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ABSTRACT. The multiligand interactions governing the allosteric response cfMgtivated yeast pyruvate
kinase (YPK) during steady-state turnover were quantitated by kinetic linked-function analysis. The
substrate, PEP, the enzyme-bound divalent metat;"Mind the allosteric effector, FBP, positively influence
each other’s interaction with the enzyme in the presence of saturating concentrations of the second substrate,
MgADP. The presence of Mg enhances the interaction of PEP and of FBP with YPK-®.0 and

—1.0 kcal/mol, respectively. The simultaneous interaction of PER;*Mand FBP with YPK is favored

by —4.1 kcal/mol over the sum of their independent binding free energies. The coupling free energies
measured for Mg -activated YPK are weaker than the corresponding coupling free energies measured
for Mn2t-activated YPK [Mesecar, A., and Nowak, T. (199ipchemistry 366792, 6803], but are
consistent with results of thermodynamic measurements with thie MgPK complex [Bollenbach, T.

J., and Nowak, T. (200BBiochemistry 3613088-13096]. A comparison of ligand binding data measured

by kinetic and thermodynamic linked-function analyses reveals that the MgADP complex modulates both
the binding of the other three ligands and the two- and three-ligand coupling interactions between the
other three ligands. Enzyme-bound Mgloes not influence the homotropic cooperativity in PEP binding

to YPK. Itis the MgADP complex that induces homotropic cooperativity in PEP binding. It is the enzyme-
bound Mr#* that induces homotropic binding of PEP with Kractivated YPK. These results lend support

to the hypothesis that divalent metals modulate the interactions of ligands on YPK and that divalent
metals play a role in regulation of the glycolytic pathway.

Yeast pyruvate kinase (YPKijs a key regulatory enzyme  binds to the YPK-Mn2" complex with positive homotropic
of the glycolytic pathway. PK catalyzes the conversion of cooperativity. The kinetic interaction of PEP and ¥vith
phosphoenolpyruvate (PEP) to pyruvate with concomitant the enzyme is also positively cooperativ@. (With Mg?*-
phosphorylation of adenosiné&iphosphate (ADP) to ATP.  activated YPK, the coupled interaction between PEP and
YPK requires one monovalent cation and two divalent cations Mg?" was weaker and Mg did not heterotropically induce
per active site for activity. The physiological monovalent homotropic binding of PEP to the enzyme. The velocity re-
cation is probably K, and the physiological divalent cation sponse of YPK to variable PEP concentrations in the absence
is probably M@" (1). One equivalent of divalent metal binds of FBP is sigmoidal, indicating positive kinetic cooperativity.
at an enzyme site and helps to orient the substrate phosphoryThe current kinetic study was undertaken to more clearly
groups and to bridge and stabilize the phosphoryl transfer define the kinetic allosteric properties of Rtgactivated
reaction during catalysis. The enzyme-bound divalent metal YPK. This study also defines the role of the second substrate,
has also been implicated in modulating the heterotropic MgADP, in modulation of the activity of YPK and compares
interaction between the substrate, PEP, and the allostericthe kinetic heterotropic effects of Mh and Mg "-activated
activator fructose 1,6-bisphosphate (FBR)J). A second YPK.
divalent metal enters the active site as a chelate to theEXPERIMENTAL PROCEDURES
substrate, ADP4).

The multiligand interactions of PEP, Mg and FBP with Materials. L-(+)-Lactate dehydrogenase was purchased
YPK were studied by steady-state fluorescence titratib®)s (  from Boehringer-Mannheim. Yeast pyruvate kinase was
The results demonstrate that KMgand Mr#*-activated YPK ~ purified according to the method of Mesecar and Novgk (
have significantly different ligand binding properties. PEP PEP, ADP, FBP, and buffers were purchased from Sigma.
All other chemicals were reagent grade or better.

1'_I'I_his rhesearch was fténded b)r/] NIIH Grant DK17049 to T_.IN. ’ Pyruvate Kinase AssayPyruvate kinase was assayed
Lan &’_eﬁu?"Sh%°J£?SF§fg)eg§f.§8§S,d be addressed. E-mail: Nowak. according to the methods described bicBer and Pfleiderer

* Current address: Boyce Thompson Institute for Plant Research, ©). Th? Change n apsorbanpe at 340 nm was measured as
Cornell University, Ithaca, NY 14853. a function of time using a Gilford 240 spectrophotometer.

! Abbreviations: ADP, adenosine-8iphosphate; FBP, fructose 1,6-  Typical assays (1 mL) contained 100 mM MES (pH 6.2),

bisphosphate; &, divalent metal ion; MADP, divalent metaADP 0
complex; MES, 24d-morpholino)ethanesulfonic acid; NADH, reduced 4% glycerol, 200 mM KCI, 15 mM MgGl| 5 mM PEP, 5

nicotinamide adenine dinucleotide; PEP, phosphoenolpyruvate; YPK, MM ADP, 1754M NADH, 20 ug of LDH, and 1-1.5 ug
yeast pyruvate kinase. of pyruvate kinase. The specific activity of pyruvate kinase
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is expressed as the number of micromoles of NADH oxidized In eqs 3-6, PEP, FBP, and Mg are designated as A, X,
per milliliter per minute per milligram of protein. The con- and Y, respectivelyK, is the concentration of ligand A
centration of YPK was determined by its absorbance at 280 giving half-maximal velocityKa = Ka® when [X] =[Y] =
nm and using an extinction coefficieatso of 0.51 mL/mg 0. Kx? is the dissociation constant of ligand X when [#]
(6). The specific activity was determined prior to all experi- [Y] = 0. Ky is the dissociation constant of ligand Y when
ments. [A] = [X] = 0. Qax is the coupling parameter for coupling
Initial rates of pyruvate formation were measured with PEP between enzyme-bound A and enzyme-boun@X: is the
as the variable substrate and FBP as the fixed variablecoupling parameter for coupling between bound A and bound
substrate at the indicated concentrations. These individualY. Qxy is the coupling parameter for coupling between bound
three-dimensional experiments were performed at fixed, X and bound Y. Coupling parameters describe the magnitude
variable concentrations of free Migas indicated. The free  of the influence that the presence of one ligand on the
Mg?" concentration was calculated from the measured enzyme has on the affinity of the enzyme for the other ligand.
concentrations of total Mg and total ADP with aKy of Q is related to the free energy of interaction, or coupling
0.25 mM for the dissociation constant of the MgADP free energy, between two ligands by eq 7.
complex {7). The total Mg* concentration was determined
by atomic absorption spectroscopy. The concentration of AGpy = —RTIn Qpy (7)
MgADP, the second substrate for the YPK reaction, was held
constant at 6.10 mM throughout this study unless otherwisewhere AGax is the coupling free energyR is the gas
indicated. In all of the kinetic studies that were performed, constant, and is the temperature in kelvin. Dax > 1, the
when appropriate kinetic parameters were to be measuredAGax is negative and the interaction between A and X is
at least 10, but more often 2@5 data points were obtained. termed positively cooperative. @ax < 1, AGax is positive
The data were then treated appropriately as described belowand the interaction between A and X is termed antagonistic.
Treatment of Kinetic Datalnitial rates were measured If Qax = 1, then the two ligands do not influence the binding
from slopes of the linear portions of progress curves at eachof each other and their interaction is termed independent.
concentration of substrate (S). The specific activity at each  Steady-State Fluorescence Titratiolperiments were
[S] was plotted versus [S] and fit to either the Michaelis  performed on an SLM-Aminco 8100 spectrofluorimeter

Menten equation (eq 1) or the Hill equation (eq 2). thermostated to 25C. Fluorescence titrations were per-
formed by monitoring the steady-state fluorescence intensity
_ Vinal S] of the enzyme at 334 nm with an excitation wavelength of
"TK_F[S] (1) 295 nm, both at a bandwidth of 2 nm. Titrations were
m performed by adding aliquots of a stock FBP solution, usually
Vmax[s]” 1-10 uL, to a 900uL sample containing 100 mM MES
= (2) (pH 6.2), 4% glycerol, 200 mM KCI, approximately 0.05
K + [S] mg/mL YPK, and fixed, variable concentrations of Mg

) L _ . as specified. Percent fluorescence quenching at each addition
wherev is the initial rate at each [SVmax is the maximal  of jigand was corrected for dilution of the enzyme. All
velocity, andK, is the Michaelis constant, the concentration experiments were performed in triplicate and the data

of substrate producing half-maximal velocity. The Hill ayeraged. Fluorescence quenching data were fit to eq 8.
coefficient,ny, has a value of 1.0 in the Michaeli$/enten

rate equation. F. "
Kinetic Linked-Function Analysihe multiligand interac- =M (8)
tions between PEP, Mg, and FBP were quantitated by ki- Kg+[L]"

netic linked-function analysis. The analysis was described

in detail previously 8) and is outlined here. The equations which is analogous to the Hill equatioRmax represents the
describing the multiligand interactions with an enzyme under- maximal percent fluorescence quenching. L represents the
going steady-state turnover were derived by ReinigariL(). titrated ligand.Kq represents the concentration of ligand
The dependence of the appardft of one ligand on the  giving half-maximal quenchinga represents the Hill coef-
concentration of a second ligand is described by eg6.3 ficient.

0 Kxo + [X] RESULTS
Ka =Kol 3) — . L
Ky ® + Qax[X] Steady-State Kinetic#\ series of kinetic measurements
were performed with M as the activating divalent cation.
0 KYO +[Y] The velocity responses to variable concentrations of PEP,
Ka=Ka'l-——=——— (4) free M@*, and MgADP were measured with the other
Ky~ + Qay[Y] ligands kept constant and saturating. These studies were
K + [Y] per_forr_ned in the presence and absence of FBP. The
K. = K.O Y (5) activation response of YPK to FBP was also measured. The
X X KYO + Quy[Y] results were fit to the appropriate equation, and the constants
are summarized in Table ¥nax for Mg?*-activated YPK
L (KYO + [Y])( KYOQAx + Quaxy [Y]) (257 £ 4 units/mg) is approximately 4-fold higher than for

(6) the Mr¢t-activated enzyme (56 2 units/mg). TheVmax for

X =0 0
(Ky™ + Qav[YD(Ky™ + Quy[YD Mg?*-activated YPK is similar in the presence (2574



Ligand—Ligand Interactions on the Mg-Activated YPK

Table 1. Steady-State Kinetic Parameters for’M4ctivated YPK

ligand FBP Km (mM) NH
PEP without 1.99t 0.06 2.41+ 0.15
PEP with 0.103t 0.004 1.0
Mg?*+ without 0.509+ 0.021 1.42+ 0.07
Mg?* with 0.093+ 0.007 1.0
MgADP without 0.715+ 0.020 1.0
MgADP with 0.6674+ 0.078 1.0
FBP 0.0128+ 0.0001 1.0

aNonvaried substrates were held saturating: [PEPRO mM,
[Mg?*] = 15 mM, and [MgADP]= 6.1 mM. Kinetic constants were
calculated from fits of either eq 1 or 2 to initial velocity data as a
function of variable ligand concentratiohWhen present as a nonvaried
activator, FBP was at a concentration of 1 mM.
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Ficure 1: Influence of free Mg on the FBP dependenceléf, per

The Ky pep is plotted as a function of FBP concentration. The
concentrations of free Mg are 1.09 @), 2.90 @), 5.23 @), 10.1

(v), and 20.1 mM #). The data at each concentration of ¥g
were fit to eq 3. Curves represent the best fit of eq 3 to the data.
Error bars represent the standard error in the fit of Kheep at
each FBP concentration.

units/mg) and absence (224 4 units/mg) of FBP. FBP
causes a 20-fold decrease in #agpepand a 5-fold decrease

in the Ky, mgz*. Because FBP has no significant effect\iiix

but modulates the affinity of the enzyme for substrates, FBP
is a “K-type” allosteric effector of YPK. FBP heterotropically
abolishes the homotropic cooperativity in the velocity
response of YPK as a function of variable PEP or variable
Mg?t concentration. At saturating Mg and MgADP
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Ficure 2: Influence of free Mg on the PEP dependenceltf, rer
The activator constanKn, rsp is plotted as a function of PEP
concentration. The concentrations of freegre 1.09 @), 2.90
(m), 5.23 @), 10.1 (v), and 20.1 mM #). Error bars represent the
standard error in the fit of thi€,, rgpat each concentration of PEP.
Curves represent the trend in the data.

10.00

uM at all concentrations of free M. At subsaturating FBP
concentrations, theKnpep decreases as the free Rg
concentration increases. This suggests that under kinetic
conditions and in the absence or at subsaturating FBP
concentrations, the interaction between free?Mand PEP
is positively cooperative.

Figure 2 shows the trend in th&, rgpvalues as a function
of PEP concentration and fixed, variable concentrations of
free Mg". Kmeep is used here to denote the kinetically
determined concentration of FBP producing a half-maximal
change in velocity. This is a kinetically determined thermo-
dynamic constant. Thi€n, rgpdecreases with increasing PEP
concentration until a plateau is reached. The PEP positively
influences the binding of FBP to YPK at all concentrations
of free Mg?*. The data from Figures 1 and 2 show the same
gualitative results as predicted by the principles of thermo-
dynamic linkage 11).

At saturating PEP concentrations, tkg rsp approaches
a value of approximately 12M and is unaffected by the
concentration of free M. At subsaturating PEP concentra-
tions, K, repdecreases with increasing Kfgconcentrations.
Therefore, free Mg positively influences the binding of

concentrations and subsaturating PEP concentrations, thé=BP to the enzyme. From Figures 1 and 2, it can be seen

velocity response of YPK as a function of FBP concentration
is hyperbolic. FBP binds to the YPKMg?"—PEP complex
with positive cooperativity 19). Therefore, MgADP must
influence the homotropic cooperativity in FBP binding to
YPK.

Multiligand Interactions between PEP, ¥lig and FBP.
The velocity response of YPK as a function of variable PEP
concentration was investigated as a function of FBP con-
centration at fixed, variable concentrations of free?Mg
(Figure 1). The Ky pep decreases with increasing FBP

that the three ligands (PEP, Kfg and FBP) positively
influence the interaction of each other with YPK under
kinetic conditions.

The magnitude of the heterotropic interactions between
PEP and FBP can be described by eq 3. Equation 3 describes
the apparenKy, pepin terms of three parameterKpe?,
which represents the apparent steady-state dissociation
constant for the interaction of PEP with the YPKIQADP
complex;Kgg®, which represents the apparent dissociation
constant of FBP from the YPKMgADP complex; and

concentrations until a plateau is reached. This suggests thaQpep-rer, Which is an apparent coupling parameter for PEP

FBP positively influences the interaction of PEP with YPK.
Km pepat saturating FBP concentrations is approximately 100

and FBP and is related to the coupling free energy,
AGeep—rsp, by €q 7. These parameters are apparent since they
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Table 2: Steady-State Fluorescence Titration of FBP into the Table 3: Steady-State Kinetic Parameters Describing the Interaction
YPK—Mg?"—MgADP Complex at Fixed, Variable Free Ny between PEP and FBP at Fixed, VariableZ¥Moncentratiorts
Concentzranons - . [Mg?*]s (mM) Kped (MM) Krae® (uM) Qpep-rer
+1.a
(Mg (mM) Ka e (M) M 1.09 6.20£023 814+ 79 472423
1.09 1070+ 9 3.65+ 0.10 2.90 2.87+ 0.07 746+ 434 25.3+1.3
2.90 742+ 7 3.17+0.09 5.23 2.22+0.04 589+ 186 19.6£ 5.2
5.23 597+ 5 3.19+ 0.09 10.1 1.41+ 0.06 403+ 75 13.8+1.1
10.1 406+ 3 2.87+£0.05 20.1 1.22+ 0.05 322+ 53 141+ 1.4
20.1 319+ 5 2.86+ 0.10

aKper, Kese”?, andQpep-rep Were obtained from fits of the data in
a[MgADP] was held constant at 6.1 mM. The concentration of free Figure 1 to eq 3 at each free Kgconcentration. The primé)(ndicates

Mg?* was calculated from total [Mgd] and [ADP] using aKg of 0.25 that the values for these parameters are apparent values.

mM. © Kq andny were obtained from a fit of fluorescence quenching

data to eq 8.

not converge to a well-defined minimum. This resulted in
are measured as a function of free Wlgoncentration. Since  significant errors in the fitted parameters. Equation 3 does
these are derived from kinetic studies, MgADP must also not adequately describe the data ¢ rep versus PEP
be present and is kept at a constant and saturating concentrasoncentration.
tion. Interaction of PEP and Mg in the Absence of FBF.he
Michaelis constants derived from the rate equation de- Knpepwas measured as a function of freeigoncentration
scribing the mechanism depicted in Figure 1 are not, in in the absence of FBP to estimate:# (the affinity of YPK
general, equal to thermodynamic dissociation constants. Thefor PEP when [FBP} [Mg?*] = 0) andKwg° (the affinity
use of the data in Figure 2 in describing the kinetic interaction of YPK for Mg?" when [FBP]= [PEP]= 0), as well as to
between PEP and FBP must be justified. If both PEP and quantitateQpep-mg. The results of these experiments are
FBP are in rapid equilibrium during steady-state turnover, shown in Figure 3A. The data are described well by eq 4.
the K, pepandK, repcan be treated as thermodynamic terms. The resulting best fit value foKped is 30.6+ 0.78 mM.
This would simplify the rate equation for the kinetic scheme This value is significantly higher than th€; pepof 638 +
outlined in Figure 1 to one that is first-order in both PEP 53 uM obtained in the absence of FBP by fluorescence
and FBP concentrations. The association between PEP anditrations. The difference ilpe®® and Ky pepexists because
YPK appears not to occur by a rapid equilibrium mechanism Kpef describes the kinetic interaction of PEP with the YPK
(12). A less restrictive assumption is that only the allosteric MgADP complex, an&Kqpepdescribes the binding between
ligand is in rapid equilibrium with the enzyme during steady- PEP and apo-YPK. The kinetic assays were performed in
state turnover. Reinhart has shown that the rate equationthe presence of saturating MgADP concentrations. At low
obtained under these conditions is also first-order in both A free M@" concentrations, the interaction between MgADP
concentration and X concentratio8)( It follows that Qax and PEP is antagonistic. This was demonstrated by measuring
= KxYKx® = Ka%Ka>. Therefore, the ratios d€, pepin the the K pepas a function of fixed, variable concentrations of
absence and presence of saturating FBP concentrationdgADP at 97.5uM free Mg?*. In these experiments, the
should give the true coupling parameter. concentrations of total Mg and ADP were varied such that
The K rep approaches a value of 12:8M as both the the concentration of free Mg was constant. The results of
PEP and M§" concentrations become saturating. This is this analysis are listed in Table 4.
similar to theKq rgpmeasured by fluorescence (7). As At low free Mg?* concentrations, thip, pepincreases with
the concentration of substrate approaches 0, ligand X isincreasing MgADP concentrations, suggesting that the
important in the binding equilibrium. Therefot€;s” should relationship of PEP and MgADP to YPK is antagonistic. This
approachK, rgpas the PEP concentration approaches 0. This may account for the increase i, pepat low concentrations
was verified by measuring the dissociation constant for the of free Mg*. The interaction between PEP and MgADP at
interaction between FBP and the YPKig?'—MgADP saturating free Mg concentrations is cooperative. Therefore,
complex by fluorescence titrations at 1.09, 2.90, 5.23, 10.1, free Mg"™ must mediate the interaction between the two
and 20.1 mM free Mg. These results are summarized in substrates. Furthermore, a comparison of thermodynamic
Table 2. The kineti&, rgpin Figure 2 approaches tt& rgp dissociation constant¥g) and the kinetic constank, is
in Table 2 at each of the concentrations of free?Mthat not valid unless the substrate in question is in rapid
was analyzed. Therefore, FBP is in thermodynamic equilib- equilibrium with the enzyme during steady-state turnover
rium with YPK during steady-state turnover, and the ratio (vide infra). TheKy® is 6.82+ 1.0 mM which is lower
of the apparent,pep in the absence and presence of than the Kqug+ measured by steady-state fluorescence
saturating FBP yields the thermodynamic paran@tep-rsp measurements (11.2 1.8 mM). Qpep-mg, the thermody-
by fitting the data in Figure 1 to eq 3. namic coupling parameter between PEP and freé\Vig
The fitted parameters are listed in Table 3. Fits to eq 3 31.1 4+ 2.8 and corresponds to a coupling free energy of
yielded good estimates #fc at all concentrations of free  —2.04 £ 0.09 kcal/mol.
Mg?" compared to the measured valueskafpep without Influence of Free Mg on Kegp”. The dissociation constant
FBP. The kinetically determined values figss” are also for the interaction of FBP with the YPKMg**—MgADP
in excellent agreement with the appar&qt-sp determined complex was estimated from the fits of the data in Figure 1
by fluorescence measurements (Table 2). In general, eq 3to eq 3. The resultind<rss” was plotted as a function of
describes th&nm pepversus FBP concentration data quite well. free Mg+ concentration (Figure 3B). The data indicate that
Attempts at fitting the data in Figure 2 to eq 3 failed at the free M@t concentration positively influences the binding
all concentrations of free Mg because the algorithms would  of FBP to the enzyme. The kinetically determiri€eks” at
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Ficure 3: Influence of free Mg" on KA%, Kx?, andQax. (A) The curve represents the best fit of eq 4 to the data. Error bars represent the
standard error in the fit of thi,, pepat each concentration of free Bty (B) Influence of free Mg" on Kx® andKq rsp Kx° (®) andKg rsp

(a) are plotted as a function of free Mfgconcentration. Both data sets were fit to eq 5. Curves represent the best fit of the data to eq 8.
Error bars represent the standard error in the fit of K8 or Ky rgp at each concentration of free ®fg (C) Influence of free Mg on

Qax'. The data were fit to eq 6. The curve represents the best fit of the data to eq 6 where the following parameters wétgfixet§.1

mM, Qay = 31.1, andQxy = 5.64. Error bars represent the standard error in the estimadr0fby eq 4 at each concentration of free
Mg2t.

Table 4: Interaction of PEP with MgADP at 97.81 Free Mg* 2 mined values in Figure 3B. Both the kinetic and thermody-
MaADPL (M) K —y . v it/ namic plots were fit to eq 5, which describes the dissociation
[MADP] (mM) K per(mM) RPER max (Units/mg) constant of FBP in terms of the dissociation constant for the
0.698 10.74 0.8  2.98+0.48  0.524 0.030 interaction of free M&" with the YPK—=MaADP complex
1.40 132602  301£010  3.27+0.06 teraction of free M§" with the YPK=MgADP comple
275 172407 261+0.14 1155 05 (Kmg?) and the magnitude of the coupling interaction between
4.21 19.1+ 0.6  2.56+ 0.09 21.0+ 0.7 free Mgt and FBP. The results are listed in Table 5.
2 K, Ny, andVmay Were obtained from fits of initial velocity vs PEP Agreement between the kinetically and thermodynamically
concentration to eq 2. determined values fakegs®, Kumg®, andQug-rep is satisfac-

tory. The values probably differ because Kig’ determined
each free Mg" concentration was compared to the thermo- kinetically at 1.09 mM free Mg is an underestimate of the
dynamically measured values to test the validity of the thermodynamically determined value, which would cause the
estimates ofKege” from eq 3. The thermodynamically best fit of eq 9 to deviate slightly from the thermodynamic
determined values are superimposed on the kinetically deter-plot (Figure 3B).
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Table 5: Comparison of the Kinetically and Thermodynamically
Determined Values oKege®, Kwg®, and Qug-rsp 1
method Krgp® (/tM) KMgo (mM) QMgfpgp
fluorescence 1506+ 95 17.9+ 5.7 8.15+1.2
kinetic® 973+ 65 252+ 1.7 5.64+ 1.6

aThermodynamicKrgs® values were measured by fluorescence
titrations of FBP into the YPKMg?'—MgADP complex.? Kinetic
Kree® values were obtained from fits of tl&, pepvs FBP concentration
data in Figure 1 to eq 3.

Ny pep

Influence of Free MY§ on Qeprsp. The apparent
heterotropic coupling parameter between PEP and FBP is
plotted as a function of free M@ concentration in Figure
3C. The data were fit to eq 6, which describes the apparent
coupling parameter as a functionti,’, Qeep-rer, Qrer-mg,
Quwg-rep, aNdQpep mg-rep. The algorithm repeatedly missed
convergence when all five parameters were left as floating
point parameters, even when the previously determined
values for several coupling parameters were used as startin

estimates. Since the two parameters of interest We | o :
d d si P the oth t ﬁﬂFBPb dependence afy pep The Hill coefficient for PEPny per is plotted
andQeep-mg-rep, @nd since the other parameters have Deen ¢ fnction of FBP concentration, per was determined from

measured, these three parameters were fixed as fO”Fﬂ\%@: fits of the velocity response of the enzyme as a function of PEP
= 25.1 mM, Qpep-mg = 31.1, andQumg-repr = 5.64. Fixing concentration at fixed, variable concentrations of FBP and of free

these values in eq 6 allowed convergence and a determinatiodMg®* and fit to eq 3. Free My concentrations are 1.08J, 2.90

of the remaining two parameters. The two-ligand coupling (®: 5-23 @), 10.1 (), and 20.1 mM #). Error bars represent the
- . . tandard error in the fit of they pep values at each concentration

parameter describing the interaction between PEP and FBF ¢ Fgp. curves represent the trend in the data.

in the absence of Mg (Qper-rer = 88.7+ 12) and the three-

ligand coupling parameteQeep-mg—rep = 974+ 124) gave 4

the best global fits for the data.

Homotropic Cooperatity of PEP Binding to M§g'-

Activated YPKThe various homotropic interactions on YPK .

were measured. As shown in Table 1, the velocity response 1 { E

of YPK as a function of PEP and Mg concentrations in 3 {

the absence of FBP occurs with positive cooperativity. This | (]

was investigated in more detail, and the results are shown

in Figures 4-6. Figure 4 shows the responsempfpepas a | {

function of FBP concentration and of free Rtgconcentra- |

tion. Increasing the concentration of FBP decreases the

degree of positive cooperativity as indicated by the decrease

in nypepWith FBP concentrations. At saturating concentra-

tions of FBP, nypep approaches a value of 1.0 at all

concentrations of free Mg. In the absence of FBP, the

values ofny pep cONverge to a value of approximately 2.8,

which does not vary as a function of the concentration of LA T

free M?*. The ny rep Was measured as a function of PEP 1 10

concentration at fixed, variable concentrations of freeMg [Mg™}, (mM)

(not shown). At saturating concentrations of PEP and™Mg  Ficure5: Influence of free Mg" on theny pepwithout FBP.ny pep

the data tend toward a value of 1, indicating that PEP is was obtained from the velocity response of YPK as a function of

able to heterotropically abolish homotropic cooperativity in PEP concentration at fixed, variable concentrations of_freé+M_g

FBP binding. and fit to eq 2. Error bars represent the standard error in the fit of

. . the ny pep values at each concentration of kg
Figure 5 shows the influence of free kfgon thenypep

in the absence of FBP. In the range of ::G®.1 mM free measurements of Mg binding to the YPK apoenzyme were

Mg?*, there is no apparent trend in timg per Suggesting not possible since Mg does not induce a significant fluor-

that Mg+ does not modulate the homotropic binding of PEP. escence change in the enzyme. Apparent binding is suf-

This is consistent with the results of PEP binding studies by ficiently weak that other equilibrium methods were not fea-

fluorescence titrations. With Mn, the homotropic binding  sible. No estimate of the v+ for binding to the apoenzyme

of PEP is modulated by the divalent metal in the absence ofwas made. The binding of Mh to the apoenzyme is

FBP (2, 3). The reciprocal experiment of Figure 5 is shown hyperbolic @). Binding of M¢?" to the YPK—PEP complex

in Figure 6. Here, they vs?* is measured as a function of is sigmoidal (9).

PEP concentration from 1.09 to 20.1 mM PEP. The homo- MgADP Effects on Cooperaity in YPK. PEP shows

tropic binding of M@t is modulated by PEP. PEP also hyperbolic binding to apo-YPK with an apparent dissociation

modulates the homotropic binding of ¥ (2, 3). Direct constant of 638+ 53 uM. Mn?" heterotropically induces
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[FBPT (uM)

q:IGURE 4: Influence of the concentration of free Kfgon the FBP

Ny.peP
i
—e—|
[




Ligand—Ligand Interactions on the Mg-Activated YPK Biochemistry, Vol. 40, No. 43, 200113103

4 4

R — ——————ry . ’

LA I By B Bt B

1 10 000 005 010 015 020 025
[PEP] (mM) [MgADP] (mM)
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was obtained from the velocity response of YPK as a function of with 15 mM free Mg@". The value form pep Was obtained from

Mg?* concentration at fixed, variable concentrations of PEP and the velocity response of YPK as a function of PEP concentration
fit to eq 2. Error bars represent the standard error in the fit of the 5t fixed, variable concentrations of MgADP, and the results were
Numg>+ Values at each concentration of PEP. fit to eq 2. Error bars represent the standard error in the fit of the

. A - ny,pepvalues at each concentration of MGADP. The curve represents
homotropic cooperativity in PEP bindingl{ = 10.5+ 0.1 the fit of the data to a hyperbola with a finite intercept on the
uM andny = 2.40+ 0.07). PEP binding to the YPKMg?* ordinate.

complex fits best to a hyperbolic response. ThereforezMg
does not induce homotropic binding of PEP to YPK. by FBP and abolishes the homotropic cooperativity in the
Kinetically, there is a sigmoidal velocity response as a velocity response of the pyruvate kinases fréoncholepas
function of PEP concentration in the absence of FBP but in concholepasindMytilus edulisL. (13, 14). These enzymes
the presence of either Mhor Mg?t. The difference between are completely insensitive to FBP in the presence ofMn
the kinetic experiments and the thermodynamic binding Binding experiments with M#f-activated yeast pyruvate
experiments is that the M—ADP complex is excluded from  kinase showed that Mh heterotropically induces homotropic
the thermodynamic experiments. The presence of free cooperativity in PEP bindindg?j. Subsequent binding studies
nucleotide does not heterotropically induce homotropic with Mg?*-activated yeast PK revealed that Mgloes not
cooperativity in PEP binding3j. It is possible that the induce homotropic binding of PEP19). The velocity
metal-nucleotide complex, MgADP, the catalytically im- response of Mg -activated YPK as a function of PEP
portant form of the substrate, plays a role in modulating the concentration is sigmoidal. The current study was undertaken
homotropic binding of PEP. This was investigated by steady- to gain a more detailed understanding of the kinetic activation
state kinetic experiments, with MgADP as the fixed, variable of YPK in the presence of Mg.
substrate in the absence of FBP (Figure 7). Figure 7 shows The rate equation and kinetic constants describing turnover
the values ofhy,pepas a function of MgADP concentration,  and ligand binding to an enzyme under steady-state condi-
and the results are best fit by a rectangular hyperbola with tions have been derive®), The general rate equation can
a non-zero intercept. The resulting curve intersects the pe simplified to one that is first-order in both substrate and
ordinate at 1.0% 0.08. This value fony pepis the same as  effector concentration by assuming that the allosteric effector
the thermodynamic value for the Hill coefficient obtained s engaged in a binding equilibrium with the enzyme during
by the fluorescence titration of PEP into the YPKIg#* steady-state turnover, a condition that is less restrictive than
complex or into the apoenzyme in the absence of MgQADP the assumption of rapid equilibrium binding of the substrates.
and FBP. The value fonpep increases in a hyperbolic  This allows use of the kinetic parameteK., in the
manner and plateaus at a fit value of 2.480.09. The calculation of linked interactions of ligands on the enzyme.
apparenk, for MgADP, obtained from the midpointin this  This type of analysis was used to describe the multiligand
curve, is 2.5+ 0.5uM. interactions on Mg -activated YPK. Table 6 summarizes
the kinetic and thermodynamic data obtained for the three-
DISCUSSION ligand heterotropic interactions that occur with Mg
Mg2*-activated yeast pyruvate kinase behaves as a K-typeactivated YPK. The kinetic coupling parameters and their
allosteric system, indicating that a ligand binding to the corresponding coupling free energies are conditional, since
enzyme affects the affinities of the enzyme for other ligands, they represent multiligand interactions in the presence of
without significantly altering/imax Mg?*-activated pyruvate ~ saturating MgGADP concentrations.
kinases from several sources are also K-type allosteric The interaction between PEP and free 2Wdn the ab-
systems13—16). Significant differences have been observed sence of FBP is cooperative. The coupling free energy,
in the activation of pyruvate kinase by ¥fgand Mr?* from AGpep-mgimganp, between PEP and free Nigis —2.04 +
various sources. The activator Knmimics the activation 0.09 kcal/mol. The difference between the conditional and
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Table 6: Summary of Kinetic and Thermodynamic Parameters for
Mg?*-Activated YPK

parametey kinetics thermodynamiés
Kped (MM) 30.6+ 0.8 0.638+ 0.053
Kug? (MmM) 252+ 1.7 11.9+1.8
Kege® (MM) 0.973+ 0.065 0.407 0.005
Qper-FaP 88.7+12.0 1.89+ 0.2
AGpep-rgp (kcal/mol) —2.66+0.13 —0.38+ 0.04
Qrer-Mg 31.1+238 -
AGpEp_Mg (kcal/mol) —2.044+0.09 -
Qwmg-FBP 5.64+ 1.60 3.55+ 0.10
AGyg-rep (kcal/mol) —1.02+0.28 —0.75+ 0.03
Qrer-mg-rFBP 974+ 124 306+ 2
AGpEp-Mg—FBp (kcallm0|) —4.07+0.13 —3.394+0.03

@ The kinetically determined coupling parameters and coupling free

energies are conditional, and therefore should contain the subscript

/IMgADP. This is omitted for clarity? Thermodynamic coupling free
energies were determined by steady-state fluorescence titratigns (

unconditional two-ligand coupling free energy between PEP
and Mg+ suggests that MgADP facilitates formation of the
YPK—Mg?*—PEP complex.

The K eep at low concentrations of PEP decreases as a

function of free M@" concentration, suggesting that the
interaction between the two ligands (FBP and 2N)gis
cooperative. TheKgge” was measured by direct binding
assays and by fitting the data in Figure 1 to eq 3. The
resulting conditionaAGug-—repmgane iS —1.02+ 0.28 kcal/
mol. The AGuy-rer measured by steady-state fluorescence
titrations is—0.754+ 0.03 kcal/mol. The presence of MgADP
increases the cooperativity in the Rg-FBP interaction in
the absence of PEP by approximatet®.25 kcal/mol.

The coupling parameter between PEP and FBP at{Mg
=0, QPEFLFBP/MQADPy has a value of 88.74 12.0 which
corresponds to a conditional coupling free energy-8t66
+ 0.13 kcal/mol. The uncondition@Gpgp-rgp is —0.38 +

0.04 kcal/mol. The substrate MgADP also increases the
heterotropic cooperativity between the PEP and FBP binding

sites in the absence of free Kfg This is in contrast to
coupling in the presence of Mh since the coupling

parameter between PEP and FBP in the presence of saturatin

MnADP is 1, meaning that there is no communication

between the PEP and FBP binding sites in the absence of

free Mr?* (AGeep-repmnape = 0) (3). A Qpep-rermnaop Of 1
would reduce eq 6 to the following form:

0. = (Ky" + IYD(Ky® + Qaxy [Y])
MK+ QuyIYD(Ky® + Quy YD)

Attempts at fitting the data in Figure 3C to eq 9 failed as
the algorithm would not converge. Therefore, the conditional
coupling free energy with Mg, AGeep-repmmgans, is finite,
whereas the conditional coupling free energy with2¥n
AGpep-rp/Mnapp 1S 0.

The three-ligand coupling parameter describing the inter-
action between PEP, Mg and FBP in the presence of
saturating MgADP concentrations is 924 124, giving a
conditional three-ligand coupling free eneyBpep-my—rerpmgron
of —4.08+ 0.13 kcal/mol. This is larger than the uncondi-
tional three-ligand coupling free energy determined by
fluorescence titrations{3.21+ 0.03 kcal/mol). Therefore,
MgADP increases the cooperativity in formation of the
quaternary YPK-PEP-Mg?"—FBP complex.

9)

Bollenbach and Nowak

Kinetic linked-function analysis has been successful in
determining the extents of the heterotropic interactions
between PEP, Mg, and FBP in the presence of saturating
MgADP concentrations. It would be useful to add a fourth
dimension of complexity to this set of experiments and
include specific interactions between each of these ligands
and MgADP. A comparison oK, and K, values in the
presence and absence of MgADP is not valid, in general,
since the Michaelis constant for a particular ligand is not
always equal to its corresponding dissociation constant. The
comparison is valid in the case of FBP, since we have
determined that th&, rsp is equal to its thermodynamic
dissociation constant over the entire range of freéMand
PEP concentrations that was analyzed. This allows the
calculation of the extent of the heterotropic interaction
between MgADP and FBP when [PER]0 in the absence
and presence of saturating free WMgconcentrations. The
Kq for FBP dissociation from apo-YPK is 40% 5.2 uM
(19). In the presence of saturating MgADP concentrations
and when [PEPE [Mg?t]s = 0, the Ky rep = 973 + 65

uM. Since the affinity of YPK for FBP is weaker in the

presence of saturating MgADP concentrations, the interaction
between MgADP and FBP is antagonistic. This is consistent
with the hypothesis that MgADP is able to induce a
conformational change in the enzyme that modulates the
binding of subsequent ligands. This was not observed with
Mn?*-activated YPK B8).

A similar comparison of thépe (K pepWhen [Md?t]s
= 0 and [FBP]= 0) with K4 pepcannot be made. Thi€peF
is 30.6 mM, which is significantly higher than ti& pepfor
the interaction between PEP and apo-YPK (GB®. There
are differences between these two values. Firstkge is
the kinetically determined dissociation constant of PEP from
the YPK—MgADP complex.Kqpepdescribes the dissocia-
tion of PEP from apo-YPK. There is a significant antag-
onistic interaction between PEP and MgADP as the con-
centration of free M§" approaches zero (Table 4). Second,
Kmpep iS a kinetic constant that is generally not equiva-

nt to its corresponding thermodynamic dissociation con-

tant. Several pieces of evidence suggest that PEP is a
~‘sticky” substrate with pyruvate kinasdZ, 18). The rate
constant for turnover is significantly higher than the off rate
for dissociation of PEP from the catalytic complex. With
muscle PK, PEP reacts to give pyruvate approximately 5
times faster than it dissociates from the enzyregbstrates
complex @2). A sticky substrate would have l&, that is
higher than its correspondirky because the rate expression
for Ky, would contain an additional kinetic term(s) in the
numerator. As the concentration of free Mgapproaches
zero, and ak.,:approaches zero, th&, pep(or Kped’) should
approach the thermodynamic valégper If Kped can be
assumed to be a dissociation constant, the coupling parameter
between PEP and MgADP would be equal to 0.638/30.6
(0.0208), giving a coupling free energy #%2.29 kcal/mol.
This is an upper-limit estimate of the coupling free energy
since theKped is probably higher than thi€; describing the
interaction between PEP and the YPKIQADP complex.
This represents a significant antagonistic relationship. The
direct measurement of thKgpep from this complex by
fluorescence is not possible. The formation of a YRWg—
MgADP complex where [MgADP} 6.1 mM and [Md@ ]
= 0 would require an extremely high concentration of ADP.
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Table 7: A Comparison of Kinetically Determined Two- and binding of PEP to the YPKMg?*—MgADP complex could

Three-Ligand Conditional Coupling Free Energies for2¥gand be measured by steady-state fluorescence titrations provided
Mn2t-Activated YPK the rate of turnover could be limited such that the disap-
Mg2" Mn2ta pearance of added ligand would be negligible over the course

AGu_rermmon (kcallimol) 5041009 2751014 of the_ex_perlment. This could be used_ to gletermlne whether
AGu_repmaoe (kcal/mol) ~1.024+028 —1.55+ 1.03 the binding of PEP to form the Kkinetically competent
AGpep-repmane (kcal/mol) —2.66+0.13 0 complex is hyperbolic or is induced to be sigmoidal. This
AGpep-m-repmape (Kcal/mol)  —4.07£0.13  —4.32+0.40 experiment was attempted by slowing the reaction rate and
aCoupling free energies for Mh-activated YPK were obtained — measuring the binding of the pseudosubstrd)e3¢fluoro-

from ref 3. PEP to the YPK-Mg?*—MgADP complex. The binding of

(2)-3-fluoro-PEP to this complex is sigmoidal (not shown).

The free M@* concentration would have to be zero in this Therefore, the second explanation for the observed response
complex to prevent turnover of the enzyme. Measurement of the enzyme to PEP is that the sigmoidal kinetic response
of this dissociation constant at positive concentrations of free appears to be due to the induction of homotropic cooperat-
metal is not feasible since the enzyme would be turning over ivity in PEP binding by MgADP.
at a significant rate. The binding isotherm describing the interaction between

A comparison of the kinetically determined conditional PEP and the YPKADP complex is hyperbolic 3). A
two- and three-ligand coupling free energies foratgand possible explanation for the difference in behavior in PEP
Mn?*-activated YPK is presented in Table 7. The g binding and kinetics is that both the enzyme-bound divalent
activated YPK system is significantly less cooperative than metal and the nucleotide-bound divalent metal modulate the
the Mr?t-activated YPK system. The conditional two-ligand homotropic binding of PEP. This was tested kinetically by
coupling free energy between PEP and the divalent metal invarying the concentration of MgADP at saturating free?Mg
the absence of FBP is weaker for Reactivated YPK concentrations and measuring the Hill coefficient for the
(—2.04 + 0.09 kcal/mol) than for M#f-activated YPK velocity response of YPK as a function of PEP concentration.
(—2.75 £ 0.14 kcal/mol). Similarly, AGwg-rep (—1.02 £ As the MgADP concentration is increaseg,pepincreases
0.28 kcal/mol) is significantly weaker thaXGw,—gsp (—1.55 in a saturatable manner and plateaus at a value of ap-
+ 1.03 kcal/mol). These trends are similar to those observedproximately 2.6. A fit of these data to a hyperbola passes
by steady-state fluorescence titrations and thermodynamicthrough amy of 1.0 at [MgADP]= 0. This is the same as
linked-function analysis19). The conditional three-ligand  the thermodynamic value obtained by fluorescence titrations
coupling free energy, however, is similar in the presence of when [MgADP]= 0 (19). In contrast, varying the free Mg
Mg?" (AGpep-mg-Fepmgane = —4.07 £ 0.13 kcal/mol) and concentration from 1.09 to 40.1 mM had no effect on the
Mn?* (AGpgp-mn—repmnape = —4.32 4 0.07 kcal/mol). Hill coefficient for PEP. Thus, it appears that with kitg

A comparison of the binding and kinetic data for Mg activated YPK, the nucleotide-bound divalent metal plays a
and Mr¥t-activated YPK in the absence of FBP demonstrates role in controlling the cooperative binding of PEP. With
that there are significant differences in the influence of Mn?*, it is both the enzyme-bound divalent metal and
divalent metal on the homotropic interactions of PEP binding nucleotide-bound divalent metal that modulate cooperativity
sites on YPK. MA" heterotropically induces homotropic in PEP binding {9). This would explain the difference in
cooperativity in PEP binding, and the rate response of'Mn  the Hill coefficients obtained in the absence and presence
activated YPK as a function of PEP concentration is of MnADP by fluorescence titrations and kinetics, respec-
sigmoidal. The velocity response of Kgactivated YPK as tively (2, 3).
a function of PEP concentration is also sigmoidal, indicating  In summary, there are significant differences in the kinetic
that there is homotropic cooperativity in the kinetic response allosteric properties of Mij-activated YPK and M#-
of YPK as a function of PEP concentration. The binding of activated YPK. The most significant difference is the role
PEP to the YPK-Mg?* complex, however, is hyperbolic  that the metatnucleotide complex plays in the activation
(19). The sigmoidal velocity response with Kfactivated of the enzyme. MgADP modulates both the cooperativity in
YPK is simple to explain, since the binding of PEP to the the formation of the kinetic enzymdigand complex and
YPK—Mn?* complex is sigmoidal. The correlation between the cooperativity in the activation of the enzyme by PEP.
the binding data and kinetic response for Mactivated The role of the enzyme-bound divalent metal is to modulate
YPK is not as clear on initial inspection. the communication between the PEP and FBP binding sites.
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