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ABSTRACT: A comprehensive assessment is presented of the mutual influence that MgADP, MgATP, and
fructose 6-phosphate (Fru-6-P) have on each other’s binding to phosphofructokinase (PFK) from E. coli.
When virtually any combination of these ligands binds to PFK it produces a significant perturbation in the
intrinsic tryptophan fluorescence intensity and/or polarization which not only provides a means to follow
binding in titration experiments but which also underscores the fact that more than two different enzyme
conformations result from the binding of these ligands. When MgATP issaturating, the binding of MgADP
to the allosteric site increases the affinity the enzyme subsequently displays for Fru-6-P. However, in the
absence of MgATP, MgADP can bind to both the allosteric site and the nucleotide portion of the active
site, with the latter antagonizing the binding of Fru-6-P to an extent that leads to an overall inhibition of
Fru-6-P binding by MgADP. MgADP binding at the allosteric site also inhibits the binding of MgATP,
indicating that under many circumstances MgADP should be more properly viewed as an inhibitor rather
than an activator of E. coli PFK. After quantifying all of the 20 dissociation constants and 11 coupling
parameters between ligand pairs pertinent to this three-ligand system, the more significant coupling parameters
have been further characterized by examining their variation with temperature to establish the apparent
enthalpy and entropy contributions to the corresponding coupling free energies. For both activating and
inhibitory couplings, the enthalpy and entropy terms have the same sign as the coupling free energy. The
presence of a third bound ligand alters the magnitude of the coupling free energies in ways that are dictated
by changes in the corresponding coupling entropies.
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Influence of MgADP on Phosphofructokinase from Escherichia coli. Elucidation

Escherichia coli PFK! (EC 2.7.1.11) is a tetrameric
allosteric enzyme that catalyzes the M ATP-dependent
phosphorylation of Fru-6-P to form fructose-1,6-bisphosphate
and MgADP. MgATPand Fru-6-P bind in a random fashion,
with each antagonizing the other’s binding in a saturable
manner (Berger & Evans, 1991; Deville-Bonne et al., 1991b;
Johnson & Reinhart, 1992). MgATP induces positive
cooperativity in the Fru-6-P binding profile, with Hill numbers
reaching a maximum of 3.6 at pH 8.0 when MgATP is
saturating (Blangyetal., 1968; Berger & Evans, 1991; Johnson
& Reinhart, 1992). MgATP,incontrast, binds in a hyperbolic
fashion when Fru-6-P is saturating, but exhibits substrate
inhibition at low concentrations of Fru-6-P (Blangy et al.,
1968; Kundrot & Evans, 1991; Johnson & Reinhart, 1992),
behavior which derives at least partially from interactions
between different active sites of the tetramer (Johnson &
Reinhart, 1992).

Physiological regulation of E. coli PFK has been thought
to result at least in part from allosteric inhibition by PEP and
allosteric activation by MgADP. Each alters the apparent
affinity of the enzyme for Fru-6-P, while the maximal rate
of turnover remains essentially unaffected (Blangy et al., 1968).
Originally, the concerted transition theory was used to describe
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the actions of these ligands (Monod et al., 1965; Rubin &
Changeux, 1966; Blangy et al., 1968). More recently, the
limitations of the strict application of a two-state model have
become increasingly apparent (Lau & Fersht, 1987; Kundrot
& Evans, 1991; Deville-Bonne et al.,, 1991a; Johnson &
Reinhart, 1992; Zheng & Kemp, 1992). Nonetheless,
interpretation of structures determined by X-ray crystailog-
raphy has generally focused on rationalizing the principal
differences between “active” and “inhibited” forms (Shirak-
ihara & Evans, 1988; Rypniewski & Evans, 1989; Evans,
1992). In particular, MgADP binding has been presumed to
generate the “active” form by virtue of its facilitating effect
on Fru-6-P binding when MgATP is saturating.

Significantly missing from these discussions of regulatory
mechanism has been a consideration of the effects that MgADP
might have on the binding of MgATP, the “other” substrate
of PFK. It is well known that MgADP exhibits competitive
product inhibition versus MgATP as expected for a random,
sequential kinetic mechanism (Blangy et al., 1968). But the
question of what effect the binding of MgADP to the allosteric
site has on the binding of MgATP at the active site has not
previously been addressed.

In this report, we present a complete assessment of the
binding interactions between Fru-6-P, MgATP, and MgADP
with E. coli PFK, which were determined using both enzyme
activity and intrinsic fluorescence to monitor each ligand’s
binding in the presence and absence of the other ligands.
Surprisingly, MgADP was found to be a more profound
inhibitor of MgATP binding than it is an activator of Fru-6-P
binding even after accounting for its competitive product
inhibition. In addition, the binding of MgADP to the
nucleotide portion of the active site antagonizes the binding
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of Fru-6-P so that, when fully saturating in the absence of
MgATP, MgADP actually inhibits the binding of Fru-6-P.

This assessment has been elaborated further by monitoring
the variation of several of the ligand-ligand interactions with
temperature. van’t Hoff analyses of these data indicate that
the net coupling free energies responsible for PFK’s allosteric
responses are always smaller in absolute value than the
corresponding coupling enthalpy, indicating that enthalpy—
entropy compensation is occurring as observed previously for
the allosteric activation of beef heart NAD*-dependent
isocitrate dehydrogenase by MgADP and the allosteric
inhibition of rat liver phosphofructokinase by MgATP
(Reinhart et al., 1989). In the present case, which entails
both activation and inhibition couplings within the same
enzyme, the coupling free energies are always dominated by
theenthalpy term in contrast to the results obtained previously
with rat liver PFK (Reinhart et al., 1989).

MATERIALS AND METHODS

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

PFK Purification. PFK was purified via a modification of
the method of Kotlarz and Buc (1982) as described previously
(Johnson & Reinhart, 1992).

Enzyme Activity Determination. Activity measurements
were carried out in 1.0 mL of an EPPS buffer adjusted to pH
8.0 at the appropriate temperature and containing 50 mM
EPPS, 10 mM MgCl,;, 10 mM NH4CI, 0.1 mM EDTA, 2
mM DTT, 0.2 mM NADH, 250 ug of aldolase, 50 ug of
glycerol-3-phosphate dehydrogenase, and 5 ug of triose-
phosphate isomerase. At low concentrations of MgATP, 1
mM creatine phosphate and 10 ug/mL creatine kinase served
asan MgATPregenerating system. Toinitiate the enzymatic
reaction, 10 uL of suitably diluted PFK was added to the
mixture. The steady-state reaction rate was determined by
monitoring the decrease in absorbance at 340 nm with respect
totime, i.e., the oxidation of NADH, on a strip chart-recorder
tracing after the disappearance of any slow, pre-steady-state
transients. A unit of activity is described as the amount of
enzyme required to produce 1 umol of fructose 1,6-bisphos-
phate per minute.

Protein Determination. Protein determinations were ac-
complished using the BCA Protein Assay Reagent (Smith et
al., 1985). Absorbance at 278 nm, using €73 = 0.6 cm? mg™!
(Kotlarz & Buc, 1977), agreed with BCA-determined protein
concentrations.

Fluorescence Measurements. Steady-state intensity and
anisotropy (or polarization) of the intrinsic PFK fluorescence
was measured with an ISS Model K2 multifrequency-phase
fluorometer. A xenonarclamp provided the excitation source
for intensity measurements, while the 300-nm line of 2 Spectra-
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Physics Model 2045 argon ion laser was used in anisotropy
measurements. The excitation beam from the laser was passed
through a 2-mm-thick Schott WG-290 filter to remove the
275-nm line also produced by this laser in the “deep-UV”
mode. Inbothcases, emission was collected through a 2-mm-
thick Schott WG-345 cut-on filter and a Corning 7-54 band-
pass filter. All titration experiments were performed in 50
mM EPPS-KOH (pH = 8.0), 10 mM MgCl,, 10 mM NH;,-
Cl,and 0.2 mM EDTA, with a blank correction for the buffer
made in both intensity and anisotropy studies. MgADP
titrations were performed in a 0.4- X 0.4-cm cuvette to
minimize inner filter effects in intensity measurements, while
all other studies were conducted in a 1- X 1-cm cuvette. PFK
subunit concentration was equal to 0.36 uM for all steady-
state fluorescence measurements.

Measurements of Ligand Binding. When both substrates
are present, the average Fru-6-P dissociation constant can be
obtained from the concentration of Fru-6-P required to produce
half-maximal kinetic activity since Fru-6-P achieves binding
equilibrium during steady-state turnover (Johnson & Reinhart,
1992). MgATP does not achieve a rapid-binding equilibrium,
however, soits thermodynamic binding behavior in the presence
of Fru-6-P cannot be assessed directly from kinetic measure-
ments (Johnson & Reinhart, 1992). When the enzyme is not
active due to the absence of either MgATP or Fru-6-P, either
the intensity and/or the polarization of the intrinsic fluores-
cence resulting from the single tryptophan moiety present in
each subunit has been found to be responsive to ligand binding.
As seen in Figure 1A, the fluorescence intensity responds
significantly to each of the three ligands. Fru-6-P causes a
33% drop, while MgADP binding promotes a similar, though
slightly smaller (28%), change. MgATP causes the emission
toincrease to a small (9%), but nonetheless significant, extent.
When MgADP binds after MgATP, a large decrease in
intensity results; however, the reverse situation, when MgATP
isintroduced after MgADP has bound, produces no detectable
change in fluorescence intensity. It is similarly difficult to
observe MgADP binding after Fru-6-P; however, Fru-6-P
binding after Mg ADP does produce a significant drop of about
7%. All of these changes in emission intensity are mimicked
by corresponding changes in fluorescence lifetime (Johnson
& Reinhart, 1994),

The pattern of ligand-induced changes is quite different
when fluorescence polarization of the intrinsic tryptophan is
monitored as indicated in Figure 1B. In contrast to their
similar effects on intensity, Fru-6-P and MgADP cause
divergent changes to the intrinsic polarization, with Fru-6-P
causing a substantial decrease and MgADP causing a small
increase. The polarization when both Fru-6-P and MgADP
are bound is intermediate, thereby allowing MgADP binding
to be observed easily after Fru-6-P binding. MgATP binding
causes a larger increase in polarization that proceeds to
decrease upon the binding of MgADP, although MgATP
binding after MgADP has bound only causes a small change
in the intrinsic tryptophan polarization.

Quantifying the Allosteric Actions of MgADP, Since we
wish to consider the effects of MgADP on the binding of both
substrates, Fru-6-P and MgATP, there are three relevant
ligands to consider. We designate these ligands as A, B, and
X for Fru-6-P, MgATP, and MgADP, respectively. Disso-
ciation constants of these ligands from E. coli PFK determined
in the absence of any other ligands are designated K3,
K3, Kiy» and Kj,,, where the designations “1” and “2” in the
last two parameters signify the dissociation of MgADP
exclusively from the allosteric site and the nucleotide portion
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FIGURE 1: Changes in the intrinsic tryptophan fluorescence intensity (A) and polarization (B) accompanying the addition of ligands. E. coli
PFK was first titrated with either Fru-6-P (W), MgADP (A), or MgATP (O). Subsequently, titrations were performed in which MgADP was
added following saturation with Fru-6-P (O) or MgATP (@), as well as those in which Fru-6-P (a) or MgATP (+) was added following
saturation with MgADP. Intensity data are normalized to the fluorescence intensity in the absence of ligands (F°). Titration no. represents
a constant multiple increase in concentration of the corresponding ligand.

of the active site, respectively. In general, the dissociation
constants of these ligands will be altered if one or both of the
other ligands are bound to the enzyme. Bound ligands are
denoted in the subscript following a “/”. Consequently,
Kia/x1 refers to the dissociation constant of Fru-6-P dissociating
from PFK with MgADP bound to the allosteric site, Kixz/a
refers to MgADP dissociating from the active site with Fru-
6-P bound, Kip/ax1 pertains to the MgATP dissociation when
Fru-6-P is bound and MgADP is bound to the allosteric site,
etc.

A total of 20 different dissociation constants pertaining to
these three ligands can thereby be defined; however, they are
not all independent. Rather, these dissociation constants are
related by the principles of thermodynamic linkage (Wyman,
1948, 1964, 1967; Weber, 1972, 1975) and the various coupling
parameters that quantify the reciprocal influence that two
ligands have on each other’s binding (Weber, 1975; Reinhart,
1983, 1988). For example, in order to quantify the overall
effect of MgADP, binding to its allosteric site, on the binding
of Fru-6-P it is necessary to determine the thermodynamic
coupling between the two ligands, designated Qax1, which is
defined as follows:

Q = K?a = il (1)
=l Kia/xl Kixl/a

Equation 1 expresses the fact that thermodynamic linkage
recognizes that the effect that the binding of A has on the
subsequent binding of X (tosite 1) must be equal to the impact
that the binding of X has on the subsequent binding of A. The
magnitude of this mutual effect is given by the coupling
constant Q.51 Other coupling constants, for example, between
MgATP and MgADP (designated Q) and between Fru-
6-P and MgATP (designated Q,p), are defined analogously.
To denote a coupling between two ligands while the third
ligand is saturating, a slash mark is followed by the letter
designation for the saturating ligand. For example, the
coupling between Fru-6-P and MgADP (at the effector site)
when MgATP is saturating is represented by Quxib and is
defined as follows (Reinhart, 1988):

0 = Kia/b = Kixl/b )
axl/b Kia/bxl Kixl/ab

In total, 11 two-ligand coupling parameters can be defined
from the 20 dissociation constants defined above.

Finally, not all of these pair-wise coupling parameters are
fully independent, but rather they are related to the two three-
ligand coupling parameters that can in principle be quantified
in this system, Qax1 and Qaxx, Which correspond to the two
fully-ligated species that can exist. A three-ligand coupling
parameter is formally defined as the product of the dissociation
constants of each of the three ligands individually divided by
the product of the actual dissociation constants that together
produce free enzyme from the fully-ligated form (Reinhart,
1983,1988). Asdiscussedindetail elsewhere (Reinhart, 1983,
1988), these three-ligand coupling parameters are related to
the two-ligand coupling parameters as follows:

Qabxl = Qaanlebxl/a = Qabeleaxl/b = anlQbXIQab/xl (3)
anx = QaXIQaXZQxx/a = anleanxz/xl = aniQxeaxl/xZ (4)

Several of the two-ligand coupling parameters were de-
termined by measuring the dependence of the apparent
dissociation constant for one ligand on the concentration of
the second ligand and fitting these data to an equation
analogous to eq 5 as described previously (Reinhart, 1983;

on Ko(_f;[zl_) (5)
o . K?xl + anl[x]

Reinhart, 1985; Reinhart & Hartleip, 1987; Reinhart &
Hartleip, 1992; Braxton et al., 1992; Symcox & Reinhart,
1992). The notation in eq 5 specifically pertains to Fru-6-P
and MgADP binding to the active site and allosteric site,
respectively. The apparent dissociation constant for Fru-6-P
is designated Kys reflecting its determination from the
concentration of Fru-6-P that produces one-half saturation.

Data Analysis. Dissociation parameters were obtained from
titration experiments in which binding was monitored by
changes in reaction rate or intrinsic fluorescence intensity or
anisotropy. Unweighted data were fit directly to appropriate
binding functions using either the commercial program
ENZFITTER (Elsevier-Biosoft) or custom nonlinear regres-
sion programs that followed the general approach outlined by
Cleland (1967). Custom programs were written either in the
C programming language and run on a Silicon Graphics
Personal Iris workstation or in HP BASIC and run on a
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Hewlett-Packard 9836A desktop computer. Resulting dis-
sociation constants were fit to eq 5 and other equations
described in the text assuming constant relative error when
weighting the data during the analysis.

Error Evaluation. The values of dissociation constants and
coupling constants are reported = the standard error which
reflects the precision of the respective determination. Re-
alistically, this represents a lower limit to the accuracy of the
value. Different enzyme preparations yield somewhat different
values. Althoughnoattempt was made tosystematically assess
the range of such variation in each parameter, we conserva-
tively estimate, based upon periodic assessment, that the quoted
values are accurate to better than £50%.

RESULTS

MgADP-Fru-6-P Interactions. MgADP exhibits compet-
itive product inhibition of MgATP binding, with a slope
inhibition constant, K, equal to 290 uM when Fru-6-P is
equal to 4 mM as shown in Figure 2. Since this concentration
of Fru-6-P is well in excess of its dissociation constant even
with MgATP saturating (Johnson & Reinhart, 1992), Fru-
6-P was fully saturating under all MgATP concentrations
used when obtaining these data. When Fru-6-P is saturating
MgADP binds to the allosteric binding domain with a
dissociation constant equal to 2.4 uM (see Figure 3A).
Consequently, the Kis determined by these data is equal to the
dissociation constant of MgADP from the nucleotide portion
of the active site while both Fru-6-P and MgADP remain
bound to the active site and the allosteric site, respectively,
and this constant is designated Kixy/ax1 according to the
definitions summarized above.

When one monitors the binding of MgADP directly by
following the changes it induces in the intrinsic fluorescence
of the enzyme, the results shown in Figure 3 are obtained. The
data in Figure 3A were obtained with Fru-6-P concentration
equal to 2 mM, which is also fully saturating. Although the
intensity shows little variation under these conditions, the
anisotropy of the intrinsic tryptophan fluorescence changes
substantially, indicating a dissociation constant equal to 2.4
uM. The value of free MgADP concentration utilized in this
determination was corrected for the amount bound to the
enzyme, which was not negligible relative to total MgADP
concentration at the low end of the concentration range
examined. Hill plot analysis indicates that no cooperativity
is evident in this binding profile. We conclude, therefore,
that these data reflect the binding of MgADP to the allosteric
site when Fru-6-P is bound, with the dissociation constant
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FIGURE 3: Determination of dissociation constants for MgADP in
the absence of MgATP by monitoring either intrinsic tryptophan
fluorescence intensity (O) or anisotropy (®). (A) [Fru-6-P] = 2
mM. (B) [Fru-6-P] = 0.

designated Kix1/a. Notefurther how both fluorescence intensity
and polarization are completely constant at MgADP con-
centrations exceeding 100 uM despite the fact that MgADP
is binding to the active site at these concentrations according
to the data in Figure 2. This observation suggests that the
intrinsic fluorescence of E. coli PFK is specifically responsive
to MgADP binding at the allosteric site. This conclusion is
consistent with the observation made by Berger & Evans
(1991) that when MgADP binding to the allosteric site is
blocked via the site-directed mutation of Lys213 to Ala213
(Lau & Fersht, 1987) the intrinsic fluorescence intensity is
not altered by the binding of MgADP to the active site of that
mutant.

The data in Figure 3B were obtained in the absence of
Fru-6-P. Asindicated in Figure 1, both fluorescence intensity
and anisotropy change in response to MgADP binding. On
the basis of the conclusion just reached we can ascribe these
changes to the binding of MgADP to the allosteric site.
Significantly, the binding is hyperbolic, as confirmed by Hill
plot analysis (Hill, 1910; data not shown), with an apparent
dissociation constant equal to 13.1 uM. This result implies
that either the binding of MgADP to the active site occurs
with a dissociation constant substantially different from 13.1
M or that the binding of MgADP to these two sites occurs
independently, which would mean that the coupling between
ADP binding to the two sites, Oxs, is approximately equal to
1. Note that significant cooperativity in the MgADP binding
profile is predicted if the two dissociation constants are of
comparable magnitude and Qyc # 1, despite the fact that
only one binding is being directly detected.? Since cooper-
ativity is not observed, the apparent dissociation constant
indicated by these data would be equal to K}, in either case.
We prefer the latter explanation, i.e., that Oy = 1, because
of the data shown in Figure 4 as discussed below.

2 This situation is analogous to an enzyme that binds substrate in rapid
equilibrium at both the active siteand an allostericsite. The rate equation
for this case is given by the single-substrate, single-modifier equation
(Reinhart, 1983) when the modifier does not affect ¥,x and both substrate
and modifier ligands are identical. The equation reduces to a hyperbolic
function only if the coupling parameter equals 1 or 0.
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The data presented in Figure 3 represent the binding of
MgADP at two extremes of Fru-6-P concentration, saturation
and zero. Furtherinsight regarding the interaction of MgADP
with its two binding sites, and the interaction between the
binding of MgADP and that of Fru-6-P, is obtained by
following the binding of MgADP at an intermediate con-
centration of Fru-6-P, specifically the concentration of Fru-
6-P that produces 1/2 saturation, i.e., Ko.5. A plot of Ky s for
Fru-6-P as a function of MgADP concentration is presented
in Figure 4A. Itisimmediately obvious that MgADP binding
is biphasic when monitored in this way. Atlow concentrations
MgADP causes Ky s for Fru-6-P to decrease, consistent with
the expected activation produced by the binding of MgADP
to the allosteric site. At higher concentrations of MgADP,
however, the K s for Fru-6-P increases in a saturable manner,
finally achieving a plateau value that is greater than its value
inthe total absence of MgADP. Itseemsclearthat the second
phase is due to the interaction of MgADP at the active site
and the antagonism toward Fru-6-P binding that evidently
results from that interaction. When Fru-6-Pisatintermediate
concentration, i.e., when Ko s for Fru-6-P is the dependent
variable, the manifestation of this antagonismis also moderate
and is evident within the concentration range of MgADP
employed. This suggests that the intrinsic dissociation constant
for MgADP from the active site in the absence of Fru-6-P,

K},,, is much closer to the value of K}, than is Kixz/ax.

The data in Figure 4A can be analyzed with reference to
the equation that describes the binding of a ligand “X”, such
as MgADP, to two different sites, both of which affect the
binding affinity of substrate “A”, solved for the concentration
of substrate producing half-saturation, Ko s (Reinhart, 1983):
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Kys =K,
ile?xz + (K?xl + ix2) [X] + Qxx[X]Z ] (6)
K?le?xz + (anlK?xZ + QaXZK?xl)[X] + anx[X]2

This equation can be simplified by introducing the values for
K2, O Kixi /a» a0d Kixa/ax, determined from the data shown
in Figures 2 and 3 as described above, in the following manner:

Q=g =55 =55 )

Ko 5.5
anx = QaXIQaXZQxx/a = anl(_KT;/-;) = ('2% K?XZ =
0.019K2, (8)
Substituting eqs 7 and 8 into eq 6 yields eq 9:

Kos =K,

[ 13.1K%, + (13.1 + K2,)[X] + [X]? ]
13.1K2, + (5.5K3, + 13.1Q, ,,)[X] + 0.019K3,[X]?
9

When the data presented in Figure 4A are fit to eq 9, the
value of Q. is very poorly determined (standard error >
500%). This is not surprising when one considers the fact
that the term K}, Q,,,[X] appearing in the denominator of eq
6 represents the enzyme form with Fru-6-P bound and MgADP
bound exclusively to the active site. This enzyme form is not
produced to any appreciable extent since MgADP binds to
theactive site with an affinity more than 2 orders of magnitude
less than its affinity for the allosteric site when Fru-6-P is
bound as discussed above. If we further simplify eq 9 by
omitting this term, eq 10 results. When the data in Figure

=K9[ 13.1K3, + (13.1 + K [X] + [X]? ]
05 B 13.1K2, + 5.5K2,[X] + 0.019K3,[X]?

ix2 ix

(10)

4A arefittoeq 10the overall fit actually improves, confirming
our conclusion that the term containing Q,x; is not justified
by the data. The values of K7, and K},, that result from this
fitare 4.5 and 12.0 uM, respectively, and the curve appearing
in Figure 4A corresponds to eq 10 using these values. This
value for K;, compares favorably with the value of 6.8 uM
previously reported (Johnson & Reinhart, 1992). Note that
MgADP displays nearly identical affinities for the allosteric
site and the active site in the absence of Fru-6-P (13.1 uM
and 12.0 uM, respectively). Since this conclusion is based in
part upon the assumption that Qxx = 1, we also fit the data
to eq 10 modified to include Qy in the X2 term in the
numerator, as shown in eq 6, so that its value could float.
Once again, the overall fit was worse and the value of Qxx
poorly determined (standard error 50%) though approximately
equalto 1 nonetheless. Hence, the inclusion of this parameter
(i.e., assuming Qxx # 1) is not justified by these data. The
overall coupling constant, Q.xx, is therefore equal to 0.226
according to eq 8 and the value of K{, determined by the fit.

Finally, in Figure 4B we present the variation of Ky s for
Fru-6-P with MgADP when MgATP is saturating (3 mM).
Values of Kos for Fru-6-P at concentrations of MgADP
ranging from 0 to 1.6 mM were determined, as summarized
in Figure 4B at 25 °C. Since MgATP is saturating, MgADP
cannot bind to the active site, thus removing any ambiguity
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FIGURE 5: Influence of MgATP on K s for MgADP in the absence
of Fru-6-P. Kjyswasdetermined by monitoring the MgADP-induced
quenching of PFK’s intrinsic fluorescence as shown in Figure 3. The
line represents the best fit of the data to eq 5 described in the text.

in the analysis. Fitting these data to an equation analogous
to eq 5 yields the values 420 uM, 140 uM, and 18.3 for the
dissociation and coupling constants Ki, b, Kixi/v and Qaxib
respectively. Note how the activation by MgADP is sub-
stantially more pronounced when MgATP is saturating as
indicated by the fact that Qaux1 > Qaxi. However, since Kix /o
> K7, it is also clear that MgADP simultaneously antago-
nizes the binding of MgATP.

MgADP-MgATP Interactions. The value of 13.1 uM
determined for K;,;, the dissociation constant of MgADP
from the allosteric site in the absence of Fru-6-P and MgATP
determined as described above (Figure 3B), is substantially
different from the value of 140 uM observed for Ky /b, the
dissociation constant of MgADP determined via kinetic
measurements with MgATP saturating (Figure 4B). This
discrepancy arises from an antagonistic coupling between
MgADP and MgATP. The coupling constant, Qyxi, can be
determined directly in a more accurate manner by monitoring
the changein the K 5 for MgADP, measured via the quenching
of PFK’s intrinsic fluoresence, that results from varying the
concentration of MgATP as shown in Figure 5. Nonlinear
regression of these data to eq 5 indicates that Qyy is equal
to 0.072. The apparent value of the dissociation constant for
MgATP, K, resulting from this fit does not equal the true
value of K, because of the competitive relationship between
MgADP and MgATP binding at the active site (Figure 2).
Instead, K, was determined by titrating MgATP in the
absence of MgADP and monitoring the concomitant intensity
increase, as shown in Figure 1A. The value of 0.025 uM
obtained in this manner was reported previously (Johnson &
Reinhart, 1992). Notethat the apparent dissociation constant
for MgADP approaches a value of 190 pM at high concen-
tration of MgATP in reasonable agreement with the value of
Kix1» determined above.

Finally, the influence that MgADP bound to the effector
site has on the thermodynamic binding of MgATP in the
presence of Fru-6-P cannot be assessed directly with kinetic
measurements since MgATP does not achieve a binding
equilibrium during steady-state catalytic turnover (Johnson
& Reinhart, 1992). However, this coupling can be inferred
from the other measured couplings as described below.

Remaining Interactions. The values of dissociation con-
stants and coupling parameters just described are tabulated
in Tables 1 and 2, respectively. From these values other
dissociation constants can be determined as indicated in eq
1. Wehave previously described in detail the coupling between
the substrates Fru-6-P and MgATP (Johnson & Reinhart,
1992), and for completeness we also include in Tables 1 and
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Table 1: Ligand Dissociation Constants from E. coli PFK for all
Combinations of Fru-6-P, MgATP, and MgADP

ligand other saturating ligands designation value (uM)
Fru-6-P K; 4.5+ 0.32
MgATP Kiasp 420 £+ 20
MgADP.? Kia/x1 1.2+£0.2
MgADP,* Kia/x2 110 £ 32
MgADP,¢, MgADP¢ Kiajxx 209
MgATP, MgADP Kia/ox1 23 %1
MgATP K; 0.025 % 0.004¢
Fru-6-P Kip/a 1.74+0.34
MgADP; Kib/xl 0.35+0.07
Fru—6-P, MgADP Kiv/ax1 7.0£2.1
MgADPr K;xl 13£3
Fru-6-P Kixl/a 24+0.3
MgATP Kizip 190 &+ 7¢
MgADP, Kixi/x2 13£3
Fru-6-P, MgATP Kix1/ab 10+1
Fru-6-P, MgADP, Kix1/ax2 24+03
MgADP,, Ko 121
Fru-6-P Kix2/a 290 @13
MgADP Kixz/x1 12+£1
Fru-6-P, MgADP ¢ Kixa/ax1 29013

@ A value of 6.8 uM was reported by Johnson & Reinhart (1992).
b MgADP,; refers to MgADP binding to PFK’s effector site, whereas
MgADP, refers to active site binding. ¢ As reported by Johnson &
Reinhart (1992). ¢ MgATP does not achieve rapid equilibrium during
enzymatic turnover (K, = 49 uM). ¢ This value was directly measured
by titrating intrinsic fluorescence; however, a value of 140 uM was obtained
from a fit of the data shown in Figure 5 to eq 5.

Table 2: Coupling Interactions between Fru-6-P, MgATP, and
MgADP When Bound to E. coli PFK at 25 °C

other
saturating  desig-
coupled ligands ligand nation value
Fru-6-P-MgADP.# [0 %) 55%£1.1

MgATP  Qauyp 183 1.1
MgADP,* anl/xz 55+£20

MgATP-MgADP, Ooxt 0.072 £ 0.008
Fru-6-P Obx1ja 024 £0.06

Fru-6-P-MgATP Qab 0.015 @ 0.001
MgADP;  Qaoyi 0.050£0.014

Fru-6-P-MgADP, Qax2 0.041 £0.012

MgADPer  Qux/xi  0.044 #0.013

MgADP.—MgADP, Ox 16

Fru-6-P Oxx/a 18
Fru-6-P-MgATP-MgADP; Qabxl 0.020  0.003
Fru-6-P-MgADP.i~MgADP,c: Owe 023005

4 MgADP, refers to MgADP binding to PFK’s effector site, whereas
MgADP, refers to active site binding. ¢ Values of 1 are only inferred
by the nature of the data, so that errors were not determined.

2 the values for Kjp/, and Qap that were previously determined.
Knowing the value of Q. allows the calculation of the three-
ligand coupling constant Qapx according to eq 3. With this
parameter determined, the coupling between MgADP and
MgATP in the saturating presence of Fru-6-P (Qbx1/.) and
the coupling between Fru-6-P and MgATP when MgADP is
saturating (Qab/x1) may also be calculated from the identities
included in eq 3. Qaxy/x1 is in turn derived from Qaxx, Qax1s
and Qy, according to eq 4.

The remaining two-ligand coupling parameters that exist
in this three-ligand system, Qux2, Oxx/a, and Qaxi/x2, are
mutually interdependent and can only be determined if we
assume that Qs is approximately equal to 1, which is
suggested by the following argument. When Fru-6-P is
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saturating and PFK is titrated with MgADP, MgADP will
first bind to the allosteric site with a dissociation constant
equal to 2.4 uM. Subsequently, MgADP binds to the active
site with a dissociation constant equal to 290 uM, increased
from 12 uM due to either antagonism from the Fru-6-P bound
or the first MgADP bound or both. When MgADP binds to
theactive site, nochange in fluorescence intensity or anisotropy
is observed. In all other cases when a coupled ligand binds
after MgADP binds to the allosteric site, either one or both
of these fluorescence properties change (Figure 1). Also, in
the absence of Fru-6-P, MgADP binds to both sites inde-
pendently since Qxx = 1. These observations suggest, but do
not prove, that MgADP binds independently to the allosteric
and active sites when Fru-6-P is bound, i.e., that Qs = 1.
Assuming this to be the case, the remaining parameters can
be determined from the identities given in eq 4.

All of the two-ligand and three-ligand coupling constants,
that together provide a comprehensive picture of all of the
possible interactions between the three ligands, Fru-6-P,
MgATP, and MgADP, including those interactions resulting
from MgADP binding to the nucleotide portion of the active
site, arelistedin Table 2. From the definitions of these coupling
constants, and the values of the dissociation constants just
enumerated, the remaining dissociation constants can be
readily determined and are listed in Table 1.

van’t Hoff Analysis of Coupling Free Energies. The
coupling free energies corresponding to the coupling constants
involving the substrates and MgADP binding to the allosteric
site appearing in Table 2 are readily obtained, as illustrated
for the MgADP-Fru-6-P interaction in eq 11

AG,,, = -RTIn(Q,,)) (11)

axl —

where R equals the gas constant and T equals absolute
temperature. At constant temperature, net enthalpy, AH,,),
and entropy, AS,x1, components of this coupling free energy
can be ascertained from the variation in Q,, with temperature,
provided AHx; remains relatively constant, according to the
standard van’t Hoff relation (Reinhart et al., 1989):

_ (AHaxl)l ASaxl
log @1 =\23r /T¥ 23R

By plotting values of log(Q.x;) as a function of reciprocal
temperature, AH,y; can therefore be determined from the
slope of the resulting line and values for AS,x; from the
intercept.

Values of Qa1 and Quxip for the MgADP-Fru-6-P
interaction in E. coli PFK were determined at temperatures
ranging from 5 to 35 °C (data not shown). In both cases
(£ MgATP), a straight line with positive slope fits the data
well, indicating that Q.1 and Qax1/ decrease with increasing
temperature. Weighted linear regression of these data provides
the thermodynamic values that give rise to the activation of
Fru-6-P binding by MgADP at the allosteric site, and vice
versa, in the saturating presence and absence of MgATP, as
shown in Table 3.

Similar analysis was performed on the MgATP-MgADP
interaction in the absence of Fru-6-P (data not shown). In
this case, values of Quy increase with increasing temperature,
indicative of a positive sign for AHy,,;. Weighted linear
regression of these data provides the values for AHyy; and
ASyy; given in Table 3.

van’t Hoff analysis of the Fru-6-P-MgATP antagonistic
coupling @,y involved measuring Ko s for Fru-6-P as a function
of MgATP concentration at various temperatures. Inaddition,
K}, at each temperature was directly measured by monitoring

(12)
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Table 3;: Thermodynamic Parameters Pertaining to Allosteric
Couplings in E. coli PFK

AG at 25 °C AH TAS at 25 °C
coupling (kcal/mol) (kcal/mol) (kcal/mol)
Qaxi -1.0+0.1 -31%15 “21£1.5
Qb1 +1.50.1 +1.7+04 +0.2 £ 0.4
Qab +2.5+02 +8.5+ 1.3 +6.0£ 1.3
Qaxi/b -1.7£0.1 2005 0305
Qox1/a +0.8£0.1 +2.8£1.2 +2.0+ 1.2
Qab/xi +1.8 0.1 +9.6 0.9 +7.8409

the quenching of PFK’s intrinsic fluorescence. As is true for
the case of the MgATP-MgADP coupling, Q. increases with
temperature to provide a linear van’t Hoff plot. Values for
the coupling enthalpy and entropy deriving from a weighted
linear regression fit to eq 14 are also provided in Table 3.

The values of Qux1/4, the coupling constant between MgATP
and MgADP when Fru-6-P is saturating, and Qap/x1, the
coupling constant between Fru-6-P and MgATP when
MgADP is saturating at the effector site, were deduced from
those just mentioned through the combined application of the
identities embodied ineqs 3,4,and 11. Freeenergy, enthalpy,
and entropy associated with ligand interactions are governed
by the same identities that relate coupling constants (eqs 3
and 4), only the parameters are additive rather than multi-
plicative given the logarithmic conversion of Qto AG (eq 11).
These values are also presented in Table 3.

DISCUSSION

The similar decrease in fluorescence intensity caused by
the binding of Fru-6-P at the active site and MgADP at the
effector site has previously been interpreted as supporting the
notion that both ligands stabilize a common active or “R”
form (Deville-Bonne & Garel, 1992). The quite different
results obtained when monitoring fluorescence polarization
indicate that this is not the case. The conformations resulting
from the binding of Fru-6-P at the active site and MgADP
at the effector site are distinct as monitored by the intrinsic
tryptophan.

As directly demonstrated in Figure 4A, in the absence of
MgATP the combined effects of MgADP binding to the active
site as well as to the effector site result in overall inhibition
of Fru-6-P binding. This result brings into question inter-
pretations of the mechanism of action of MgADP that have
been proposed previously based upon the results of X-ray
crystallography. Specifically, Shirakihara and Evans (1988)
have determined the structure of E. coli PFK with MgADP
bound to both active and allosteric sites (along with fructose
1,6-bisphosphate bound to the active site) and, presuming
that this structure represented the active “R” form, interpreted
various structural details as being responsible for the putative
high affinity for Fru-6-P. Itis now apparent that the binding
affinity of Fru-6-P would increase if MgADP were absent.

Only when MgATP is bound does MgADP binding result
exclusively in the commonly appreciated activation of Fru-
6-P binding, although the actions of MgADP do not completely
relieve the antagonism that exists between MgATP and Fru-
6-P in this circumstance since Kia ux1 is still about 4-fold greater
than K}’a as shown in Table 1. In other words, MgADP
activates unambiguously only an enzyme that displays less
than its optimum affinity for Fru-6-P even after MgADP
binds, a result that further argues that the actions of MgADP
cannot be adequately explained by a simple two-state model.

MgADP binding at the effector site also profoundly inhibits
the binding of MgATP whether or not Fru-6-P is bound, as
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revealed by the fact that both Qyx; and Qusi/s are less than
1. Although this antagonism will probably not prevent
MgATP from binding under physiological conditions, given
that Kip/ax1 = 7.0 uM, this observation again presents a
challenge to the existing interpretations of structural data
(Evans, 1992) which have not focused on this consequence of
MgADP binding.

Despite the fact that MgADP binding at the allosteric site
antagonizes MgATP binding to the active site, it has no
influence on MgADP binding at the active site (and vice versa)
since we have concluded that Oy and Qxx/a are both equal to
1. A plot of steady-state intensity and polarization as a
function of MGADP concentration when Fru-6-P is saturating
(Figure 3A) clearly shows that MgADP elicits no response
from the tryptophan fluorescence wheninteracting at the active
site suggesting that a minimal conformational perturbation
in the vicinity of the tryptophan results from this interaction.
Since MgADP binds to the active site with much lower affinity
after Fru-6-Pand MgADP have previously bound to the active
and allosteric sites, respectively (Figure 2), the antagonism
that gives rise to this lower affinity most likely results from
a direct intra-active-site interaction between Fru-6-P and
MgADP. This interaction resembles the intra-active-site
interaction that is responsible in part for the antagonism evident
between Fru-6-P and MgATP (Johnson & Reinhart, 1992).

The distinctions in intrinsic fluorescence properties exhibited
by E. coli PFK when bound to Fru-6-P, MgATP, and MgADP
enable the coupling parameters between any two of these
ligands to be quantified in both the absence and presence of
the third ligand. For example, the influence of MgADP on
Fru-6-P affinity is approximately three times greater in the
presence of MgATP than in its absence: Qux /b = 18.3 versus
Qax1 = 5.5. The coupling constant between Fru-6-P and
MgATP, Q.. was previously found to be equal to 0.015
(Johnson & Reinhart, 1992). When MgADP is saturating
attheeffector site, the MgA TP antagonism of Fru-6-P affinity
is somewhat less (Qab/x1 = 0.056). The coupling parameter
between MgATP and MgADP in the absence of Fru-6-P,
Qux1, is equal to 0.095 but this antagonism is mitigated when
Fru-6-Pis saturating, although MgADPstill inhibits MgATP
binding allosterically by approximately 4-fold (Qux1/a = 0.23).

The van’t Hoff analyses reveal further insights into the
perturbations of these coupling interactions elicited by the
third ligand. All of the coupling free energies listed in Table
3 are the consequence of opposing enthalpy and entropy
contributions. In all cases the sign of AG and AH are the
same, indicating that the allosteric effects measured by the
corresponding coupling parameter are dominated by the
enthalpy term. The entropy terms serve in each case to
mitigate the absolute value of the AG. It is particularly
noteworthy, however, how the presence of the third ligand
acts to effect a change in the coupling free energy. Inthe case
of the activating interaction, i.e., AG,y, the presence of
MgATP causes the Fru-6-P~-MgADDP activation to increase
as noted above. However, despite the fact that the activation
is enthalpy driven, the coupling enthalpy actually decreases
in absolute value, as does the coupling entropy, when MgATP
binds. The increased activation is realized only because the
impact of MgATP on AS,,; is greater than its effect on AH,,;
so that a larger difference between AH,;; and TAS,,, results
from MgATP binding.

The effects of the third ligand on the inhibitory interactions
are directly analogous. In both inhibitory interactions, i.e.,
AGyxi and AG,y, the presence of the third ligand, Fru-6-P and
MgADP, respectively, causes the inhibition to decrease. In
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all cases, however, the third ligand achieves its effects because
it has a greater effect on the coupling entropy. Although the
coupling free energies are smaller after the third ligand binds,
the coupling enthalpies are actually larger. The smaller free
energies result from the fact that the coupling entropies are
increased to a greater extent than are the coupling enthalpies,
so that a smaller difference between AH and AS occurs.

These results underscore once again the importance of both
entropic and enthalpic contributions to a coupling free energy
that in turn establishes the nature and magnitude of an
allosteric effect. This point is also supported by the different
responses displayed by the fluorescence intensity and polar-
ization of the intrinsic tryptophan. Featuresother thansimple
static structural perturbations are involved in, or at least
correlate with, the transmission of allosteric effects in this
enzyme. In particular, the polarization changes apparent in
Figure 1B suggest that the flexibility of the tryptophan is
subject to perturbation by these ligands. Since it has been
previously proposed that perturbation of the dynamic prop-
erties of a protein may be a motif by which allosteric ligands
achieve their effects by contributing to the coupling entropy
(Copper & Dryden, 1984; Reinhart, et al., 1989), we present
in the following paper (Johnson & Reinhart, 1994) a detailed
examination of the nature of the ligand-induced changes in
the local motion of the tryptophan in an effort to shed light
on the possible role such factors may play in the allosteric
actions of MgADP in E. coli PFK.
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