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Metal-lon-Mediated Allosteric Triggering of Yeast Pyruvate Kinase. 1. A
Multidimensional Kinetic Linked-Function Analysis
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ABSTRACT. Regulation of the glycolytic pathway is considered to be primarily achieved by the carbon
metabolites resulting from glucose metabolism [e.g., fructose 1,6-diphosphate (FDP), phosphoenolpyruvate
(PEP), and citrate] and by the ATP charge of the cell. The divalent cations (e.§:,aid Mr**) have

not been considered as having regulatory roles in glycolysis, although they are involved in almost every
enzyme-catalyzed reaction in the pathway. Using a kinetic linked-function analysis of steady-state kinetic
data for the interactions of PEP, FDP, andwith yeast pyruvate kinase (YPK), we have found that

the divalent metal is the principal trigger of the allosteric responses observed with this enzyme. The
interaction of MiA* to YPK enhances the interaction of FDP bit.6 kcal/mol and the interaction of PEP

by —2.8 kcal/mol. The simultaneous interaction of all three of these ligands to YPK is favored By
kcal/mol over the sum of their independent binding free energies. Surprisingly, the binding of the allosteric
activator FDP does not directly influence the binding of the substrate PEP since a coupling free energy
near zero was calculated for these two ligands. Thus, communication between the PEP and FDP sites
occurs structurally through the metal by an allosteric relay mechanism. These conclusions are supported
by results of a thermodynamic linked-function analysis of direct binding data for the interactions of PEP,
FDP, and MA" with YPK [Mesecar, A. D., & Nowak, T. (1997Biochemistry(following paper in this
series)]. Our findings raise important questions as to the possible roles of divalent metals in modulating
multiligand interactions with YPK and in the regulation of the glycolytic pathway.

Glycolysis is an essential metabolic pathway in virtually necessity for preventing substrate cycling between PEP and
all organisms. The component reactions of this pathway are pyruvate during gluconeogenesis.
practically invariant in nature, and the enzymes that catalyze Regulation of PK activity is accomplished by a variety of
these reactions show a high degree of evolutionary conservamechanisms. In mammals, four isozymes of PK that have
tion (Fothergill-Gillmore, 1986; Farber & Petsko, 1990). different kinetic properties exist. These isozymes, designated
Since the glycolytic pathway is a crucial component of M1, M2, R, and L, are expressed in different tissues. Type
energy metabolism in cells, an understanding of its regulatory M1 is nonallosterically regulated and exists in skeletal
elements is of major interest. muscles, heart, and brain, where glycolysis is the principal

One site of regulation of the glycolytic pathway is by the metabolic pathway. Type L pyruvate kinase is found in liver
enzyme pyruvate kinase (PK)This enzyme catalyzes the Wwhere metabolic alternation between glycolysis and gluco-
last energy-producing step of glycolysis where ATP and neogenesis frequently occurs. Type L PK shows sigmoidal
pyruvate are formed from the transfer of a phosphoryl group kinetics for PEP and is allosterically regulated by the
from phosphoenolpyruvate (PEP) to adenosihiphos- heterotropic activator fructose 1,6-diphosphate (FDP). The

phate (ADP): other isozymes (M2 in kidney, lung, adipose and early fetal
tissues, and R in erythrocytes) are also allosterically regulated
M), MaD) by FDP and PEP.
H* + PEP + M(I1)ADP — Pyruvate + M(I)ATP

Studies concerning the regulation of pyruvate kinase
activity have focused primarily on the interactions of PEP
The reaction is essentially irreversible, in favor of ATP and and FDP with the enzyme. However, pyruvate kinase
pyruvate formation, and has an absolute requirement for bothactivity from a number of sources has also been shown to
a monovalent cation, usually i and divalent cations, pe allosterically activated by protons and the required
typically Mg?" or Mn?*. Regulation of PK activity is @  monovalent and divalent cations (Rhodes et al.,1986; Kinder-
lerer et al., 1986; Rozengurt et al., 1969; Waygood & Sanwal,
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Mytilus edulis I(Zwaan et al., 1975Mucor rouxii (Passeron =~ EXPERIMENTAL PROCEDURES

& Terenzi, 1970),Concholepas concholepd&onzalez et _ ) )
al., 1984), andrhiobacillusversutusA2 (Klein & Charles, ~Materials Pyruvate kinase was overexpressed and puri-
1989) show sigmoidal responses in activity with respect to fied as described in the following paper (Mesecar & Nowak,
Mg?" and PEP concentrations. In the presence offyn  1997a). KCI, MgC}, MnCl;, dicyclohexylammonium ADP,
however, the interaction of PEP with PK is hyperbolic. Monocyclohexylammonium PEP, tetracyclohexylammonium
These results suggest that the interaction ofMsidifferent ~ FDP, disodium NADH, glycerol, and MES were purchased
than the interaction of Mg with the enzyme from these from_Slgma. Lactate_dehydrogena_se from rabbit muscle was
organisms and that Mh may “mimick” the allosteric effect ~ obtained from Boehrlnger-Mannhe[m.. All reagents were of
of FDP, AMP, or G6P. In a kinetic study with PK isolated the highest purity available, and distilled, deionized water
from Concholepas concholepdsis proposed that the M was used throughout.

activated enzyme follows an ordered sequential kinetic Pyruvate Kinase Assay Yeast pyruvate kinase activity
mechanism and that the NIy activated enzyme in the was measured by a continuous assay coupled to lactate
presence of FDP follows a random kinetic mechanism dehydrogenase (LDH). The change in absorbance at 340
(Carvajal, 1985). nm due to oxidation of NADH was measured using either a

The differences in the nature of Migand Mr?*+ activated Gilford Model 240, 250, or 260 thermostated spectropho-
reactions of pyruvate kinase from a variety of sources suggestiometer. Specific activity assays contained in 1.00 mL: MES
a possible regulatory role for the divalent metal. Since the (100 mM), glycerol (5%), KCI (200 mM), MgGJ (15 mM),
role of the enzyme-bound divalent metal in the allosteric ADP (5 mM), PEP (5 mM), FDP (1 mM), NADH (17&M),
activation of regulated pyruvate kinase is currently unknown, LDH (20 #g), and YPK (0.5-0.7 ug). A baseline was
it was of interest to examine the effects of the divalent metal established for each reaction after the addition of LDH.
on the allosteric kinetic responses of PK isolated from Reactions were started by the addition of A0 of YPK
Saccharomyces cerisiae. Yeast pyruvate kinase (YPK) is ~ and were performed at 24 1 °C. The specific activity of
a tetramer with four identical subunits (Burke et al., 1983). YPK is expressed as micromoles of NADH oxidized per
The Mg activated enzyme exhibits a sigmoidal dependence m|II|I|te_r_per minute per m|II|gram_ of pyruvate kinase (units
of velocity on PEP concentration that becomes hyperbolic Per milligram). The concentration of purified YPK was
in the presence of the activator FDP. YPK has also been determined by its absorbance at 280 nm using an extinction
shown to be allosterically activated by KNH,*, and M+ coefficient, ezgo, 0f 0.51 (mg/mL)* (Yun et al., 1976).
(Hunsley & Suelter, 1969). Differences in the RgMn2*, Kinetic studies were performed as described for the
and Cé" activated enzyme have been described by Ford andspecific activity determinations except for the following:
Robinson (1976). The differences among various divalent manganese was substituted for magnesium and its concentra-
activators are quantitative with variations Vf.x and Ky tions were varied and PEP and FDP concentrations were also
values, although the qualitative effects on activation appearvaried at fixed variable concentrations of substrates or
similar. The following study was undertaken in order to activators as described in the text. Unless noted, the total
more fully describe the nature of the regulatory responses ADP concentration was maintained at 5 mM. Free manga-
of yeast pyruvate kinase to PEP, FDP, and free?Mn nese concentrations were calculated from the following
concentrations and to quantitate the magnitude of theseequation:Kp = ([ADP]#edMNn?t])/[Mn —ADP]pounaWhereKp
interactions. is the dissociation constant for the mangareSBP com-

A linked-function analysis is an ideal approach for Plex. TheKp wa_s_determin_ed in our laboratory to be 0.125
investigating the relationships between FDP, PEP, and freemM under conditions of this assay.

Mn?* activation of YPK. The approach utilizes the concept  Fluorescence Measurement3he steady-state intrinsic
of “free energy” in quantitation of the magnitude of the fluorescence intensity of YPK was measured on a SLM 8100
interactions between multiple ligands bound to a single fluorimeter thermostated at 24 1 °C. The excitation
protein (Reinhart, 1983, 1985, 1988). By considering wavelength was 295 nm, with a band width of 1 nm and the
protein—ligand interactions from a free-energy standpoint, emission wavelength was 334 nm with a band width of 2
insight into the molecular forces that modulate these interac- nm. Fluorescence titrations were performed by sequentially
tions may be obtained (Weber, 1972, 1975). Without adding +-10 uL aliquots of a concentrated stock solution
consideration of the energetics involved in multiple ligand of PEP to either 90QuL of the YPK complex, which
binding, knowledge of the structural origins of these interac- contained MES (100 mM), glycerol (5%), KCI (200 mM),
tions may not be given to proper physical interpretation. At and YPK (0.068 mg/mL), or to the YPKADP complex,
present, three high resolution crystal structures exist for which contained the same mixture as the YPK complex plus
pyruvate kinase (Larsen et al., 1994; Allen & Muirhead, 9.1 mM ADP. Neither complex contained ¥n The
1996; Mattevi et al., 1996). Only the rabbit muscle M1 percent fluorescence quenchii@,was calculated from the
isozyme has been solved in the presence of ligands, and thigollowing formula: Q = [(F — F,)/F5]100, whereF is the
enzyme is nonallosterically regulated (Larsen et al., 1994). fluorescence intensity of YPK in the presence of a titrating
We have focused our attention on the energetics of ligand ligand andF, is the fluorescence intensity of YPK in the
interactions to the allosterically regulated yeast enzyme in absence of the ligandF was corrected for fluorescence
anticipation of an eventual crystal structdre. intensity changes due to dilution. Dissociation constants for
PEP were obtained by fitting the calculated value€Qab

2The crystal structure of yeast pyruvate kinase has recently beenFhe following formula: Q = Qu/(1 + Ko/[PEPY), whereQy

elucidated in collaboration with Dr. Barry Stoddard, Fred Hutchinson 1S the percent maximal quenching aKglis the dissociation
Cancer Research Center. constant for PEP.
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Data Analysis Steady-state kinetic rates were determined whereR equals the gas constant aficequals the absolute
by measuring the slope of the tangent to the reaction progressemperature. Thus, iQax = 1, thenAGax = 0, and no
curve. Progress curves were linear at least over the firstinteraction exists between ligands A and X on the enzyme
several minutes, unless otherwise indicated. In those casesand they bind independently. @ax < 1, thenAGax > 0,

a small transient lag prior to the steady-state velocity is and the binding interaction is “negative”, indicating that the
observed. The initial velocity data were fit to both the binding of X antagonizes the binding of A. @ax > 1,

Michaelis-Menten equation thenAGax < 0, indicating a “positive” interaction since the
binding of X increases the affinity of the enzyme for A. It
IV o= (1 + K, /[S]) @) follows that the coupling free energy for the simultaneous
binding of all three ligands is given b&Gaxy = —RTIn
and to the Hill equation Qaxy. This coupling free energy is the difference between
the free energy of binding of all three ligands simultaneously
oI = L(L+ (K,/[S)™) ) and the sum of the individual binding energies for each ligand

binding to the enzyme separately [see Reinhart (1983, 1988)].
L . . A prime () on a parameter designates that it is “apparent”.
for the .detefm”?a“on of the apparent M|ch:_;1el|s constants - pata were fit by either the nonlinear least-squares fitting
(Kw), Hill coefficients (), anq maximal velocity\may) for program, EZ-FIT (Perella, 1988), or Table Curve 3D (Jandel
PEP, FDP, arf1d Nﬁ;,lrespgctlverlly. The depe?‘dencf of the Scientific) on an IBM compatible 80386 computer equipped
apparenky o each ligand on the concentrations of one or iy 4 math coprocessor. The error in the fitted parameters
both of the other ligands was evaluated by fitting data 10 ig shown as error bars in graphs and was used as weighting
the following equations as described in the text: factors in model fitting. The weighting factor used was
1/(error in parametet) Precision in individual velocity

K. =K.° M 3 determinations was typically within 3%.
AT A K.,° + X ( )
X"+ QaxlX] RESULTS
K ke Ky°IX] + Ky oIYT + Quy IXIIY] + Ky Ky ° @ Influence of MA* on the Velocity of the YPK-Catalyzed
AT AT P QX+ Ko *Qar[Y] + Quy IXIY] + KooKy ? Reaction The steady-state kinetic response of YPK to

varying concentrations of PEP, FDP, and free °Mis
illustrated in Figure 1. These data were obtained at pH 6.2

oo KTHIY] and at free MA* concentrations as indicated. The concen-
Ko™ =Ka K,° + Quy[Y] ®) trations of free MA* were calculated primarily for binding
: to ADP. A number of effects is apparent from the velocity
] profiles in Figure 1. First, YPK behaves as a classical “K-
Ko — K.° Ky® +[Y] ©6) type” enzyme system since the maximal velocity obtained
X X Ky + Qyy[Y] at saturating PEP, in the presence and absence of FDP, and

at varying concentrations of Mnh, is approximately 65t
o o 10 units/mg. The 8690 units obtained at 28M Mn?* is
' = (Ky® + IYD(Ky*Qax + Qaxv[Y]) @) higher because the enzyme used for this study was from a
(Ky® + Qay[YD(Ky® + Quy[Y]) different YPK purification. In other studies, using YPK from

a single enzyme purificatioVmax vValues also indicate a “K-
The parameters have the following definitions:=fsubstrate type” activation. Since the simultaneous binding of PEP,
(PEP), X= allosteric ligand (FDP), Y= allosteric ligand ~ FDP, and MA" with YPK has little or no effect 0iVpay, it
(MnZ%), Ka = concentration of substrate A producing half- is convenient to express the allosteric activation of YPK with
maximum velocity Ka® = Ka when [X] = [Y] = 0, Kx° egs 3-7 (Reinhart, 1985).
dissociation constant of X when [AF [Y] = 0, Ky° Second, the binding of M to YPK affects both the
dissociation constant of Y when [AF [X] = 0, Qax = sigmoidal nature of the response of YPK to both FDP and
coupling parameter between bound A (PEP) and bound X PEP and the concentration of FDP and PEP required to
(FDP), Qay = coupling parameter between bound A (PEP) produce half-maximal activity. Thus, data in both the PEP
and bound Y (MA"), Qxy = coupling parameter between and FDP dimension were fit to egs 1 and 2. In the FDP
bound X (FDP) and bound Y (M), andQaxy = coupling dimension, the initial velocity was corrected by subtracting
parameter between bound A (PEP), bound X (FDP), and the velocity in the absence of FDB,. Equation 2 fit the
bound Y (Mr£*). The coupling parameters describe the data bestin both dimensions over most of the concentration
influence that the binding of one of the indicated ligands ranges studied. With increasing FDP concentrations, both
has on the binding of the other ligand. They are related to equations fit the data equally well since the Hill coefficients
the corresponding free energy of interaction, or the coupling of PEP approach values of 1. At high PEP concentrations,
free energy, between the indicated ligands according to thethe data for FDP could not be fit to either equation since the

1

expression (Reinhart, 1983) difference between andy, values approach zero &gy is
obtained. The apparent Michaelis constants for PER,"Mn
AGay = —RTINn Qpy (8) and FDP, obtained at saturating levels of the fixed variable

ligand(s), were calculated by use of either eq 1 or 2 as

3 For a more complete description of the derivation of these equations approprlate. . The "?‘p.pare”t MIChaFT\“S constants and. the

and their use in quantifying allosteric kinetic parameters, see Reinhart assomated Hill coefficients for these ligands are summarized
(1983, 1985, and 1988). in Table 1.
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Ficure 1: Fourth-dimensional plot of the steady-state kinetic rate profiles for YPK as a function of PEP, FDP, &ndavicentrations.
The concentration of PEP was varied at fixed, variable FDP concentrations, and the tétatdneentration was held constant. Open
circles represent initial velocity data calculated from the linear, steady-state portion of progress curve data that had an associated lag phase.
The 3-D plots on the left side of the arrows were blown up in order to more clearly illustrate the effec®ofoklthe curvature of the
kinetic profiles. These plots are shown on the right side of the arrows, and the concentration ranges for PEP and FDP are equal in each plot
with PEP ranging from 0 to 25@M and FDP ranging from O to 3M. The velocity range of each plot ranges from 0 to 72 units/mg.
Starting with the lower, left-hand 3-D plot and then moving up the M axis: total M#+ is 1 mM and free MA" is 29uM, PEP was
varied from 10 to 200@M, FDP was varied from 0 to 750M, and lag times ranged from approximately 10 to 250 s; totat™M& 2 mM
and free MA" is 75uM, PEP was varied from 10 to 8QfM, FDP was varied from 0 to 25@M, and lag times ranged from approximately
10 to 45 s; total MA+ is 3 mM and free MA" is 158uM, PEP was varied from 6 to 50V, FDP was varied from 0 to 250M, and lag
times ranged from approximately 10 to 20 s; totala¥is 4 mM and free MA" is 341uM, PEP was varied from 5 to 2Q@M, FDP was
varied from 0 to 200Q«M, and data from 100 to 200@0M FDP was omitted in order to show the curvature at lower FDP concentrations;
lag phases were not observed in progress curves; totat Mrb mM and free M&" is 717uM, PEP was varied from 5 to 25eM, FDP
was varied from 0 to 10@M, and data from 40 to 100M FDP was omitted in order to show the curvature at lower FDP concentrations.
Lag phases were not observed in progress curves.
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Table 1: Kinetic Constants of PEP and the Activators Table 2: Apparent Allosteric Kinetic Parameters for the Data in
ligand activator Knm (uM) NH Figure 2 as Fitto Eq'3
2+ or or
PEP ) FDP 56+ 2 23+0.1 Mn e Kao (FEP) O (EDF) .
(/) FDP 21+ 3 1 (M) (M) (M) Qnx
free Mr?t (—) FDP 15+ 1 2.0+0.3 29 548+ 18 81+ 18 6.4+ 0.7
(+) FDP 8.0+ 0.5 1 75 245+ 2 49+ 3 5.7+£0.1
FDP 7.8+ 1.8 1.4+ 04 158 103+ 4 33+ 10 3.5+04
2 The kinetic constants were calculated from either eq 1 or eq 2 as 3‘11% ggi g igi 24 é?i 85
appropriate as determined at saturating concentrations of the two fixed . :
variable ligands. Th¥&maxvalue for these experiments is 65 units/mg. aThe prime () indicates that the values for these parameters are

The saméVmax Value is measured in the presence or absence of FDP apparent values.
defining YPK as a K-type systemi.The activator is defined as the
heterotropic activator FDP. 1000

1000

100

Km,pep (LM)

Ka=

L 1
10 100 1000

10 . s : [PEP] (uM)
1 0 100 1000 Ficure 3: Influence of M&* on the dependence of the apparent
[FDP] (uM)

Michaelis constantKy, for FDP on [PEP]. The points represent
FiGURE 2: Influence of MA" on the FDP dependence of the apparenkx® values determined from fitting the steady-state velocity
apparent Michaelis constari, for PEP. The points represent ~data to eq 2. Error bars represent the error in the fit of the data to
apparenk,° values determined from fitting the steady-state velocity €d 2 for each individual point. The curves are drawn to show the
data to eq 2. Error bars represent the error in the fit of the data to 9eneral trend of the data at each Mrconcentration. Free M

eq 2 for each individual point. The curves represent the best-fit of concentrations are 26M (@), 75xM (W), 158uM (a), 341uM

the data for each M concentration to eq 3. Free WNin (v), and 717uM (#).

concentrations are 29M (@), 75uM (M), 158uM (4), 341uM

(v), and 717uM (#). concentration in Figure 2 was best-fit to eq 3 and appears to
Finally, Mn?* affects the shapes of the YPK reaction be well de§cribed by 'this' model. Thg change in shapes of
progress curves. The open symbols in Figure 1 representthe curvesin Flgur_e 2_|nd|cates that Mnnf_luences all th.ree
velocity data that was obtained from the final, fast and linear of the apparent kinetic parameters (Reinhart, 1983}, )
phases of the progress curves. The data represent only th eocoupllng parameter bgtvyeen baund PEP and bound FDP;
steady-state velocity of the activated enzyme species. Lag "' the apoparent d|ssoma§|on constant of PEP when [FDP]
phases are observed at low ¥Mnconcentrations and are = 0; andky® the appargntdlssouatlon constant of FDP yvhen
dependent on the concentration of the various ligands. They[PEP] =0. The resultmg valu_es for these apparent kinetic
ranged from 10 to 250 s with the longer times occurring at parameters are summarized in Table 2.
lower M+ concentrations. Analysis of the data in Figure ~ The kinetic parameters in Table 2 show that in the presence
1 indicates that PEP is more effective than FDP in diminish- of FDP, increasing the concentration of Mrdecreases the
ing the lag times, as judged by the lower concentration of @pparenK,® of PEP. In addition, increasing the concentra-
PEP, relative to it&y value, necessary to eliminate the lag tion of Mn?* lowers the apparerx°® of FDP at low and
phase. The substrate and activator concentration dependerftigh concentrations of PEP, indicating that Minfluences
elimination of the lag phases suggest that yeast PK maybe ghe binding of both PEP and FDP. The mutual effect of
“hysteretic” enzyme, similar to that of human erythrocyte Mn®" and FDP on the apparekf; of PEP, and the effect of
PK (Badwey & Westhead, 1976). Including hysteretic Mn*" and PEP on the apparekily of FDP, is predicted by
mechanisms in our analysis was unnecessary since the¢hermodynamic linkage (Weber, 1975).
velocities measured were steady-state velocities (Badwey & The curves in Figure 3 were plotted to represent the trend
Westhead, 1976; Reinhart, 1983; Symcox & Reinhart, 1992). in the data. A best-fit of the data to eq 3 was not obtained
Influence of MA"on the Steady-State Kinetic Parameters because the algorithms used were unable to converge to a
of YPK The influence of MA" on the apparent Michaelis  single, well-defined minimum. The trends in the data shown
constants for PEPK({) as a function of FDP is shown in in Figures 2 and 3 appear to be the same. Both sets of data
Figure 2. Increasing the FDP concentration decreases thdandicate that the values for the apparent Michaelis constants
apparentK,® for PEP until a plateau is reached. This for PEP and FDP decrease asMincreases. The magni-
behavior is characteristic of allosteric activation in which tudes ofQax as a function of M&" for both data sets also
two ligands bind simultaneously to an enzyme (Reinhart, appear to be similar and verifies the rapid-equilibrium
1983) and is described by eq 3. Thus, the data at eaéh Mn assumption as proposed by Symcox and Reinhart (1992).
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FiGURE 4: Influence of MA* on the parameters describing the FiGURe 5: Steady-state kinetic rate profile for YPK as a function
allosteric activation of YPK by PEP and FDP. The apparent of PEP and M. The concentration of PEP was varied at different
parameterK.® (@), Kx°' (W), andQax’ (o) were determined by fixed, variable total MA™ concentrations. Free Mhconcentrations

fitting the data in Figure 2 to eq Ka° (¥) was also determined ~ Were calculated. In each plot, the curves in both dimensions
from fitting the data in Figure 5 to eq 2. The curves represent plots represent the best-fit of the data to eq 2 as described in the text.
of egs 5-7 using values shown in Table 3.
concentrations at fixed variable ¥thconcentrations. PEP
Their argument states that the ratio of the apparent dissocia-concentrations ranged from 20 to 8aM and free Mi*
tion constants for the allosteric ligand at limiting and concentrations ranged from 284 to 10 mM. The data in
saturating substrate concentrations yields the true thermo-both dimensions was best-fit to eq 2 over the entire
dynamic coupling parameteDax between the allosteric  concentration range studied. Equation 1 failed to accurately
ligand and the substrate. This relationship is true even in fit the data in all cases.
the steady-state case. The method further explains that if Influence of Free ADP on the Binding of PERAttempts
the value ofQax measured by the approach indicated above to measureK,®' values for PEP below 2aM free Mr?*
is the same as the value Qhx measured from the ratio of  were difficult because of decreasing concentrations of
the Michaelis constants for the substrate in the absence andMnADP and increasing concentrations of free ADP when
saturating presence of the allosteric effector, then thetotal ADP is fixed. Approximately 1 mM MnADP is
substrate may be considered as achieving a binding equi-required to saturate YPK. The steady-state velocity profile
librium in the steady-state. Thus, the equivalenceQa for the interaction of PEP with YPK at 1aM free Mr?*, 1
values determined from botks and Ky data validates the  mM MnADP, and 13 mM free ADP was measured (data
rapid-equilibrium assumption for the YPK system and not shown). AKy value of 3.5+ 0.07 mM and a, value
implies that at least one of the ligands, PEP or FDP, is of 3.8+ 0.02 for PEP results from a fit of the data to eq 2.
achieving binding equilibrium in the steady-state. TheKwu or K»°' value for PEP is higher than the dissociation
Direct binding studies of FDP to the YPKPEP-Mn?" constant of 1.6+t 0.05 mM for PEP from the YPKPEP
complex indicate that the dissociation constant for FDP from complex determined from steady-state fluorescence titration
this complex is equivalent to the Michaelis constant for FDP data (vide infra Figure 6). This discrepancy may result from
measured by kinetic studies (Mesecar & Nowak, 1997a,b). several factors (see Discussion).
The equivalence okp andKy for FDP indicates that FDP The dissociation constant for PEP binding to the YPK
is achieving a rapid equilibrium in the steady-state. Thus, ADP complex was measured in order to determine if the
the utility of eq 4 for analyzing the influence of the apparent high levels of free ADP associated with kinetic studies at
Michaelis constants of PEP as a function ofand FDP low free Mr?* influence the interaction of PEP with YPK.
is justified, and it is therefore necessary only to analyze the The results in Figure 6 show that saturating levels of free
data in Figure 2 to obtain the additional allosteric parameters ADP decrease the affinity of YPK for PEP by approximately
needed to describe the ligand interactions involved in the 5-fold, indicating that free ADP antagonizes the binding of
formation of the YPK-PEP-FDP—Mn?" complex. PEP. Thus, at low free M concentrations, an increase in
The apparent kinetic parametdts®, Kx°', andQay’ listed the apparenk,®' values of PEP above it§p is attributable
in Table 2 are shown plotted as a function of ¥Mn  to high levels of free ADP that antagonize PEP binding.
concentration in Figure 4. Equations-B describe the To fully describe the kinetic properties of yeast pyruvate
influence of these parameters by a third ligand Y or?Mn  kinase, the binding of free ADP to YPK should be taken
In order to fit the entire data set in Figure 4 to these into account. This task becomes exceedingly difficult when
equations, an initial fit oK, to eq 5 is obtained first for  one considers that a single monomer of YPK must form a
the assessment &f°'. Initial attempts of fitting the data  complex with at least five ligands (free ¥in MnADP, PEP,
for Ka°' to eq 5 were unsuccessful due to an insufficient H*, and K") in order for catalysis to occur. The inclusion
amount of data, primarily at the extremes of low and high of FDP and free ADP into the rate equation increases the
Mn2* concentrations. number of ligands bound to seven, further complicating the
The interactions of PEP and Ntnwith YPK were studied analysis. The fact also remains that YPK is a tetramer with
by steady-state kinetics in the absence of FDP to increasethe existence of heterotropic and homotropic interactions
the number oK,*' data points in Figure 4. Figure 5 shows between a number of these ligands, making a difficult task
the results of the steady-state rate profile for varying PEP arduous. By keeping the concentrations of MnADP, &hd
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20 Table 3: Fluctuation oQaxy Values as a Result of Fixin@ax
15 | A. Values in Eq 7

o i 3 fixed value  coupling free energy  value ofQaxy
£ 10+t L of Qax AGaxP (kcal/mol) from eq 10 % error
= &
] 5| 30 -2.0 658+ 289 43.9
1 % 10 -1.4 1086+ 192 17.7
o o ) ) ) 4 —-0.8 1214+ 166 13.7
S o 1 5 5 " 2 -0.4 1256+ 158 12.6
S - 1 0 1277+ 154 12.1
g 1?2 0.9 0.06 1278t 154 12.0
< B. 0.1 1.4 1297 150 11.6
3 9 + 0.01 2.7 1299t 150 11.6
w v _—% 0.001 4.0 1299 150 11.6
o~ o r a
° aThe program EZ-FIT was used to calculate the value€jox at

3t Y different fixed values foQax. A weighting function of 1/AQax’ )?

was introduced into each nonlinear regression calculatid®ax'
0 ) . X . represents the error Qax' calculated from the fit of the data in Figure
0 3 & 9 12 15 2 t?] eq 3. Coupling free energies were calculated according to eq 8
with T = 24 °C.
[PEP] (uM)

FiGure 6: The binding of PEP to various yeast pyruvate kinase
complexes measured by intrinsic tryptophan fluorescence quench-

ing. The amount of fluorescence quenching was calculated as EE;;

described in the Experimental Procedures. (A) PEP titration of free EEE"

YPK. The points represent the average of three sets of experiments, 2000 ¢ =i=|

and the error bars represent the standard deviation. The curve { .E_I_l

represents the best-fit of the data to a simple binding isotherm = Q.q'll

equation as cooperativity of PEP binding was not observed. The 2 oo ‘&‘}ﬁ%ﬁ;

resulting dissociation constant for PEP to YPK is 1450.05 mM, & ét‘\\“‘§" \E

and the percent maximal quenching valdg is 21.6+ 0.4%. (B) a 2004 \\&\ 4

PEP titration of the YPK-ADP binary complex. The concentration 8 KLY \‘%s. ;

of ADP in the titration mixture was 9.1 mM. The points are the < TN

results of two separate experiments. The curve represents the best- L% 'é“’ SR

fit of the data to a simple binding isotherm equation as cooperativity 20 .‘),

of PEP binding was not observed. The resulting dissociation i ats _.;-f:::& =

constant for PEP to the YPKADP binary complex is 7.2 0.8 ; e

mM and the percent maximal quenching valdgis 14.0+ 0.7%. M”]—[:,e SEeg m\ct°‘“°\m
,mc'°'"01ar) 40000 7099 o

K* fixed and by minimizing the concentration of free ADP

by restricting the free Mt concentrations to above 2V, Ficure 7: Influence of FDP and Mit on the apparent Michaelis

the rate equation can be simplified to include the interactions constantK,®, for PEP. The values foK,>' are the same values

of just three ligands, free Mn, PEP, and FDP. Since YPK plotted in Figure 2. The surface is the best-fit surface of the data

. . .. to eq 4 and was calculated using the program Table Curve 3D

is a K-type system and because the allosteric effector is in (3andel Scientific). The unfilled circle represents a point not

rapid equilibrium as shown above, the allosteric coupling included in the calculations. The initial parameter estimates were

parameters between the various ligands in the ¥YPEP- determined from fits to eqs57 (see Table 3). A weighting function

FDP-Mn complex can be guantified using eqs B ChlGualion Ao 1 the calowiated erfor n the it rom fiting the
Calculation ofoll-|eter0trop|c Kinetic Co_upllng Parameters steady-state ré\te data to eq 2. Tiecoefficient of determina?ion

The apparenk,® values for PEP obtained from Figure 5 a5 0.9908, and the degrees of freedom adjusted coefficient of

are shown plotted as a function of &mwithin Figure 4. determination was 0.9897. The resulting kinetic parameters from

The experimentally measured valueskaf’ for PEP in the this fit are shown in Table 4.

absence FDP coincide with th&°" values calculated from

eq 3 for the data obtained in the presence of FDP (Figure corresponding free energy of interaction between FDP and

2). These are the expected results if eq 3 accurately PEP would be large and positive, implying an antagonistic

represents the data. The entitg®™ data set was then fitto ~ relationship between the two ligands. @ux value of 1,

eq 5. The calculated value & ° (880 uM), the apparent ~ however, suggests that FDP and PEP bind to the enzyme

dissociation constant of Mh to the free enzyme, was placed Ssimultaneously and independently, a more likely situation

into eq 6 to fit theKyx° data. The resulting parameteks,® considering the data in Figures 2 and 3. Thus, he’

= 880 uM, Qay = 105, Kx° = 129 uM, and Qxy = 20, values in Figure 4 were fit to eq 7, witQax fixed at a value

obtained from egs 5 and 6, were then used with eq 7 to fit of 1. The resulting best-fit curves to eqs B are shown in

the Qax’ data. The algorithm could not converge to a local Figure 4 and the values for parameters obtained from these

minimum when fitting data to eq 7 wit@ax as a floating  fits are summarized in Table 4.

point parameter. Therefor®sx was fixed at different values Since eq 4 describes the expected behavior okthef

ranging from 30 to 0.001 allowing the algorithm to converge.
The resulting values oQaxy and the associated errors are
shown in Table 3.

The errors inQaxy as a function ofQax suggest that a
Qax value of 1 would best describe the data. Although
values ofQax less than 1 have slightly lower errors, the

PEP as a function of the two allosteric ligands, FDP and
Mn?*, a global fit of the data in Figure 2 to eq 4 was
performed. In addition, th&, values for PEP in the absence
of FDP obtained from Figure 4 were merged with this data
set. The resulting best-fit surface is shown in Figure 7, and
the kinetic parameters that define this surface are listed in
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Table 4: Steady-State Allosteric Kinetic Parameters Describing the Table 5: Comparison of the Allosteric Parameters for Yeast
Combined Influence of FDP and Mhon the Apparent Michaelis Pyruvate Kinase Determined from Two Different Methbds
Constant for PEP

kinetically thermodynamically
parameter eqs57° eq & parameter derived values derived values
Ka® (uM) 2466+ 1352 2440+ 541 Kped (uM) 2440+ 540 11064 187
Kx® (uM) 129+ 15 150+ 56 Kroe® (uM) 150+ 56 321+ 7
Ky® (uM) 880+ 685 860+ 333 Kwn® («M) 860+ 333 7160+ 930
QA)( 1d 1.¢¢ AGPEFLFDP (kcal/mol) 0 —0.224+ 0.03
AGax (kcal/mol) 0 0 AGwn-pep(kcal/mol) —2.75+0.14 —3.88+ 0.08
Qav 105+ 56 105+ 25 AGun-rop (kcal/mol) —1.55+1.03 —1.09+ 0.02
AGay (kcal/mol) —2.75+ 0.36 —2.75+0.14 AGwin—pep-rop (kcal/mol) —4.32+ 0.40 —6.60+ 0.09
g’gxy (kcal/mol) 722?71 0.12 7111';:51;11.03 aThe kinetically _derived v_alues were determined_from this stL_jdy.
The thermodynamically derived values were obtained from direct
Qaxy 1278+ 154 1520+ 880 bindi tudies d ibed in the followi M &N K
AGaxy (kcalimol) 422+ 0.07 Z4.324 0.40 inding studies described in the following paper (Mesecar owak,

1997a).

aA = PEP, X=FDP, and Y= Mn?*. Coupling free energies were
calculated according to eq 8 with= 24 °C. ° The program EZ-FIT B ) o
was used to fit eqs 57 to the apparent parameters in Figure 4. A The utility of eq 4 in describing the data for the

weighting function of 1/Ap)? was introduced into each nonlinear heterotropic interactions of PEP, FDP, andMwith YPK
regression calculation.Ap is the standard error in the apparent g ghyious from the fitted surface plotted in Figure 7. The
parameters determined from the best-fit curves of the d_ataln Figure Zde ' _of-freed DOF) adiusted fficient of deter-
to eq 3.¢The program Table Curve 3D was used to fit eq 4 to the .g e,es of-freedom ( ; ) adjus e' coernicient or ae _er,
apparenK,® values in Figure 2. The resulting best-fit surface is shown Mination for the resulting surface fit was 0.9897. This is a
in Figure 7.9 The value ofQax was fixed at 1 for these calculations  coefficient of determination that has been adjusted for the
(see text). degrees-of-freedom in eq 4. The standardvalue will
increase as a direct result of increasing the number of terms
Table 4. The choice of starting parameters for eq 4 was in an equation even though there has been no real improve-
critical for convergence of the algorithm. The starting ment in the standard error of the fit. The DOF adjustéd
parameters chosen and the parameters that led to the beshketter represents the true least-squargdest-fit criteria,
fit surface were those obtained from fitting the apparent and the closer this value is to 1.0, the better the statistical
parameter values to eqs-3. Note that the value of O kcall  measure of fit. Thus, eq 4 provides a good, statistically
mol for the PEP-FDP coupling free energy results from sound and global-fit to the data presented in Figure 7. A
fixing Qax at a value of 1 in eqs 4 and 7. The choice of a comparison of the parameters in Table 4 suggests that both
value of 1 is justified for the following reasons. fitting methods lead to essentially the same values for the
First, the results of error analysis in Table 3 indicate that steady-state kinetic parameters.
asQax values approach values of 1 and below, the errorin  Homotropic Responses of YPK to PEP, FDP, andMn
the Qaxy reaches a minimum plateau. AQax values  The coupling parameters given in Table 4 indicate that
approach 0, the coupling free energy between PEP and FDRyositive, heterotropic cooperative interactions exist between
approaches infinity. Aax value of zero indicates thatthe  pgp, FDP and MAT, and YPK. The sigmoidal nature of
binding of PEP and FDP is mutually exclusive. Furthermore, the velocity profiles in Figures 1 and 5 indicates that
the implication that a model must provide fQkx = 0 (AGax homotropic cooperative interactions also exist with these
= o) must also allow foQaxy = 0 by the relationshi®@axy ligands in addition to the heterotropic interactions. Presently,
= QaxQavQxvia. Accordingly, the equation describing the the collective homotropic interactions of PEP, FDP, and
expected behavior of the apparent Michaelis constant for PEPpn2+ with YPK described in these studies cannot be
when FDP and PEP are mutually exclusive can be derivedgyantified. A theoretical model with pertinent mathematical
from eq 4 by settingQax and Qaxy = 0. The resulting  descriptions for a homotropic, three ligand system with

equation is: heterotropic interactions has not yet been developed. A
o o o o ualitative model can be formulated from the data presented
= KD HKCIYE+ QuIXIYT + KKy However g
AT Kx°Qay[Y] + Ky°Ky° The magnitude and nature of homotropic cooperativity is
9) related to the value of the Hill coefficienty, from eq 2.

The Hill coefficient represents an average -siée coupling
constant (e.g.Qaa, Qxx, or Qyy) and reflects both the
oligomeric state of the protein as well as the magnitude of
the free energy of interaction between each of the $ites.

the case of a homotetramer such as YPK and assuming the
absence of any substantial monomer/dimer/tetramer equi-
librium and the absence of asymmetric communication
between sitessomeof the homotropic coupling parameters
involved would be:Qaa, Qaaa, Qaana, Qxx, Qxxx, Qxxxx

Qvv, Qvyy, and Qyyvy, representing sitesite coupling in

Numerous attempts to fit the data in Figure 7 to eq 9 were
made, but the algorithm could not converge to a local
minimum regardless of the choices for the starting param-
eters. Simulations of surface plots of eqs 4 and 9, using the
parameters determined from egs?A indicate that th€axy
term must be included in order to describe the data (plots
not shown). Therefore, the value fQax must be finite and
included in the model.

Second, the kinetically derived value faGax is close
to the thermodynamically determined valueAdBay (—0.22
kcal/mol), obtained by direct binding studies [see Table 5 ) _ _ - - —
and Mesecar and Nowak (1997a)]. The results of both The mathematical relationship between the Hill coefficiem) (

L . AT L and the homotropic coupling const&@ka, and hencé\Gaa, for a dimer
kinetic and thermodynamic studies indicate that there is little 4nq tetramer is described by Reinhart (1988) and Johnson and Reinhart
free energy of interaction between FDP and PEP. (1993).
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Ficure 8: Influence of the Hill coefficientrfy) for PEP by FDP
and Mr#*. The values ofiy were determined from fitting the steady-
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ny, of PEP or Mn2*

10‘00
[PEP] or [Mn?*] (uM)

10 100 10000

Ficure 9: Influence of the Hill coefficientsn) for PEP and MA*
in the absence of FDP. The values mf were determined from

state velocity data in Figure 1 to eq 2. Error bars represent the fitting the steady-state velocity data in Figure 5 to eq 2. Error bars

error in the fit of the data to eq 2 for each individual point. The

represent the error in the fit of the data to eq 2 for each individual

curves are drawn to show the general trend of the data at eachpoint. The curves represent the general trend of the datanThe

Mn?* concentration. Free M concentrations are 2éM (@), 75
uM (M), 158uM (), 341uM (¥), and 717uM (#).

the absence of any other ligand(s), a@daxx, Qaaaix,

QAAAAIXXY ’ QXX/AA; QXXX/YYY ’ QXXXX/AAYY ’ QYY/AAXX ’ QYYY/A,
andQvyvyviasaaxxxx €tc., representing sitesite coupling in

values for PEP are plotted as a function of W1i@®), and theny
values for M@ are shown plotted as a function of PEM)(

The value ofny for PEP decreases from a value of about
3.4 at low Mr?* to a value of 2 at high MY, indicating
that the binding of PEP is positively cooperative over the

the presence of other ligand(s). The number of letters in entire concentration range of Mihstudied. The results of
the subscripts before the slash (/) indicates the number ofdirect binding studies, however, show that the interaction of
occupied and communicating sites. The number of subscriptsPEP with YPK in the absence of Mhexhibits no cooper-
after the slash represents the degree of saturation at the otheativity sinceny for PEP is 1 (Figure 6). Therefore, the

sites.

Because of the complexity and the number of coupling parameter for PEP in the absence of additional

interactions possible, it is more convenient to simplify the ligands Qaa) is 1 andAGaa = 0. In the presence of M,

analysis by describing only the “average” sit&te coupling
parameterfaa, Qxx, andQyy for ligands A, X, or Y. It
follows that if the binding of the first ligand lowers the

the coupling parameteéDaayy approaches a value 2.5
making AGaavy ~ —0.6 kcal/mol. Thus, M#" heterotro-
pically induces positive homotropic cooperativity in PEP

dissociation constant for the binding of a second ligand, then binding. The response of YPK to the binding of PEP once

ny > 1, AGaa < 0 and “positive” cooperativity occurs. If

again becomes hyperbolic in the saturating presence of both

the binding of the first ligand raises the dissociation constant Mn?" and FDP Qaaxxyy = 1 andAGaaxy = 0), indicating

for the binding of a second ligand, thep < 1, AGaa > 1

that FDP heterotropically abolishes cooperative binding of

and “negative” cooperativity occurs. No interaction between PEP.

sites exists whemy = 1, since AGaa = 0. Thus, the

The Hill coefficients for M+ are also plotted in Figure

magnitude of the Hill coefficients may be used to describe 9 against the concentration of PEP. The valuespfor
the extent and nature of the homotropic interactions occurring Mn?* increase from values near 1 at low concentrations of

on the enzyme.

A plot of the Hill coefficient for PEP as a function of
FDP and M#A" is shown in Figure 8. The data indicate that
increasing the concentration of Kfnat low FDP concentra-
tions lowers the amount of positive homotropic coupling

PEP to values approaching 2 at higher concentrations of PEP.
The trend in theny data for Mri#™ suggests that PEP induces
homotropic cooperativity in Mt activation. In addition,

the response of YPK once again becomes hyperbolic upon
saturation with FDP, indicating that FDP heterotropically

sinceny decreases from approximately 3.5 to 2. Increasing abolishes the positive cooperativity in Knbinding (Table

the concentration of Mit at higher concentrations of FDP

1). The trend in the homotropic response of YPK to2¥n

abolishes the amount of positive homotropic cooperativity is analogous to its response to PEP. As a reslt, =
since ny values approach 1. The data also suggest thatQyviaaxx = 1 andQyyaa ~ 2.5, makingAGyy = AGyyax

increasing the concentration of FDP at low Mrdoes not
abolish the positive cooperativity in PEP binding simge
approaches values of 1.4. However, the addition ofMn

= 0 andAGyysa ~ —0.6 kcal/mol, respectively.
Trends in the Hill coefficients for FDP as a function of
PEP or M@ are not described because of the associated

to the FDP saturated enzyme abolishes PEP positive coop-errors in the values aofiy for FDP. However, most of the

erativity. The relative magnitudes for the coupling param-

eters derived from this data are therlO > Qaaxy >
Qaaxyy = Qawxxy > 1 andQaaxxyy = 1 giving coupling
free energies ofv—1.4 kcal/mol< AGaaxy < AGaaxyy
< AGpaxxy < 0 kcal/mol andAGaaxxyy = 0 kcal/mol,
respectively:

The Hill coefficients for PEP are plotted against the
concentration of M# in the absence of FDP in Figure 9.

values fomy were greater than 1 and less than 3, indicating
that homotropic cooperativity of FDP binding is observable
under a wide range of experimental conditions (data not
shown). Interestingly, saturation of the enzyme with both
additional ligands does not abolish the positive cooperative
binding of FDP Qxxaayy > 1, Table 1), in contrast to the
situation with PEP and M WhereQAA/Xny = QYY/AAXX

= 1. These observations are consistent with the values of
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ny obtained for FDP from direct binding studies (Mesecar
& Nowak, 1997a).

DISCUSSION

Manganese(ll) activated yeast pyruvate kinase behaves a
a classical K-type allosteric enzyme as defined by Monod
et al. (1965). Magnesium(ll) activated yeast pyruvate kinase
also acts a K-type activator system with FDP (Hunsley &
Suelter, 1969; Morris et al., 1986; Ford & Robinson, 1976
Johannes & Hess, 1973). The effects ofagnd Mr?+ on
the interactions of ligands to YPK appear similar and they
demonstrate similar mechanisms of activation and catalysis.
Other allosteric pyruvate kinases that have been studied als
behave as K-type systems with their effectofsichomonas
vaginalis(Mertens et al., 1992); flounder liver (Sand, 1988);
Streptococcus lacti€Crow & Pritchard, 1976)Escherichia
coli Type 1 and 2 (Waygood & Sanwal, 1974; Waygood et
al., 1975);Mucor rouxii (Passeron & Terenzi, 1970), and
rat liver (Rozengurt et al., 1969). K-type pyruvate kinase
systems appear to be ubiquitous in nature.

The heterotropic coupling parameters for the interactions
of PEP, FDP, and MiT with YPK were quantified using a
kinetic linked-function analysis approach (Reinhart, 1983).

[0]
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studies or error in the various assumptions needed to treat
the kinetic parameters as thermodynamic parameters. For
instance, the Michaelis constant for PEP is highly dependent
on the concentrations of both Mhand FDP (Figures 2 and

7). The Michaelis constant for PEP decreases when the

Loncentrations of Mit and/or FDP are increased. At lower

concentrations of Mt and in the absence of FDP, tKg
for PEP increases to values above its dissociation constant.
This implies that PEP may not be interacting with YPK in
a rapid-equilibrium fashion but may be achieving binding
equilibrium in the steady state. Ford and Robinson (1976)
found, via tritium exchange studies with Kthand FDP
activated YPK at pH 6.2, that in the forward reaction
approximately 9% of the tritium from tritiated PEP was found
in water rather than in pyruvate. Approximately the same
ratio of tritium in water to tritium in pyruvate was found for
the rabbit muscle enzyme (Robinson & Rose, 1972). The
results of these and other studies (Dann and Britton, 1978;
Dougherty & Cleland, 1985) suggest that PEP is a “sticky”
substrate for rabbit muscle PK and for YPK. As a result,
the rate constant for dissociation of PEP would be slower
than its turnover, making the Michaelis constant for PEP
different than its dissociation constant.

An alternate explanation for the difference in the Michaelis

A comparison of the coupling free energies and the dis- ¢onstant and dissociation constant for PEP is that ADP
sociation constants obtained from this kinetic linked-function antagonizes the binding of PEP. The presence of a saturating
analysis with those obtained from a thermodynamic linked- eye of free ADP increases the dissociation constant for PEP
function analysis (Mesecar & Nowak, 1997a) is shown in g f5|q (Figure 6). The underlying mechanism for this
Table 5. The trend in the values for the coupling free gntagonism may be the result of competition between PEP
energies is the same in both sets of studies. The interaction,ng ADP for the active site, ADP acting as a dead-end
between PEP and FDP is weak&ax = 0 kcal/mol) inthe  jnpipitor, or the result of ADP binding to a distant allosteric
absence of M#t. In the absence of PEP, there is a positive sjte and negatively influencing the binding of PEP at the
interaction between the FDP and Mrsites AGxy = —1.55 active site. The former would result in an infinitely positive
kcal/mol) and in the absence of FDP, there is a larger, cqypling free energy if the binding of ADP and PEP is

positive interaction between the PEP and?Msites AGay
2.75 kcal/mol). Upon simultaneous binding of all three
ligands, a substantial increase t@.32 kcal/mol AGaxy)

is observed.

mutually exclusive. This appears not to be the case since
the dissociation constant for PEP changes only by a factor
of 5 in the presence of ADP yielding a coupling free energy
between ADP and PEP &f0.9+ 0.06 kcal/mol. This finite

One of the most notable coupling free energy values and positive coupling free energy may result from the partial
resulting from these analyses is the value of approximately nature of allosteric inhibition (Reinhart, 1983) and is
0 kcal/mol for the interaction between PEP and FDP with consistent with the latter argument. The presence of an
YPK. This value indicates that in the absence oPMIPEP, ancillary nucleotide diphosphate binding site has been
and FDP bind to the enzyme simultaneously and indepen-proposed by Waygood et al. (1976) for the allost&icoli
dently with little to no interaction between their binding sites. enzyme from the results of equilibrium dialysis experiments,
This result indicates that the free divalent metal plays a major by Stuart et al. (1979) for the nonallosteric cat muscle
role in modulating the allosteric responses of the enzyme. enzyme on the basis of the crystal structure, by both Mildvan
This is further exemplified by considering the coupling free and Cohn (1966) and Rosevear et al. (1987) for the rabbit
energies between Mhand PEP {2.75 kcal/mol) and M#f muscle enzyme using NMR techniques and by Cottam et al.
and FDP {-1.55 kcal/mol). The strong cooperative interac- (1972) for the yeast enzyme from results of both kinetic and
tions between both of these ligand pairs results from the direct binding studies. The possibility that free ADP
interaction of Mii* with YPK. In the presence of saturating  complexes with YPK under catalytic conditions and influ-
Mn?*, the coupling free energy between PEP and FDP ences theKy for PEP is most probable. Clearly, the
(AGaxy) can be calculated from the following relationship: heterotropic influence of ADP on the allosteric kinetic
AGpxyy = AGaxy — AGxy — AGay. The resulting value  parameters will have to be taken into account for a more
of AGaxy (+0.30+ 0.39 kcal/mol) indicates that, within complete kinetic description of the system.
experimental error, little or no interaction between the FDP  The homotropic and heterotropic interactions described
and PEP sites exists even in the presence of saturatiig.Mn  above cannot be explained by the simple two-state concerted
The two ligand coupling free energies reveal that the binding model proposed by Monod et al. (1965). This model has
of Mn®* to the enzyme influences the binding of both FDP fajled to provide an adequate description for the ligand
and PEP and that it does not influence to any appreciablejnteractions of pyruvate kinase isolated frémcoli (Way-
extent the coupling between the FDP and PEP binding SiteS.good et al., 1976) andsaccharomyces carlsbergenesis

Differences in values between the two data sets may be(Johannes & Hess, 1973). An extension of the sequential
due to larger experimental error associated with the kinetic model proposed by Koshland et al. (1966) is necessary to
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Ficure 10: Allosteric relay mechanism for yeast pyruvate kinase
illustrating the mechanism by which FDP influences the binding
of PEP and vice versa. FDP and PEP positively influence the
binding of each other on the enzyme surface by relaying the
information through the enzyme bound metal. Direct interaction
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the interaction of FDP with free YPK positively influences
the binding of free MA&"™ and that the binding of Mt
positively influences the binding of PEP. The corollary is
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Mn?* positively influences the binding of FDP. The binding
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has little to no direct influence on the binding of the other
ligand to its binding site. Thus, communication between the

FDP and PEP sites occurs structurally through the metal site
by means of an allosteric relay mechanism. The aforemen-
tioned results engender a new understanding into the natur

of ligand interactions with YPK. The free divalent metal is
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largely responsible for coordinating the allosteric responses ropinson, J. L., & Rose, I. A. (1972) Biol. Chem. 2471096~

of the enzyme. This discovery may have important implica-
tions in understanding the role of metal cations in regulation
of the glycolytic pathway where changes in the free divalent
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