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ABSTRACT. A linked-function analysis is presented of the influence of the inhibitor phogpiodpyruvate

(PEP) on the binding of fructose 6-phosphate (Fru-6-P) and MgATP to phosphofructokinase (PFK) from
Escherichia coli The results of this analysis indicate that the previously described inhibition of Fru-6-P
binding by MgATP [Johnson, J. L., & Reinhart, G. D. (19®ipchemistry 31115106-11518] is almost
completely independent of the inhibition by PEP. Moreover, with or without the presence of MgATP,
the inhibition by PEP does not conform to the behavior expected if PEP and Fru-6-P bind exclusively to
different enzyme forms since the formation of a ternary complex with both PEP and Fru-6-P bound is
clearly evident at high concentrations of Fru-6-P and PEP. van't Hoff analyses of the coupling interactions
between PEP and Fru-6-P in the presence and absence of MgATP indicate that these couplings are driven
by enthalpy. However, the influence that PEP has on MgATP binding is small and changes from being
activating to being inhibitory at temperatures above’@Qrevealing the importance of a compensating
entropy component to the coupling interactions. The four functionally defined enzyme forms that contribute
to the coupling between Fru-6-P and PEP were evaluated structurally using the fluorescence properties of
the single intrinsic tryptophan as a probe. The steady-state and dynamic fluorescence emission and
polarization properties of the tryptophan, as well as its susceptibility fguenching, indicate that the
flexibility of PFK in the vicinity of the tryptophan is perturbed by the binding of ligands. The properties

of free PFK do not lie between those established by the binding of Fru-6-P and PEP individually, indicating
that it is structurally distinct. The properties of the ternary complex lie between those of the singly-
ligated forms. Though an equilibrium mixture of two conformations of ternary complex cannot therefore
be formally ruled out, no evidence obtained to date requires the presumption of this mechanistic
complication.

During the conversion of glucose to pyruvate, phospho- conformations and thereby selectively increasing the popula-
fructokinase (PFK) from Escherichia colitransfers a  tion of R or T. Fru-6-P in turn is presumed to exhibit very
phosphate group from MgATP to fructose 6-phosphate (Fru- high and very low affinity for the R and T states, respectively,
6-P), yielding the products MgADP and fructose 1,6- and consequently its binding promotes aTR transition.

bisphosphate. PFK is subject to allosteric activation by v qta) structures detailing structural differences between
MgADP and inhibition by phospheo)pyruvate (PEP) in Fru—g-P-bound and inhibitc?r-bound forms of PFK from

that MgADP promotes, and PEP antagonizes, the affinity . . i

by which Fru-6-P binds to the enzyme. Yet both MgADP Bacillus stea.rothermophllu@Evans & Hudson,1979; Evans

and PEP bind to the same site on the enzyme (Blangy et al. et_ al., 1981; Schirmer & _E_vans, 1990) have served to
reinforce the presumed validity of the two-state model such

1968). The actions of these effectors have traditionally beenth tit h b ted by leading biochemist
viewed within the constraints of the concerted two-state 'at It Nas €ven been accepted by leading biochemistry
model (Monod et al., 1965; Rubin & Changeux, 1966; textbooks [e.g., Voet and Voet (1995)] as the operative

Blangy et al., 1968). According to this model, MgADP and mechanism that leads to the allosteric properties of PFK.
PEP prefere’ntially bind to R and T enzyme forms respec- Recent studies, however, have revealed deficiencies in this

tively, shifting the equilibrium between the two enzyme Model (Johnson & Reinhart, 1992, 1994a,b; Zheng & Kemp,
1992). For example, MgADP and Fru-6-P cause different

TMuch of the research reported herein was performed while the structural Changes In P'.:K’ clearly I_ndlca_ted_ by the fluores-
authors were members of the Department of Chemistry and Biochem- CENCe polarization exhibited by the single intrinsic tryptophan
istry at the University of Oklahoma, Norman, OK 73019. This work (Johnson & Reinhart, 1994a). Also, the two-state model

was supported by National Institutes of Health Grant GM 33216 and ; ; ;
HRO-025 from the Oklahoma Center for the Advancement of Science cannot adequately explain the actions of MATP since

and Technology. MgATP allosterically antagonizes the binding of both Fru-
* Author to whom correspondence should be addressed. E-mail: 6-P and MgADP (Zheng & Kemp, 1992), yet both MgATP
gdi@tamu.edu. N and Fru-6-P bind to free enzyme with high affinity (Johnson
Southwestern Oklahoma State University. . .
5 Texas A&M University. & Reinhart, 1992). Moreover, the actions of MgADP cannot
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It is, however, the contrast between the actions of MgADP  Protein Determination. Protein concentrations were de-
and PEP that provides the primary impetus to the two-statetermined using the BCA protein assay reagent (Smith et al.,
view in general, and we therefore present in this report a 1985), which were complemented by absorbance readings
thorough linked-function analysis of the antagonism between[e2;s = 0.6 cn? mg! (Kotlarz & Buc, 1977)] when
Fru-6-P and PEP, including a consideration of their individual nucleotides were not present.
and combined interactions with MgATP. van't Hoff analyses  Steady-State Fluorescence Measuremer8tady-state
of these coupling interactions have been performed to furtherintensity and anisotropy of the intrinsic PFK fluorescence
characterize the thermodynamic forces that govern netwas measured on an ISS Model K2 multifrequency phase
allosteric response, with particular attention given to the fluorometer. A xenon arc lamp provided the excitation
contribution by entropy to coupling free energy (Reinhart et source for intensity measurements, while the 300-nm line
al., 1989). The sign of this entropy term has previously been of a Spectra-Physics Model 2045 argon ion laser was used
correlated with the dynamic attributes of the single tryp- in anisotropy measurements. The excitation beam from the
tophan per subunit in each of the enzyme forms relevant to laser was passed through a 2-mm-thick Schott WG-290 filter
MgADP inhibition of MgATP binding and activation of Fru-  to remove the 275-nm line also produced by this laser in
6-P binding (Johnson & Reinhart, 1994b). Similarly, the deep-UV mode. In both cases, emission was collected
perturbations deriving from the binding of Fru-6-P and PEP, through a Schott WG-345 cut-on filter and a Corning 7-54
both individually and in combination, are examined here band-pass filter. All titration experiments were performed
using steady-state and dynamic fluorescence techniques orin 50 mM EPPS-KOH (pH= 8.0), 10 mM MgC}, 10 mM
PFK’s intrinsic tryptophan (Trp 311). Notably, a description NH,CI, and 0.2 mM EDTA, with a blank correction for the
of the ternary complex of Fru-6-P and PEP with PFK, a form buffer made in both intensity and anisotropy studies. PFK
usually not considered by the two-state model, proves to besubunit concentration was equal to 427 uM (0.15-0.2
necessary for understanding the nature of the inhibition mg/mL) for all steady-state measurements.
produced by PEP. In addition, MgATP’s role once again  Frequency-Domain Fluorescence Measuremenise-
cannot be adequately explained within the constraints quency domain fluorometry was performed on the ISS K2,

imposed by a two-state model. using the 300-nm line of the Spectra-Physics argon ion laser
described above. Emission and excitation filters and buffer
MATERIALS AND METHODS conditions were identical to those described for the steady-

state fluorescence measurements, while the PFK subunit
concentration was 5:-78.6 uM. All measurements were
performed in a Ix 1 cm cuvette with continuous stirring to

Materials. Phosphofructokinase was purified frdmcoli
K12, carrying the wild-typeofkAgene, obtained as a frozen

paste from Grain Products Corp. All chemical reagents used i\imize sample photobleaching. Blank correction was not

in buffers, PFK purification, and fluorescence and enzymatic e tqrmed because the signal contributed by the buffer was
assays were of analytical grade, purchased from either Sigmajegs than 3% in all cases. Data analysis was performed with

Fisher, or Aldrich. The Matrex Gel Blue Aagarose resin  g4h4)s Unlimited, obtained from the Laboratory for Fluo-
for affinity chromatography was purchased from Amicon  oscence Dynamics at the University of lllinois at Urbana
Corp. Creatine phosphate, creatine kinase, the pOtaSS'“"bhampaign.

salt of Fru-6-P, the sodium salts of PEP and ATP, and the lodide Quenching.Frequency-domain phase and modula-

coupling enzymes aldolase, triosepho;phate isor_nerase, anfon measurements were performed on each of the six enzyme
glycerol-3-phosphate dehydrogenase in ammonium sulfateg, g individually in the presence of 0, 0.05, 0.1, and 0.15

suspensions were obtained from Sigma. Coupling enzymesy; | - controls have shown that increases in ionic strength
were dialyzed extensively against a buffer consisting of 50 accompanying the addition of concentrations of KCl as high
mM MOPS-KOH, 100 mM KCl, 5 mM MgGj, and 10:M as 0.25 M failed to alter the fluorescence lifetime of the PFK
EDTA at pH 7.0. Deionized distilled water was used |igated with the various combinations of PEP and Fru-6-P
throughout. (data not shown). All data sets were globally linked in terms

PFK Purification. PFK was purified via a modification  of the percent of each species in solution and fit using the
of the method of Kotlarz and Buc (1982) as described Globals Unlimited program to the following equation:
previously (Johnson & Reinhart, 1992).

Enzyme Actiity Determination.Activity measurements 7° O r—
were carried out in 1.0 mL of an EPPS buffer adjusted to Z =1t Kol 1 @)
pH 8.0 at the appropriate temperature and containing 50 mM
EPPS-KOH, 10 mM MgGl 10 mM NH,CI, 0.1 mM EDTA, wheret® represents the lifetime in the absence of quencher,
2 mM DTT, 0.2 mM NADH, 250ug of aldolase, 5@:g of 7 represents the apparent lifetime at a given concentration
glycerol-3-phosphate dehydrogenasggf triosephosphate  of iodide, andk, is the bimolecular collisional rate constant
isomerase, 1 mM creatine phosphate, ddJmL creatine pertaining to the collision of1with the excited state of the
kinase, and the indicated concentrations of Fru-6-P andfluorescent species. The SterfWolmer constantKs,, ob-
MgATP. The enzymatic reaction was initiated with 2D tained directly from the slope af/r vs [I7], represents the
of suitably diluted PFK. The steady-state reaction rate was product ofz° and the bimolecular rate constagt
determined by monitoring the decrease in absorbance at 340 Measurements of Ligand Bindindn the absence of either
nm with respect to time on a strip-chart recorder tracing after MgATP or Fru-6-P, i.e., when there is no catalytic activity
the disappearance of any slow, pre-steady-state transientsirom PFK, either the intensity and/or the polarization of the
A unit of activity is designated as the amount of enzyme intrinsic fluorescence derived from the single tryptophan
required to produce Lmol of fructose 1,6-bisphosphate/ moiety present in each subunit has been found to provide a
min. good monitor of ligand binding. Variation in these param-
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is monitored, as indicated in Figure 1B. Instead of inducing
opposite changes in the fluorescence parameter, the binding
of both Fru-6-P and PEP decreases the intrinsic polarization,
although to different extents. Fru-6-P induces a change of
approximately 0.03, while PEP lowers the polarization value
by about 0.02. The ternary complex of allosteric inhibitor
and substrate exhibits a steady-state polarization essentially
identical to that of the PEP-bound complex.

Quantifying the Allosteric Actions of PEPThere are three
relevant ligands to consider in a complete linked-function
description of PEP’s influence on PFK activity: Fru-6-P,
MgATP, and PEP. We designate these ligands as A, B, and
Y, respectively.

In order to quantify the overall effect of PEP on the
binding of another ligand, it is necessary to determine the
coupling parameter between the two ligands; for example,

the coupling between Fru-6-P and PEP, design&igdis
* defined as follows:

KK

a Qay (@)

iyla

whereK?, represents the dissociation constant of substrate
(A) in the absence of any allosteric ligaridey, represents
L] the dissociation constant of substrate when PEP (Y) is fully
saturating,Kg, represents the dissociation constant of PEP
mOO in the absence of any other ligand, aidg. represents the
o dissociation constant of PEP when substrate is saturating.
" 0 Other coupling constants, for example, between MgATP and
PEP,Qsy, and between Fru-6-P and MgAT®,, are defined
analogously. In this notation the ligand designation follow-
Titration # ing the slash mark identifies the ligands that are saturating.
FIGURe 1: (A) Changes in the steady-state intensitfotoli PFK’s Consequently, to ascribe a coupling between two ligands
intrinsic fluorescence induced by Fru-6-P and PEP in the absencewhile another ligand is saturating under all conditions, a slash
of MgATP. When binding to free PFK, Fru-6-Bf causes a 36%  mark followed by the letter designation for the saturating
decrease and PEPRD) causes a 9% increase in fluorescence ligand is used. For example, the coupling between Fru-6-P

intensity. PEP titrated into PFK previously saturated with Fru-6-P . .
(O) increases intensity by 6%, while Fru-6-P induces a 40% 323;523?;%ng1—|3 is saturating is represente gy,

decrease in the intensity of PFK previously saturated by RBP (
Regardless of the order of addition, a ternary complex is generated

Polarization

0.30 |

0.29 —— s
0 5 10 15 20

approximately 30% lower in intensity than free PFK. (B) Changes Kiab Kiy,b
induced by Fru-6-P and PEP in the steady-state polarization of the Q= K. —K 3)
intrinsic tryptophan ofE. coli PFK in the absence of MgATP. ia/by iy/ab

Absolute changes in polarization of 0.03 and 0.02 accompany the

saturation of PFK by Fru-6-PB) and PEP ©), respectively. These coupling parameters were determined by measuring
Additions of Fru-6-P to PFK previously saturated with PEP (

generate a polarization describing the ternary complex identical to the dependence of the apparent dissociation constant for one

that produced by additions of PEP to PFK previously saturated with 1l9and on the concentration of the second ligand and fitting
Fru-6-P (). these data to eq 4 as described previously (Reinhart, 1983,

1985; Reinhart & Hartleip, 1987, 1992; Braxton et al., 1992;
eters induced by MgATP and Fru-6-P has earlier been Symcox & Reinhart, 1992).

presented (Johnson & Reinhart, 1992, 1994a). As seen in

Figure 1A, the intrinsic fluorescence intensity is quite KO + [Y]

responsive to binding by Fru-6-P and PEP. Fru-6-P causes Kos= K| —go—— (4)

a 36% drop, while PEP binding promotes a small increase Kiy T QalY]

(9%). When Fru-6-P binds after PEP, a large decrease in

intensity of approximately 40% results. In the reverse The notation in eq 4 specifically pertains to Fru-6-P and PEP

situation, when PEP is introduced after Fru-6-P has bound,as indicated above. The apparent dissociation constant for

fluorescence intensity increases slightly (6%) to a value Fru-6-P is designated,s reflecting the potential for

representative of the ternary complex. All intensity data were cooperativity in the Fru-6-P binding profiles.

adjusted for the inner filter effect brought about by titration In a mechanism in which substrate and allosteric inhibitor

of large concentrations of PEP required for saturation bind mutually exclusively to R and T states, respectively,

(Lakowicz, 1983). the value ofKys increases without limit as [Y] increases,
The pattern of ligand-induced changes is quite different andQ,y is therefore equal to 0. In this case, eq 4 reduces to

when the fluorescence polarization of the intrinsic tryptophan the following form:
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-1

Kiy + Y] [Y]
Ko.szKic;Iy—o :Kic; 1+~ (5)
iy iy

All other procedural details pertaining to equation fitting and
data analysis have been described previously (Johnson &
Reinhart, 1994a).

Generation of Enzyme Ligand FormEnzyme complexes
analyzed in steady-state and dynamic fluorescence studies
were generated by the following additions: 0.5 mM Fru-
6-P to generate PFKF6P; 10 mM PEP to generate PEP
PFK; and both 20 mM Fru-6-P and 60 mM PEP to generate
PEP-PFK—F6P. For the binary complexes, these ligand
concentrations are greater than 100 times the relekant
For the PEP-PFK—F6P ternary complex, these concentra-
tions of Fru-6-P and PEP were shown to be sufficient to
fully achieve a plateau value in intrinsic fluorescence 6 = - - ]
intensity when either ligand was varied around these Log [PEP]
concentrations.

Log (K, )

FiGure 2: Variation of logK, for Fru-6-P with the log of PEP
concentration at 0&) and 3 mM @) MgATP. K, values are
represented either bi{o s determined kinetically in the presence
o . of MgATP or by K4 determined via fluorescence intensity in the
Characterization of Coupling Parameters absence of MgATP (Figure 1A). Solid lines represent the best fit

. L . of these data to eq 4. Dashed lines represent the best fit of these
Fru-6-P—PEP COUpImg_ in the Satur.atlng Presence of data to eq 5. Values day andQay, deriving from the fit of eq 4
MgATP. It has been previously established that PEP acts gre summarized in Table 2.

as a K-type effector in its inhibition dE. coli PFK; i.e., it
antagonizes Fru-6-P binding without influencikg: (Blangy
etal., 1968). We have confirmed that, even under saturating R PR
concentrations of PER is virtually constant (data not 2L °
shown). To quantify the magnitude of the allosteric effect e °
PEP exerts on Fru-6-P binding when MgATP is saturating, g I

values ofKq s for Fru-6-P were determined at PEP concentra- 3 .
tions ranging from 0 to 60 mM by monitoring PFK activity L e @ ® K

with [MgATP] = 3 mM. The data obtained are depicted in T L
Figure 2. These data were fit via nonlinear regression 45 -4 B35 -3 25 2 15 -1
analysis to eq 4 to provide the value of the coupling between

Fru-6-P and PEP when MgATP is saturati@y,» The solid - ,
P . g : : FiGURE 3: Variation of logK, for PEP with the log of Fru-6-P
line in Figure 2 corresponds to this fit, while the dashed line concentrationKy values were determined by following the inhibi-

represents the best fit to eq 5, which represents a model ingon of enzymatic activity by PEP at various Fru-6-P concentrations
which Fru-6-P and PEP cannot bind to the same enzymewhen MgATP concentrations were fixed at 3 mM. The cooperativity
form. It is clear that eq 4 does a much better job of of Fru-6-P binding prevented these data from being fit to eq 4, but
describing the data. estimates were made for the limiting valueskgf(dashed lines).

: . . L . The magnitude 0fQa.y, determined from limiting values oK,
Kos determined in this manner will yield thermodynamic g re 2) is represented by the vertical arrow, and its similarity to

parameters if the value of the off-rate constant for the the magnitude oQay/b based upon approximations for the limiting
substrate from both the substratenzyme complex and the  values ofK, suggests that Fru-6-P binds in rapid equilibrium during

ternary complex of substrate, effector, and enzyme is very the enzymatic turnover d. coli PFK.

large relative to the value ¢f,. The veracity of this rapid-

equilibrium condition for Fru-6-P was evaluated using a Therefore we conclude that the rapid-equilibrium condition
simple steady-state kinetic method performed under solutioniS Met, consistent with our earlier prediction (Johnson &
conditions identical to those of normal kinetic assays Reinhart, 1992).

(Symcox & Reinhart, 1992). In this method, independent  Fru-6-P—PEP Coupling in the Absence of MgATBsing
experimental determinations d.yn are made by both  the quenching of PFK's intrinsic tryptophan fluorescence as
measurements dfy s as a function of PEP concentrations a probe (Figure 1A), we determinéd, for Fru-6-P in the
and of the apparent dissociation constant for PEJ} s a absence of MgATP at concentrations of PEP ranging from

RESULTS

-1

Log [F6P]

function of Fru-6-P concentration. If these valuesQf, 0 to 60 mM. These data are also summarized in Figure 2,
are equal, then the rapid equilibrium assumption is valid with the solid line corresponding to the best fit of these data
(Symcox & Reinhart, 1992). The variation Kf with Fru- to eq 4 to yield the value faQ,. The couplings are evident

6-P determined in this manner is presented in Figure 3. Theby inspection from the differences between the two plateaus
two plateau values evident in Figure 3 allow estimates to be for each curve. The results clearly indicate that, despite the
made forKiy, and Kiyap, from which a value ofQay, was substantial antagonism between Fru-6-P and MgATP (evident
calculated according to eq 2. This valueQ@,, agrees well by the vertical displacement of the two curves), MgATP has
with the value determined from the data presented in Figure very little effect on the ability of PEP to further antagonize
2 as indicated by the double-headed arrow in Figure 3. the binding of Fru-6-P. The dashed line represents the best
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Table 1: Ligand Dissociation Constants frdn coli PFK for All All of the dissociation constants and coupling constants
Combinations of Fru-6-P, MgATP, and PEP at 25 measured as described above are listed in Tables 1 and 2.
The remaining coupling constants can be calculated as

other saturating

ligand ligands designation Ka (M) follows. . _
F o The magnitude of the coupling between Fru-6-P and

ru-6-P K 454+ 0.3 . .
Fru-6-P  MgATP Ko 420+ 208 MgATP, Qapn, has been previously determined to be equal to
Fru-6-P  PEP Kialy 410+ 80 0.015+ 0.001 (Johnson & Reinhart, 1992). With this value
Fru-6-P  MgATP, PEP Kioalby (2.6+0.6) x 10 and the values 0Qa.y, Qayn, and Qpy determined from the
MgATP Kib 0.025+ 0.004 results presented in this report, a complete linked-function
MgATP  Fru-6-P Kibia 17403 analysis of all oth tential lings bet Fru-6-P
MIATP  PEP K 0,019+ 0.003 ysis of all other potential couplings between Fru-6-P,

g ibly . .
MgATP  Fru-6-P, PEP Kipjay 0.89+ 0.10 PEP, and MgATP, may be calculated. The principles of
PEP K, 240+ 20 thermodynamic linkage give rise to the following identities
PEP Fru-6-P Kiyra (2.24+0.6) x 10 (Reinhart, 1983, 1988):
PEP MgATP Kiyib 185+ 22
PEP Fru-6-P, MgATP Kiysab (1.2+0.4)x 10 KO KO KO

D K K

2 As reported by Johnson and Reinhart (1992, 19946gATP does Qapy = Ola# = QarQbyQayin (6)
not achieve rapid equilibrium during catalytic turnovism(= 49 uM). Kia Kibia Kiy/ab
Table 2: Fru-6-P/MgATP/PEP Coupling Constar@® That _ Qaby )
Quantify the Interactions between Fru-6-P, MgATP, and PEE.on Qby/a_ Q b
coli PFK at 25°C ay~a

other
saturating Qab/y: Qaby ®)

interacting ligands ligand designation Q Qabey
Fru-6-P-PEP a 0.011+ 0.003 - _ . . . .
Fru-6-P-PEP MgATP gailb 0.0164+ 0.002 As indicated in eq 6Qany is the coupling associated with
MgATP—PEP Quy 1.3+0.1 the binding of three ligands to separate sites (Reinhart, 1988).
MgATP—PEP Fru-6-P Quya  1.9+£0.6 Values forQapy, Qbya (the coupling between MgATP and
Fru-6-P-MgATP Qab 0.015+ 0.00F PEP at saturating Fru-6-P), af, (the coupling between
Fru-6-P-MgATP PEP Qay  0.02240.007 ¢ )
Fru-6-P-MgATP—PEP Qaby 0.00031+ 0.00005 Fru-6-P and MgATP at saturating PEP) determined by the

a A value of 0.012 was determined fQuy, via a variation inky vs use of these equations are presented in Table 2.

[Fru-6-P].> As reported by Johnson and Reinhart (1992, 1994a). van't Hoff Analyses of Allosteric Responséghe coupling
constants describing the allosteric action by PEP are equi-

. librium constants for the following disproportionation reac-
agreement of these data to eq 5, describing the mutuallyqng (Weber, 1972, 1975):

exclusive two-state model. Clearly this function does a poor

job of describing the data as well. Qay

o ) PFK-F6P + PEP-PFK PFK + PEP—PFK-F6P 9)

MgATP-PEP Coupling in the Saturating Presence of Fru- o

6-P. Measurements of the potential influence of PEP on PI|:K+PEP—PFK ? — PFK + PEP-PFK (10)
the thermodynamlc pmdlng of MgATP in the presence of MgATP MgATP
Fru-6-P is not possible, since MgATP does not achieve Qs
binding equilibrium in the steady state (Johnson & Reinhart, PlFK—FGP + PEP—PlFK — PlFK + PEP—PlFK—FﬁF’ 1)
1992). The magnitude of this allosteric interaction may be MgATP MgATP MgATP  MgATP

deduced from other couplings, however, as described below.
To ensure that PEP does not compete at the MgATP activeQay, Quy, and Qay can each be converted into the corre-
site in a manner analogous to MgADP, the impactvanx sponding coupling free energy by eq 12, specifically given
and theK,, for MgATP by PEP was investigated, with Fru- for the coupling between Fru-6-P and PEP in the absence of
6-P maintained at saturating concentrations. Neilgfor MgATP:
MgATP norVmaxis significantly influenced by the presence

of PEP in solution (data not shown).

 MgATP-PEP Coupling in the Absence of Fru-6-mBy where R is the gas constant arifl is the temperature in
titrating PEP and following the concomitant decrease in the yga|vins. In the absence of a significant change in heat
fluorescence polarization of Trp311n coli PFK, apparent capacity, the constituent van't Hoff enthalppH.,) and
values ong’, for PEP were determined at various concen- entropy (\S,) contributions that give rise to the coupling
trations of MgATP ranging from 5 to 50@M (data not  parameters can be ascertained from the temperature depen-
shown). Because of the very high affinity of MgATP for dence ofQ,, (Reinhart et al., 1989; Braxton et al., 1994;
free PFK (25 nM; Johnson & Reinhart, 1992), MgATP Johnson & Reinhart, 1994a).

proved to be saturating at all concentrations examined. The At temperatures ranging from 5 to 3&, values for the
ratio of dissociation constants for PEP in the absence andcoupling between Fru-6-P and PEP in the absence and
saturating presence of MgATP provide the valu&€gf (eq presence of bound MgATR,, andQaym, respectively, were

2). MgATP increased the binding affinity for PEP by only determined as described above. Figure 4 presents a plot of
30%. Linkage reciprocity requires that PEP have an equally log Q versus reciprocal temperature expressed in kelvins.
small effect on MgATP binding. In both cases, plots are linear and the values of the coupling

AG,, = —RTIn (Q,) = AH,, — TAS,,  (12)
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1 PFK to which both Fru-6-P and PEP are bound. Using
frequency-domain fluorometry, we investigated the lifetime
of fluorescence decay of the intrinsic tryptophan in each
complex (data not shown). Each data set is best described
by a model of two discrete exponential decays, with greater
than 92% of the fluorescence deriving from the longer
lifetime under all circumstances. Consistent with data
reported previously describing the actions of MgADP
(Johnson & Reinhart, 1994b), the decay time of the smaller
percentage component is independent of binding by Fru-6-P
and/or PEP. Consequently, this decay time was linked across
2 - all four data sets during global analysjg (= 3.6) and a
value of 2.10+ 0.12 ns for this short component was
obtained. However, the remaining lifetime describing PFK’s
sl intrinsic tryptophan emission varies with the state of ligation
a0 84 82 53 34 35 36 37 for each of the four enzyme complexes, as summarized in
Table 4. These values qualitatively agree with changes in
steady-state intensity observed upon PFK binding to Fru-

Ficure 4: van't Hoff analysis of the coupling between Fru-6-P _ sndivi ; At ;
and PEP in the absenc®,(Qy) and saturating presence,(Quyr) 6-P and PEP, individually and in combination (Figure 1A).

of MgATP and of the coupling between MgATP and PEP in the lodide Quenching StudiesThe influgncg of iodide ions
absence of Fru-6-Pa( Qyy). The log 0fQay, Qayr, andQyy vary on the long-component fluorescence lifetime was measured
linearly vs reciprocal temperature to provide values for coupling for each of the four species in the disproportionation
enthalpy and entropy for each (Reinhart & Johnson, 1994a). gquilibrium describing.,. As predicted by the collisional

Although bothQ.y and Qay are similar at 25°C, increases in - - : - :
temperature reveal differences in the thermodynamic properties quuenchmg model that gives rise to eqdlz varies linearly

the two couplings. PEP enhances MgATP binding at low temper- With [KI] (data not shown). For each enzyme form all of
atures, but it becomes an inhibitor of MgATP binding at temper- the frequency-domain data collected at each iodide concen-

atures greater than approximately“Das indicated by the negative  tration were fit to eq 1 using the Globals Unlimited program

Log Q

1/T x 1000 {1/K)

values of logQyy. and the resulting values df, the bimolecular collisional
. - . guenching rate constant, are given in Table 4. All ligated
(T:":‘)E’J'e"ﬁ- STirr‘]eE"‘(‘:cC’)‘l‘iy;gg"c Parameters Governing Allosteric species of PFK were more exposed to quenching than free
plings = PFK, with PFK—F6P exhibiting the largest value fdg
' A<k3 a}/25 |C y AI/H | TAksalt/ZE’IC PEP-PFK exhibiting a small increase, and the value for the
coupiing (keal/mol) (keal/mol) (keal/mol) ternary complex intermediate between those for PFKP
Qay +2.7+0.1 +9.1+1.3 +6.4+ 1.3 and PEP-PFEK.
Szy’b fé:;’i 8:33 Jf;gi (1,:2 +_1§_'8i é:g Steady-State Fluorescence Polarizatiohhe isothermal
Qbi,a —05+01 429408 143.4+0.8 varia_tion of solution viscosity leads to Chang_es in th_e global
Qap +254+0.2 +8.5+ 1.3 +6.04+ 1.3 rotational rate of a macromolecule in solution, which can
Qably Ii-gig-g iég-gi (1)-2 ﬁg-gi (1)-2 be detected by measurements of steady-state polarization
Qaby £0. - +1 8+ 1 (Weber, 1952a,b). Additions of viscogen;, howeve_r, .typi—
®As reported by Johnson and Reinhart (1994a). cally do not alter the faster local rotations of limited

amplitude often associated with the reporter residue or dye

constants are augmented by increased temperatures (i.eattached to a protein. Plots of reciprocal polarization versus
inhibition decreases as temperature increases). The besi/n7, wheren represents viscosity, may be extrapolated to
weighted linear-regression fit to these data provide the valuesinfinite viscosity to provide values for the apparent limiting
presented in Table 3. polarization, Py (Weber, 1952a), and the value of this
The coupling between MgATP and PER)() was parameter will be influenced by the degree of local motio_n
examined similarly, at temperatures ranging from 5 to 53 €XPerienced by the reporter group. This type of analysis,
°C, and these data are also presented in Figure 4. In thist€'med a Perrin plot, was performed on each of the four
case the slight activation of binding affinity engendered by énzyme complexes relevant to net inhibition of .Fru-6-P
one ligand on the other at Z& is magnified about 2-fold bmdm_g by_ PEP (data not s_hown). Each data set fit well to
when the temperature is lowered t6®. Elevated temper- a straight line, and changes in the tryptophan rotation be_tween
atures, howevereverse the allosteric responss PFK to ~ €ach enzyme form were detected by the changes in the

these ligands, with MgATRntagonizingPEP affinity by intercepts of th_e Perrin plots. The resulting vgluesFP@r
about 2-fold at 52C. are presented in Table 4. Moreover, the Perrin plots were

parallel, indicating that the binding of the various combina-
Fluorescence Characterization of Enzyme Conformations tons of Fru-6-P and PEP does not significantly alter the

rotational relaxation times dE. coli PFK as a whole, but

Determination of Fluorescence Decay TimeEhere are instead predominantly changes either the amplitudes or rates

four individual complexes appearing in the disproportionation of rotation for the tryptophan side chain. Energy transfer,
equilibrium for Qay (eg 9) whose relative characteristics which can also lead to changes in the appaf@ntis not
define the relationship between Fru-6-P and PEP in thelikely to be the cause of these results because the potential
absence of MgATP: free PFK, binary complexes of PFK for Trp — Trp transfer has been minimized by exciting at
bound to either Fru-6-P or PEP, and the ternary complex of the red edge (300 nm) of tryptophan absorption.
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Table 4: Biophysical Parameters Describing Enzyme Complexes Relevant to the Inhibition by PEP of Fru-6-P BigdioglitBFK?

complex ° (ns) f Po kg (M-ns)?t o — It @ (deg)
PFK 6.13+ 0.09 0.94+ 0.01 0.362+ 0.002 0.13+ 0.03 0.045t 0.014 21+ 4
PFK—Fru-6-P 5.3 0.08 0.92+ 0.01 0.325+ 0.002 0.33: 0.04 0.142+ 0.013 424+ 2
PEP-PFK 6.32+0.10 0.94+ 0.01 0.336+ 0.001 0.16+ 0.03 0.053t 0.013 23t 3
Fru-6-P-PFK—PEP 5.55+ 0.09 0.93+ 0.01 0.333t 0.001 0.27+ 0.03 0.079t 0.012 29+ 2

a Symbols used in this table correspond to the following parameterfiuorescence lifetime of major componefi; fractional intensity of the
major component,, apparent limiting polarization as measured by Perrin plathimolecular rate constant pertaining to quenching hyd —
r., preexponential amplitude for fast rotation; asd cone angle of local rotation for the indole moietyData were analyzed with a second
lifetime componenty,, linked across all data sets.= 2.104 0.12 ns; globaj? = 3.60.¢ The parameterg,, ¢,, andr, were linked across all data
sets and found to be equal to 0.830.32 ns, 72+ 9 ns, and 0.26: 0.03, respectively. Globa}> = 0.95.

Frequency-Domain AnisotropyThe differential phase and  the absence and presence of MgATP, plateau valuisg of
modulation associated with each of the four enzyme com- for Fru-6-P are clearly approached at high concentrations of
plexes relevant td.y (i.e., eq 9), when presented as a PEP, indicating the formation of a PEPFK—F6P ternary
function of the frequency of the intensity modulation of the complex at high concentrations of both ligands. This enzyme
excitation source, illustrate the differences between fast andform does not functionally correspond to either R or T since
slow rotations for the tryptophan, evident at high and low it exhibits a low affinity for both PEP and Fru-6-P while
frequencies, respectively. Additionally, with these data one having an unaltere#:
potentially can discriminate between contributions to the |t is also clear from the data presented in Figure 2 that
extent of depolarization by either the amplitude+ r.) or MgATP has little influence on the inhibition by PEP of Fru-
the rate §,) of the fast local rotation. The data fit well to  6-P binding at 25C. The coupling constant between Fru-
a model described by eq 13, which allows for a hindered 6-P and PEP in the absence of MgAT®,{ = 0.011) is
local plus unhindered global protein rotation (Munro et al., comparable in magnitude to that of the same coupling in
1979; Lipari & Szabo, 1980; Johnson & Reinhart, 1994b): the presence of MgATRQ,y, = 0.016). Similarly, PEP has

little influence on the inhibition of Fru-6-P binding by
) =(o—r.) e +r,e " (13) MQATP (Qap = 0.015,Qapy = 0.022). Moreover, in light
of the fact that MgATP and PEP are not antagonistic relative
The results indicated that there is little to no variation in to one another but rather have very little influence on each
either global §) or local (p1) rotational relaxation times  other’s binding Q»y = 1.3), it is clear thaPEP and MgATP
detected between the four enzyme complexes. For thisinhibit the binding of Fru-6-P by completely different,

reason a global analysis was performed of all data sets inyirtually independent mechanismsThis result is also
which these parameters, as well as the limiting anisotropy inconsistent with the two-state model.

ro, were linked across the data sets. Lifetimes were fixed o ajthough the magnitude of Fru-6-P inhibition by PEP is

those established as described above. The primary distinctionsssentially unaltered by the presence of MgATP af@5
between the rotational characteristics of the tryptophan in analysis of the temperature dependenceQaf and Qaym
each of the enzyme species was found to lie in differences gemonstrates a significant impact by MgATP on the ther-
between the amplitude of local rotation, as summarized in modynamics of these interactions as shown in Figure 4 and
Table 4. The other parameters were linked in the analysisTaple 3. In the saturating presence of MgATP, both the

and were determined to have the following valugs € coupling enthalpy &Hay) and entropy £S,) are substan-
0.95): ¢, =72+ 9 ns;¢, = 0.83+ 0.32 ns; ando = 0.26  tjally increased relative to those measured in its absence. In
+ 0.03. both cases, there is a positive sign for coupling enthalpy,

_ The amplitude of local motion, in turn, may be described \hich favors inhibition, and a positive sign for coupling
in terms of a cone angle of limited rotatio®) available to entropy, which favors PEP activation (eq 12). It is only
the tryptophan side chain in each enzyme complex by eq 14pecause the two thermodynamic forces oppose one another
(Munro et al., 1979; Lipari & Szabo, 1980; Gratton et al., that a coupling free energy results fr@g,,» at 25°C similar
1986; Johnson & Reinhart, 1994). The parameters appearingg that fromQ,,. As temperature is elevated, however, PEP
in eq 14-To, the limiting anisotropy observed in the absence pecomes a much less potent inhibitor of Fru-6-P in the
of all depolarizing processes, and the limiting anisotropy  presence of MgATP than in its absence, attributable to the
observed at times that are long compared to the fluorescenceyreater weight being given by temperature to the larger
lifetime—are provided by analysis of the frequency reponse. TAS, term favoring PEP activation.
r \v2\ue The delicate interplay between large absolute values of
cos(®) = [(1 + 3(_°°) ) — ] (14) coupling entropy and enthalpy that give rise to relatively
Mo small values of coupling free energy is perhaps most
) ) dramatically demonstrated with regard to the influence of
Calculated cone angles are summarized in Table 4. temperature o, The slight activation between MgATP
DISCUSSION and PEP at 25C Quy > 1) is sv_vi_tched to inhibition in
response to higher temperatures; i.e., the very nature of the
The appropriateness of a two-state model must be con-allosteric response is reversed. Such temperature-induced
sidered from both functional and structural perspectives. Theinversion of an allosteric effect has earlier been reported for
data presented in Figure 2 clearly indicate that an exclusive,the allosteric effectors MgADP iB. stearothermophiluBFK
two-state model is insufficient to describe the inhibitory and IMP inE. coli carbamoyl phosphate synthetase, both of
effects of PEP and MgATP on PFK frof. coli. In both which turned from K-type activators to inhibitors with
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decreasing temperatures (Braxton et al., 1994). Functionally, Of course it is difficult to knowa priori whether these
such behavior is most straightforwardly rationalized as a differences in protein flexibility, detected in the vicinity of
simple property of the corresponding disproportionation the tryptophan side chain, are relevant to the function of the
equilibrium (eq 10) and the chemical potentialsatifof the enzyme, especially considering that the tryptophan is located
species participating in that reaction. approximately 20 A from either the active site or the
From a structural point of view, the issue is whether the allosteric site. However, if these perturbations reflect
functionally defined “free enzyme” and “ternary complex” systemic changes in protein flexibility, they could impact
represent simply mixtures of structures that are essentially coupling entropy. As indicated by the temperature depen-
defined by the structural properties of the Fru-6-P-bound anddence of the MgATP-PEP coupling shown in Figure 4,
PEP-bound forms. Although an X-ray crystallographic coupling entropy can influence the nature as well as the
structure of the latter has not yet been determined for PFK magnitude of an allosteric response. Coupling entropy can
from E. coli, a structure with a PEP analogue (phosphogly- include differences in the degree of conformational degen-
colate) bound has been determined for the homologouseracy between the sum of enzyme forms on opposite sides
enzyme fromB. stearothermophilugSchirmer & Evans, of the disproportionation equilibria describing net allosteric
1990). This structure exhibits significant structural alter- effects such as those given in egs (Cooper & Dryden,
ations compared to structures with Fru-6-P and MgADP 1984: Reinhart et al., 1989; Johnson & Reinhart, 1994b;
bound, which has led to the proposal that these structuralBraxton et al., 1996). A positive sign faS,, for example,
differences can explain the inhibition behavior. may indicate that the flexibility and associated ability to
A structure for free PFK fronk. coli has been determined  populate various configurational substates of PEFK—
(Rypniewski & Evans, 1989) and been found to be structur- F6P+ PFK is greater than that of PFKF6P+ PEP-PFK
ally similar to that of the Fru-6-P-bound or R form (Shiraki- (eq 9).

hara & Evans, 1988) despite previous expectations that free Tig hypothesis has previously been explored by calculat-

enzyme adopts the T form since Fru-6-P binding exhibits ing the cone angles of local tryptophan rotatidr) (n each

positive cooperativity. Deville-Bonne and Garel (1992) have e enzyme complexes appearing in the disproportionation
suggested, in order to describe the opposing effects on Steadyéquilibria for MgADP activation of Fru-6-P binding and

state fluorescence intensity by Fru-6-P and PEP relative t0ihibition of MgATP binding and comparing the combined

free enzyme .Within the contex? of a two—§tate model, that flexibility as described byb of the respective enzyme forms
IZDFK without ligands present exists asa m_lxturé/QR and to the signs of\Sy andAS,y (Johnson & Reinhart, 19948).

fs T. . AlthO.UQh the steady-state '”,‘ef?s'tY c_hanges (and In those previous cases, a correlation was found to exist
assomat_ed lifetime qha_nges) of PFK’s intrinsic tryptophqn between the signs of the couplingsand the modest changes
_concomltan_t to the binding of Fru-6-P and PEP are qppqsnein the amplitude of the cone angle that represents the
in nature (Figure 1A, Table 4), the steady-state polarizations amplitude of the flexibility of the tryptophan side chain. From

,?rf both I:'f:K_FGP arr;]d PEfPleaée bgfrnmfh Ig\évzr;hag q the data presented here, a comparable simple correlation does
those of free enzyme (Figure 1B). varty, ou not appear to exist with the enzyme forms involved in the
individually to either Fru-6-P or PEP exhibits higher values coupling between Fru-6-P and PEP. However, a single
foJe:]hciigm,:ﬁ:fncﬁfé ;,?:tﬁ ?r?dr:cszgatr:q tr?sts 3}2?:%“\;\":;: side tryptophan may not necessarily be representative of global
quel 9 R 9 ) ypIoph protein characteristics in all cases, and a more comprehensive
chain of free enzyme is less accessibletmlbulk solution study of the influence of ligand binding on PFK’s internal

than it is when ligands are bound. Also, the characteristics dvnamics is presently underway. It should be emphasized
of the local motion associated with the tryptophan side chain y presently Y- ; ; phasized,
however, that given the frequency with which coupling

in the free enzyme, as revealed By (ro — r), and®, all S
fall outside a range defined by PEPFK and PFK-F6P entropy has bee‘." found 1o ha"? a major mﬂuenc_e on th_e
nature and magnitude of allosteric action, changes in protein

(Table 4). Certainly, these data challenge the notion that X - . .
free enzyme exists as some equilibrium mixture of two forms _conformanon_al er>§|b|I|ty mus.t be cor}s@ered when mterpr_et-
ing the functional impact of ligand binding and any ensuing

comparable to the two forms that result from the binding of :

Fru-6-P and PEP, respectively. conformational change.
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