.5 x lo-’ = Q:bQi;;bbbb (10) 
where Qab equals the geometric mean of each individual ATP- 
Fru-6-P coupling, including the intra-active-site interaction. 
Note the analogy of eq 10 to eq 5 which pertains to a dimer. 
Qaa/bbbb can be estimated, from Figure 6 and the limiting Hill 
coefficient approached at high MgATPconcentration in Figure 
3B, to be equal to approximately 10 which implies a 
contribution to the apparent coupling free energy equal to 
-2.0 kcal/mol at 25 “C. Therefore, the product of all four 
heterotropic interactions, is equal to 4.7 X (+4.5 
kcal/mol total at 25 “C) or each individual MgATP-Fru-6-P 
coupling is equal to 0.15 (+ 1.1 kcal/mol at 25 “C) on average. 
While wedo not know how equally the +4.5 kcal/mol coupling 
free energy is distributed among the 4 MgATP’s that can 
interact with any given Fru-6-P, we can say that some inter- 
active-site coupling must exist as discussed above. 

CONCLUSIONS 
Given the ambiguities and difficulties that arise when the 

responses of PFK to MgATP and Fru-6-P are interpreted 

Indeed, simulations further show that if it were not for the favorable 
heterotropically induced homotropic coupling Fru-6-P would also exhibit 
substrate inhibition at low MgATP concentrations (data not shown). 
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cooperativity experienced by Fru-6-P when MgATP is 
saturating is not properly viewed as arising from the dis- 
placement of a ligand, in this case MgATP, that stabilizes a 
putative inhibited form of the enzyme. 

APPENDIX 

Equation 2. The rate equation pertaining to a symmetrical 
dimeric enzyme with a single substrate, A, and a single 
allosteric ligand, X, capable of achieving a binding equilibrium 
in the steady-state to each of the two identical subunits, is 
given by the following (Reinhart, 1989): 

u = [(Va + (VaxlQax~ + v a x ~ Q a x J X +  VaxxQaxJ2)A + 

(VaaQaa + (Vaaxl + G d Q a a J +  vaaxxQaaxJ2)A21/  

[(I + 2~ + QxJ2) + 2(1 + [Qaxl+  Q a x ~ l X  + Q a x J 2 M  + 
(Qaa + 2 Q a a J  + Q a a x J 2 ) A 2 1  (A l l  

where A = [A]/&,, X = [XI/&, each V term represents a 
turnover number, and each Q term represents a coupling 
parameter. The subscripts indicate the enzyme species, as 
defined by the bound ligands, to which the parameter pertains. 
A coupling parameter is equal to a ratio of binding constants 
in which the numerator consists of the product of the individual 
binding constants which actually define the equilibria involved 
in forming the indicated species, and the denominator equals 
the product of each ligand’s binding constant to free enzyme. 
[See Reinhart (1989) for a detailed discussion.] 

Note that there is a term in the numerator that corresponds 
to each ligated form that can support turnover and each term 
is multiplied by the turnover number for that enzyme form. 
Thedenominator contains a term for each form of the enzyme 
whether or not substrate is bound. To convert this equation 
to one that pertains to a two-substrate dimer, the numerator 
must be modified so that only those enzyme forms to which 
both ligands are bound simultaneously to the same subunit 
(i.e., active site) remain. This is easily accomplished by setting 
Va, V,, Vax2, and Vam2 to zero. Note that the latter term is 
equal to 0 because it specifically refers to the turnover of A 
that is not paired with the X that is bound (as distinguished 
from Vaaxl). Making these substitutions, as well as changing 
the notation of the second ligand from X to B to denote its 
“status” as a substrate, yields the following: 

Johnson and Reinhart 

where the subscripts containing a slash indicate a coupling 
parameter between the ligands indicated to the left of the 
slash determined while the ligands designated to the right of 
the slash remain bound. 

Equation 3. When deriving eq 3 from eq 2, as described 
in the text, one must keep in mind the following identity, 
which corresponds to eq 18 in Reinhart (1989): 

= [ (Vab~QablB  + VabbQab#)A + (Vaab~QaabB + 
VaabbQaab#M21/[(1 + 2B + Qb#> + 2(1 + (Qabl + 

Qa& + Qab#)A + (Qaa + 2QaabB + Qaab#)A21 (A2) 
Equation 2 in the text is then obtained by assuming that all 
of the remaining maximal velocity terms are equal to a common 
value, designated V, (i.e., that turnover of the temarycomplex 
at one active site is unaffected by the degree of occupancy of 
the other active site), as well as substituting the following 
two-ligand coupling identities to which the multiple coupling 
parameters appearing in eq A2 are equal (Reinhart, 1989): 

Since all of the terms except Qaa/bb and Qaa/b appearing in A6 
are assigned values equal to 1 ,  it follows that Qaa/bb = (Qaa/b)’ 
as stated in the text. 

Equation 4 .  The rate equation pertaining to a single 
substrate enzyme with four active sites can also be derived 
from eq A1 by changing all of the second ligands, Le., X, to 
the substrate A. If we assume that all of the homotropic 
interactions are unaffected by the occupancy of the uninvolved 
sites, then essentially all of the two ligand couplings become 
equal. Note that it is from the identities A3 through A5 that 
the powers to which the homotropic couplings are raised in 
eq 4 originate. Equation 4 in the text was derived by making 
these substitutions as well as by assuming the equivalency of 
each turnover coefficient. 
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