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Abstract

A mathematical model is presented to describe the catalytic mechanism of mammalian NAD-linked
isocitrate dehydrogenase (NAD-IDH), a highly regulated enzyme in the tricarboxylic acid cycle, a
crucial pathway in energy metabolism and biosynthesis. The mechanism accounts for allosteric
regulation by magnesium-bound isocitrate and EGTA and calcium-bound ATP and ADP. The
developed model is used to analyze kinetic data for the cardiac enzyme and to estimate kinetic
parameter values. Since the kinetic mechanism is expressed in terms of chemical species (rather than
biochemical reactants), the model explicitly accounts for the effects of biochemical state (ionic
strength, pH, temperature, and metal cation concentration) on the kinetics. Because the substrate
isocitrate competes with allosteric activators (ATP and ADP) and an inhibitor (EGTA) for metal ion
cofactors (Ca2* and Mg?2*), the observed kinetic relationships between reactants, activator and
inhibitor concentrations, and catalytic flux are complex. Our analysis reveals that under physiological
conditions, the ADP/ATP ratio plays a more significant role than Ca2* concentration in regulating
the enzyme's activity. In addition, the enzyme is highly sensitive to MgZ* concentration in the
physiological range, pointing to a potential regulatory role of [Mg2*] in mitochondrial energy
metabolism.

Introduction

NAD-linked isocitrate dehydrogenase (NAD-IDH, EC 1.1.1.41) catalyzes the biochemical
reaction
ICIT+NAD = AKG+NADH+COstot

where abbreviations for biochemical reactants are listed in Table 1. This enzyme is located
exclusively in the mitochondria in mammalian cells and is a key regulatory enzyme in the TCA
cycle [1-3]. NAD-IDH from a variety of animal tissue has been shown to require Mg2",
MnZ*, or Co?* for activity [4-7]. In fact, it is apparent that the active substrate of the enzyme
is the divalent metal ion chelate [8]. It also has been observed that the activity of this enzyme
is enhanced by ADP [9] and inhibited by NADH, NADPH, and ATP [10]. NADH competes
with NAD for binding to the active site [11]; adenine nucleotide binding at a regulatory site
modifies the apparent K, for Mg-isocitrate [11]. ATP and AMP compete with ADP for the
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nucleotide regulatory site while the free enzyme must bind ADP before it can bind the substrate
Mg-isocitrate [12].

NAD-IDH is one of the three dehydrogenases within mammalian mitochondrial that have been
shown to be regulated by Ca?* ions. NAD-IDH and 2-oxoglutarate dehydrogenase (OGDH)
are activated by lowering the apparent K, values for substrate (in the presence of an adenine
nucleotide), with little effect of Ca™ at saturating concentrations of substrates [13-15]. The
pyruvate dehydrogenase (PDH) complex, on the other hand, is activated through increases in
the active dephosphorylated form of the enzyme, largely through stimulation of PDHP
phosphatase [16]. Each of these three enzymes thus represents a site at which
electrophysiological stimulation, endocrine signals, and other stimuli potentially influence
mitochondrial oxidative metabolism through cytosolic Ca* concentration [1,17-19]. However
the details remain unclear. Both activation and inhibition of NAD-IDH activity in extracts of
animal tissues by added calcium have been reported. Newsholme and coworkers concluded
that Ca?* increases the apparent K, of the rat heart enzyme for isocitrate in both the presence
and absence of ADP [20,21]. Aogaichi et al. reported that purified isocitrate dehydrogenase
from bovine heart was stimulated by free Ca2* in the presence of ADP and sub-saturating levels
of Mg-isocitrate, but not in absence of ADP [14]. They found that Ca2* is not absolutely
required for ADP activation. Similarly, it has been observed that calcium affects NAD-IDH
from extracts of rat heart mitochondria by lowering the apparent K, for isocitrate without
affecting Vimay in the presence of ADP while slightly increasing the apparent K, for isocitrate
when ADP is absent [13]. Rutter and Denton [22] investigated the effects of adenine
nucleotides, bivalent metal Mg2* on the regulation of the enzyme by Ca2*. They concluded
that the sensitivity of NAD-IDH to Ca2* is shown to be critically dependent on the
concentration of Mg?*.

Rutter and Denton reported the range over which changes in ADP/ATP ratio may affect the
sensitivity of the enzyme to Ca?* [23]. It is also shown that increases in ADP/ATP ratio result
in a decrease in apparent K, values for the respective substrates [3]. Based on these
observations, it is suggested that increases in the ADP/ATP ratio may stimulate the supply of
NADH for the respiratory chain through the activation of NAD-IDH [23]. Another important
regulation of flux through this enzyme is the ration of NADH/NAD™ [2,10]. Inhibition by
NADH or NADPH of NAD isocitrate dehydrogenase has been reported for the soluble enzyme
from heart [12] and liver [6]. Simulations predict that this ratio is a more important regulator
of TCA cycle flux than the ADP/ATP ratio [24]. Inhibition of enzyme activity by NADH cannot
be reversed by ADP regardless of the Ca* concentration [15].

Experimental studies of NAD-IDH typically use EGTA and/or EDTA to buffer Ca2* and
Mg?2* ions in reaction solutions. However, EGTA, EDTA, and other nitrogen-containing
polycarboxylate Ca2* chelators may inhibit the activity of NAD-specific isocitrate
dehydrogenase in the presence and absence of ADP by a mechanism that cannot be attributed
solely to the sequestration free Ca2* [13,15]. Therefore it is necessary to properly account for
these inhibition mechanisms to analyze the available in vitro data. However it remains uncertain
which chelate forms of EGTA and EDTA are responsible for inhibition and by what
mechanism.

Although models have been proposed [9], to date no mechanistic model consistently explains
the available kinetic data sets for this enzyme. In this work, a simple model is proposed to
resolve observations from a number of studies. A systematic analysis provides clarification for
several apparently contradictory results reported previously.
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Methods and Results

Kinetic equations for ordered bi-bi enzyme mechanism

Here we model the kinetics of NAD-IDH based on the compulsory ordered bi-bi mechanism
(or ordered-addition bi bi). This basic mechanism for the reaction A+B = P+Q involves four
enzyme state transitions:

Ei+A =E;
E>,+B <=E;3
E3 \_—‘E4+P

E4 ;‘E1+Q
kg (1)

where each state transition is assumed to proceed by mass action [25-27]. Here Eq represents
free (unbound) enzyme; E, represents the complex formed between enzyme and the species
A; E3 represents the enzyme complex bound to both substrates; and E4 represents the enzyme
complex bound to product Q. Although the reaction of NAD-IDH involves three biochemical
products, there are not enough data to resolve a catalytic mechanism accounting for the carbon
dioxide-dependent kinetics. Therefore the developed mechanism does not explicitly account
for CO».

The quasi-steady flux for this mechanism may be expressed using the method of King and
Altman, [28,29]:

=N
) 6
where
N=1[Eol kikoksks (LA1[B] = [ P1[ Q1 /Kcq) 3
and

D= (k_1k_oka+k_1k3ks) + (kik_oks+kiksks) [A]
+koksks [ Bl +k_1k 2k 3 [ P]+ (k_tkok_g+k_1ksk_4) [ O]
+kik_ok_3 [A][ P]+ (kikaka+kikoks) [A] [ B]
+hkoksk_4 [ B][ Q1+ (k_1k_3k_a+k 2k 3k 4) [ P][ Q]

+kikok_3 [A][BI[ Pl +kok_3k_4 [ BI[P][ Q] (4)
v, P
i (1A11B] - 512)
V_ a™mB q
- 14140 4 K 1B K0P (o) 4 faym) 4 Ko WP 4 (pig) | Ky LBIO 4 paymie) o (BIPIQL
Kia ~ KiaKyp ~ KypKiqg ~ Kig ~ KiaKyp ~ KigKiaKyyp ~ KppKiqg ~ KiaKypKiq -~ KiaKpupKip ~ KypKigKip (5)

where the kinetic constants are defined as:
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Other than Vs and Vpyy, all of these parameters have units of concentration (mass per unit
volume); Vs and Vi have units of mass per unit time per unit volume.

Note that for a given value of the equilibrium constant for the biochemical reaction, the eleven
kinetic parameters cannot vary independently. The eleven parameters are related to Keq via the
equation:

meK K,,,p (me )2 K Kn()
ea= th K K,,B le KI])K,”A (7)
Here we apply this general form to the analysis of data from isocitrate dehydrogenase to
determine Kinetic parameters for this enzyme and to elucidate the mechanisms of this enzyme.

Model of Isocitrate Dehydrogenase

A stod Aquu +AfG

Isocitrate dehydrogenase involves the fourth step in the oxidation of acetyl-CoA in the citric
acid cycle. The reference chemical reaction is

NAD*+ICIT*” +H,0 = AKG* +NADH"+CO3 +2H" ®)

where the abbreviations for the biochemical species are listed in Table 1. The corresponding
biochemical reaction is
NAD+ICIT = AKG+NADH+COstot. (9)

In Equation (9), biochemical reactants represent the sums of species. For example, isocitrate
is made up of several rapidly interconverting species: [ICIT] = [ICIT37] + [HICIT?] +
[HoICIT™] + [MgICIT™] + [CalCIT]. The reactant COytot represents the sum of aqueous

carbon dioxide and biocarbonate species (CO%’, HCO;5 and H,CO3). All reactants and
associated chemical species are listed in Table 1. Also listed in the table are species that may
actasallosteric regulators and/or contribute to ion buffering in the experiments analyzed below.

The standard Gibbs free energy of the reference reaction is computed [30,31]:
+A/GY  —AGY —AGY — AGY =—-73.13 kJ/mol

NADH COytot NAD Icirt Hy ()

(10)

where the basic thermodynamic data are listed in Table 1. The equilibrium constant for the

reference reaction (K, ,,,,d) is calculated:
AG?

K( e exp[ 150(1]’
e RT (11)
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The species concentrations in the reference reaction can be computed using the binding
polynomials defined as [31]:

PAKG =1
PR L4 I L [H']°
coar K KH(01 KH'y Coy KH(“(%‘ KH’) €05 K
PNAD =1
L LS e e O
P =1+ + +
KHIFIT KHZI(‘IT KM‘eI(‘lT K(‘ll(‘IT
_ l ] [H ] [Mg*] [Mg* ][H] (Mg’ [Ca*] | [K'] [ca* ][K"]
PATP - Kll ATP + KII.ATP KII.IIATP + KMg ATP + KMgATP Mg HATP + KMg.ATP KMg.ngATP + K(‘u.ATP + KATP + Ca,KATP KK.ATP
B L RO (210 G 07 N €750 L [Mg> ]’ [c*]  [K7] . [ca][K]
P"‘DP - KH ADP KH.ADP Ky napp * KMg.ADI’ * KMg.ADP KMg.HADP + KMg.ADP KMg.MgADP + Kewanp * K app * Keuxapr Kk app
ey, e [Me] e ke
Poora=1+ + + +

KILI:( TA KILI:'GT;\ KILEG’I’A K\/I}@Ii(;’l"/\ K(‘uAI:'GT/\ KK.EG'I'A

m P Mg [ (ke
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K[LEDTA KII.EDTA KII.EDTA KMg.EDTA K&:AEDTA KK.EDTA
(] mep Mg [ea] ke
Pppos =1+ + +

K K K K K K

H.HPO4 H.,PO4""H,HPO4 Mg, HPO4 Ca,HPO4 K.HPO4

Here the K's represent dissociation constants for the binding/unbinding between biochemical
species and cations. For example, Ky is the dissociation constant for the reaction
HICIT2™ = ICIT3" + H*. Where no significant cation-bound states occur, the binding
polynomial is set to equal to one. Each term in a binding polynomial represents the relative
fraction of a given reactant in a particular species [32]. For example, the term [H*]/Ky T in
PciT represents the relative fraction of isocitrate with one hydrogen ion bound to the ICIT3~
reference state. The first term (equal to one) is the relative fraction in the reference state.
Therefore the binding polynomials can be used to convert between reactant (sum of species)
concentration and reference species concentration. For example, for the reactants and products
of the NAD-IDH reaction,

[NAD*] =[NAD]/P,,,
[NADHO =[NADH] /PNADH
[ICIT} =[ICIT] /PICIT
[AKGZ’ =[AKG] /P, ..
[C032_ =[COxtot] /P, "
The apparent equilibrium constant for the biochemical reaction is computed [31]
Kegisod =KL, o 1 PaaPraonPeoyn ([AKG] [NADH][COtot])
BUIH*? PuwPien [NAD] [ICIT] " .

Here we hypothesize the following simple mechanism may explain the observed kinetics of
the NAD-IDH [10,12]:
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k
E,;+NAD* 2—‘—1E2
-1

ky
E>+MgICIT™ =E;
)
k;
E; — E4+AKG2 +CO52 +Mg> +H*

ks 0
Es =E;+NADH".
ky

This mechanism assumes ordered binding of the two substrates NAD* and MgICIT~, with an
irreversible step that includes the formation of the reaction products AKG2~ and CO32~, and
a final step that produces NADH. Since this mechanism is irreversible, it may be used only to
model the forward flux through the catalytic cycle. The expression for the forward flux can be
obtained by removing the P-dependent terms in the numerator and denominator of the flux
expression for the ordered bi-bi mechanism. The resulting expression for forward flux is

Vnf AllB
_ KiaK,p [ ] [ ]
- K, ,[B] K4 [BILQ]
1+m+ mA +[,ﬂ [A][B] mA
Kia * KiaK,p * Kig ~ KiuK, g~ KiaK,, pKig (14)

where [A] = [NAD], [B] = [MgICIT ] and [Q]=[NADH].

Mammalian NAD-IDH is composed of four subunits in the stoichiometry 2a.:1f:1y[33-35].
The o subunits contain the primary catalytic sites, while the other subunits are thought to play
regulatory roles [33]. These structural features are likely responsible for the observed
cooperative behavior in terms of overall flux versus substrate (MgICIT™) concentration.
Although it is has not been determined whether or not the fand ysubunits significantly bind
MgICIT™ [35], catalytic flux is strongly cooperative with MgICIT™ [9,13]. To account for the
observed cooperativity, we make the assumption that the binding of MgICIT™ proceeds with

the pseudo-first order binding constant kZ:kQ[MgICIT‘]”", where n is the Hill coefficient:
ki
E+NAD* =E,

-1
K, [ MgICIT- ]!

E,+MgICIT™ E;

ks
k
E; — E4+AKG> +CO;> +Mg* +H*

ky 0
E; <=E;+NADH
key (15)

If n = 3, then binding to two regulatory sites and a single active site are lumped into a single
step. Thus it is assumed that binding to one catalytic site does not influence binding affinity to
the other. Although this assumed mechanism is rather simplified in that individual biding and
unbinding steps for MgICIT™ are not considered, it provides the appropriate level of detail to
explain the available data and to effectively simulate reaction flux as a function of reactant
concentrations.

Accounting for cooperativity, the flux expression becomes
VIH n
141 (2)
V:1 (414 K (181 Y 1oy a1\ 19K, (1 )"
R R () R () e () (16)

ia

Toaccount for additional allosteric activators and inhibitors, the flux expression must be further
modified. As demonstrated below, the observed kinetics are explained by assuming that
MgEGTA acts as a linear mixed-type noncompetitive inhibitor for unbound enzyme state Ey;
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and CaADP, CaATP and ADP act as non-essential activators that competitively bind to E.
Accounting for these mechanisms, the forward flux expression becomes:

]+ _ me'Nl
. =% K\ KK\
A L0l B A B Lol
1+ 35 (1+K_,'q)"l+(ﬁ) @2+ A7 | 78] (HE)H:
MgEGTA
S
—_ IMgEGTA
ap = 4L _MeEGTA |
a4 KiveEGTA

CaADP ADP

4 CaATP

1+
@ = Kacarpp _Kacaarr _Kaapp
3 L CaADP__ T CaATP__ 1 ADP

a ’Q:l(‘u,\m’ @ Kycaarp 93 Kaapp

+

Ny = 5 L _MgEGTA
‘g
a4 KipreEGTA 17)

where the parameters KingegTa: Kacaapp: KacaaTr: Kaapp, @1, @, a3, and a4 must be
estimated. Using the relationship J7/J* = exp(AG/RT) to determine the reverse flux, the full
flux expression is [36]
Jisod :J;:()d - J;S()d =
I (] 1 [AKG*][NADH’][cOZ |[H' ]’

isod K, ot [NADT][ICIT*"]

(18)

To account for additional pH effects on the catalytic activity of the enzyme, it is assumed that
the active sites acts as a monobasic acid [37] with dissociation constant K;yy. The maximal flux
Ve in Equation (17) is expressed:

meo

‘/171 P ——
/ 1+[H+]/Kill (19)

where the V,(,), ¢ IS @ constant.

Computational Methods

The developed model has 14 adjustable parameters. Parameter values were estimated by
finding the optimized values that minimize the difference between model prediction and
experimental data in Figures 1-10, as detailed below. An error analysis was performed to
estimate the sensitivity of error to small change of parameter values. The sensitivity was
computed using [24]:

g, max (IE*; (x; £ 0.05x;) — E*; (x)])

>

0.05E™; (x;) (20)

where E* is the minimum mean squared difference between model simulations and
experimental data, and x; is the optimal value of the it parameter. We used the FMINCON
algorithm in Matlab to solve this non-linear optimization problem. The results of the sensitivity
analysis are listed in Tables 2 and 3.

Analysis of data from toluene-permeabilized rat heart mitochondria

Rutter and Denton conducted a number of experiments to study the kinetics of NAD-linked
isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase within toluene-permeabilized rat
heart mitochondria [23]. Their data are used here to identify the kinetic parameters for NAD-
linked IDH in rat heart mitochondria.

Figures 1, 2, 3 and 4 illustrate model fits to data obtained from Figure 2(a) left, Figure 2(a)
right, 3 and 4(a) in Rutter and Denton [23]: Figures 1 and 2 plot the flux versus threo-Ds-
isocitrate at different Ca2*, ADP and ATP concentrations; Figure 3 plots the relative enzyme
activity as a function of Ca2* in the presence of ADP or ATP; the effect of ADP/ATP ratio on
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the relative enzyme activity at difference Ca2* levels is plotted in Figure 4. All experimental
data in Figures 1, 2, 3 and 4 were obtained at pH 7.2 and 30°C in a reaction medium detailed
in [23]. Measured enzyme activity is expressed in munit/mg protein, where 1 munit is defined
as the amount of enzyme catalyzing the c rate per min at 30°C. Based on the components of

the reaction medium the overall ionic strength is estimated to be 0.15 M for these experiments.

The data shown in Figure 1 and 2 are obtained from Rutter and Denton, where, NAD-IDH
activity was measured by isocitrate (racemic mixture of D- and L-isocitrate) in the presence
of 2 mM NAD? in their "basic incubation medium” [23]. The medium contained Mops (50
mM), triethanolamine (35.5 mM), KCI (75 mM), sucrose (60 mM), KH,PO4 (2 mM), EGTA
(1 mM), HEDTA (1 mM), and rotenone (1 pg/ml). MgCl, was added to give 1.0 mM free
[Mg2*] before the addition of DL-isocitrate. Open symbols represent data obtained without
significant Ca2* in the assay. Closed symbols represent the presence of 0.1 mM free [Ca2*].
Circles and squares correspond to data obtained in the presence of 1.5 mM ADP and ATP,
respectively; and triangles indicate neither ADP nor ATP was present.

To analyze these experiments, we calculated species concentrations (free ions and metal-ion
bound species of ATP, ADP, isocitrate, EGTA, EDTA) in the complex media based on the
reactant concentrations used in the experiments. Our calculations assume that both
stereoisomers of isocitrate have the same dissociation constants, as indicated in Table 1. Total
MgCl, and CaCl, were calculated to give [Mg?*] = 1.0 mM at zero isocitrate concentration
and [Ca?*] = 0.0 or 1.0 mM, depending on the protocol.

Rutter and Denton indicated that the free Mg2* concentration was 1 mM at the beginning of
all experiments and free CaZ* concentration was maintained at 0.1 mM in experiments to obtain
the closed symbol data in Figure 1. These total concentrations and total DL-isocitric acid
concentration were used to compute the concentrations of all ions of interest in the complex
reaction media based on the dissociation constants listed in Table. Our calculations reveal that
the free [Mg2*] varied between 0.35 mM and 0.42 mM at the highest concentration of DL-
isocitrate for experiments in Figures 1 and 2. These estimates are similar to those reported by
Rutter and Denton, who estimated the free [Mg?*] to be 0.5 mM at the maximal isocitrate
concentration employed. Differences between our estimates and that of Rutter and Denton are
due to the fact we account more bound states (all binding states indicated in Table 1 are included
in our calculation) and we have adjusted the values of the dissociation constants to account for
ionic strength and temperature.

Figure 3 shows enzyme activity measured while increasing free Ca2* concentration [23]. The
open and close triangles denote the presence of 1.5 mM ADP and ATP, respectively. Figure 4
plots enzyme activity measured at different values of the ADP/ATP ratio [23]. Here the sum
of ATP and ADP concentrations was held fixed at 1.5 mM. Triangle, square, and circle data
points represent free calcium concentrations of 0.1 mM, 1.0 uM, and 1.0 nM. In analyzing
these data it was assumed that free [Mg2*] was 1.0 mM in the assay before experiments began.
The free ion concentrations were again used to determine total concentrations and compute the
distribution of ATP, ADP, isocitrate, EGTA, EDTA species.

The complete data from Figure 1, 2, 3 and 4 were used to estimate 12 of the 13 adjustable
parameter values in our proposed model for NAD-IDH by determining values for which the
model best fits the data. Since NADH was not present in the reaction media used for any of
these experiments, we are not able to estimate Kjq from these data. The parameter values
associated with the best fits to the data are listed in Table 2 and the corresponding model
predictions are plotted as solid lines in the figures.

Rutter and Denton calculated kinetic constants using the equation

Biochim Biophys Acta. Author manuscript; available in PMC 2009 November 1.
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Vmax

V- Vmin:—n’

1+( i) (1)
where Vpnax is the maximum enzyme activity, Kg 5 is the apparent Michaelis-Menten constant
for the substrate, and n is the Hill coefficient [23]. Their estimated V5« value was 51.0 + 5.7
munits/mg of mitochondrial protein, and n varied between 1.6 and 3.2 for permeabilized
mitochondria. Our model predicted a slightly higher maximum activity (Vs = 69.2 munits/mg
of mitochondrial protein), using a fixed value (n = 3) of the Hill coefficient.

The value n = 3 is in the range reported by Denton [13] and other [38]. To test the validity of
our use of n = 3, we allowed n to vary as one of the parameters and re-performed the parameter
estimation. In this case the Hill coefficient is estimated to be 2.91 and other re-estimated
parameters remain nearly unchanged. Model predictions for fluxes usingn =3 and n=2.91
are not significantly different.

Our estimate of the Ky, value—the apparent Michaelis-Menten constant for NAD*—is within
the range that was previously reported. We estimate Ky,a to be approximately 500 uM, while
previous estimates are in the range of 74—900 uM [38,39]. However, since our estimate is based
on the experiments in which the NAD* concentration was saturating ((NAD*] = 2 mM), the
estimate of 500 uM for Ko may not be accurate.

Analysis of data for the bovine enzyme

The data set of Aogaichi et al. [14], which reported on the effects of calcium and lanthanide
ions on the activity of NAD-IDH purified from bovine heart, was used to parameterize and
validate the model. Specifically, data from Figure 1,Figure 2, and Figure 7 of Aogaichi et al.
[14] were used to estimate 10 of the 13 kinetic parameters for NAD-IDH. As for the analysis
data for the rat heart enzyme, the data of Aogaichi et al. do not provide a basis to estimate
Kig- This parameter is estimated from another data set, as detailed below. In addition, these
data do not provide a basis for estimating Kycaatp O a2 because ATP is not included in the
reaction media in any of the experiments. The parameter values associated with the best fits to
the Aogaichi et al. data are listed in Table 3.

These experiments were conducted in solution containing 167 mM Na-Hepes at pH = 7.4, with
0.5 mM NAD™. The ionic strength is not available in Aogaichi et al.; and we assumed overall
ion strength of 0.15 M. Reaction fluxes were measured at 25°C, and assumed to be the forward
reaction flux with no product present in the assays.

Figures 5, 6, and 7 plot data obtained from Figure 1, Figure 2, and Figure 7 of Aogaichi et al.
[14]. Figure 5 illustrates the inhibition effect of EGTA in the presence and absence of ADP on
enzyme activity. Reaction mixtures contain 1.0 mM MgSOy, 0.2 mM DL-isocitrate and 2.3
uM free Ca2*. Triangles represent data obtained in the presence of 0.5 mM ADP, and circles
represent obtained the absence of ADP. Figure 6 shows how EGTA affects ADP activation of
the enzyme. Reaction mixtures for this experiment contained 1.0 mM MgSQOy, 0.2 mM DL-
isocitrate and 3.0 uM free Ca?*. Triangles represent data obtained in the absence of EGTA,;
circles represent data obtained in the presence of 100 uM EGTA. Figure 7 shows the enzyme
behavior as a function of ADP concentration at various calcium levels. Reaction mixtures
contained 0.18 mM MgSO,4 and 52 mM DL-isocitrate. CaCl, was added into buffer to adjust
free Ca2* concentration from 0.37 to 2.0 uM. Near z ero free CaZ* in the buffer was obtained
by adding 100 mM EGTA to reaction mixtures.

As for the rat enzyme experiments, species concentrations in the complex media were
computed to satisfy equilibria of metal ion-organic ion binding reactions. The reported free
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Ca?* concentrations were used to calculate the total calcium used in these calculations. The
total concentration were used to compute the concentrations of all ions of interest in the
complex reaction media based on the dissociation constants listed in Table 1.

Model fits to data are plotted as lines in Figures 5, 6, and 7. Here, the model is able to effectively
explain the effects of EGTA and ADP in Figure 6 and 7. However the model predicts lower
activities than observed experimentally at low EGTA for the data shown in Figure 5 and at low
level of ADP with no EGTA present in Figure 6. In particular, at the indicated free [Ca2*] of
2.3 uM the model underpredicts the observed flux at low EGTA in Figure 5. A possible
explanation is that the model does not accurately capture the effects of EGTA inhibition of the
enzyme. Another possible explanation is that Aogaichi et al. underestimated the free Ca2* in
their experiments. They did not specify how they estimated this value in their experiments. In
fact, these results are expected to by highly sensitive to Ca?* concentration. Model predictions
(with the estimated parameter set) are indicted for Ca2* concentrations of 1.0 and 5.0 uM in
Figure 5. Indeed, the predicted activity increases sharply when Ca2* concentration is increased.

Analysis of NADH inhibition of NAD-IDH

Gabriel and Plaut studied the inhibition effect of NADH on NAD-IDH from bovine heart
mitochondria [10]. Data from Figure 1A and Figure 4B of their study were used here to validate
the product inhibition mechanism proposed in our model.

Figure 8 plots data obtained from experiments conducted to show the effect of ADP on
inhibition by NADH [10]. The reaction medium contained 0.167 M NaHepes, 0.25 mM
NAD*, 0.2 Mm Mg-DL-isocitrate and 0.45 mM isocitrate. Open and closed circles represent
data obtained in the presence and absence of ADP. Enzyme activities were measured at pH 7.4
and different NADH concentrations. Percent inhibition is computed 100(Jp-J)/Jg, where Jy and
J are the initial velocities in the absence and presence of inhibitor.

Figure 9 plots data obtained from experiments conducted to compare enzyme activity in the
presence (closed circle) with the absence (open circle) of NADH [10]. The reaction medium
contained 0.167 M NaHepes, 0.2 mM Mg DL-isocitrate and 0.45 mM free DL-isocitrate.
Enzyme activity was measured at pH 7.4 and various NAD™ concentrations. Based on matching
model predictions to these data, the value of Kjq was estimated while holding the other
parameter values from Table 3 constant. The values of the fixed parameters were chosen to be
the same as that obtained from the analysis of bovine data [14]. The estimated Kjq value is
4.75uM, agre eing with the range (2.9 — 6.3uM) estimated by Garbriel and Plaut [10].

pH dependency of NAD-IDH

In computing detailed species distributions, our model explicitly accounts for the effect of pH
on the apparent thermodynamics of the IDH reaction. In addition to these effects, the catalytic
kinetics are expected to be pH-dependent if the chemical properties of the regulatory and
catalytic biding sites are pH-dependent [26].

Willson and Tipton [40] report that the sigmoid dependence of the initial reaction rate on the
concentration of isocitrate is greatly reduced as the pH is decreased, for NAD-IDH derived
from ox brain. Figure 10 plots the data points (from Figure 1 of [40]) that show the effect of
pH on the maximum velocity of the enzyme turnover [41]. These data are used here to estimate
the value of Ky in Equation (19). For these studies reaction medium contained 1ImM, 1 mM
NAD*, 10 mM MgSQy,, 100 mM imidazole-HCI (pH 6.0 and 6.5), and 100 triethanolamine
chloride (pH 7.2—9.0). The fit illustrated in Figure 10 is obtained with Ky = 0.11 uM.

Willson and Tipton also report that the apparent Hill coefficient describing the shape of the
curve for flux versus Mg-isocitrate concentration increases from 1 to 2.5 as pH is increased
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from 6 to 8. Nichols et al. [42] report a similar but less dramatic effect in NAD-IDH purified
from rat heart. However it is not clear how the Hill coefficient was estimated in these studies.
Willson and Tipton [40] provide data on measured flux verses total D-isocitrate concentration
at two extreme pH values: 6.0 and 8.5. Our model (for which the apparent Hill coefficient
remains nearly constant over this pH range) effectively matches these data.

Predicted regulation of NAD-IDH in vivo

To explore how NAD-IDH activity is controlled in vivo, relative activity was computed at
physiologically reasonable reactant concentrations while varying concentrations of allosteric
regulators.

The effects of divalent cation concentration were studied by varying free Mg?* between 0 and
2.5 mM and free Ca?* between 0 and 2.5 uM. Figure 11 shows relative activity over these
ranges for two different sets of reactant concentrations, corresponding to “rest” and “work”
states. Reactant concentrations were obtained using the striated muscle cell energetics model
of Wu et al. [24]. Kinetic constants in Table 2 were used for the model predictions.

For the rest condition, cellular ATP hydrolysis rate was set to 0; for the work condition cellular
ATP hydrolysis rate was set to 0.25 mmol sec™? (liter cytoplasm)~2. The resulting substrate
concentrations are listed in Table 4. In both the rest and work states, the activity is sensitive to
both Mg2* and Ca2*. Over a large range of mitochondrial calcium (0 to 1 pM, shown in the
insert of Figure 11), the activity varies over an approximately two-fold range. (However, an
increase in Ca2* to extremely high levels results in a decrease of enzyme activity, as discussed
below.) Here the free NADH concentration has been estimated to account for reports that
mitochondrial NADH is predominantly protein bound, where NAD™ is largely unbound
[43-45]. Tischler et al. [44] estimated that the ratio of mitochondria free NAD/NADH in
hepatocytes is in the range 8.5—-22.5% based on the lactate dehydrogenase redox couple at pH
7.0 and b-hydroxybutyrate dehydrogenase redox couple at pH 7.4. Choosing a reasonable value
within this range, we assumed that mitochondrial free NADH is 15% of total NADH.

Figure 12 compares the roles of that mitochondrial ADP/ATP ratio and Ca?* in regulating
enzyme activity. The relative activity is plotted for the ADP/ATP ratio over the range 0 to 0.5
and free Ca2* over the range 0 to 2.5 pM. Here the sum of ATP and ADP was held fixed at 10
mM. Other reactant concentrations were set at the values indicated in Table 4 for the 0.25 mmol
sec™ 1 (liter cytoplasm)~1 ATP hydrolysis level. Here it is apparent that the ADP/ATP ratio has
a significant impact on enzyme activity and the relationship between ADP/ATP and activity
is modulated by calcium.

Discussion

Here we have developed a mathematical model to describe the catalytic mechanisms of NAD-
linked ICD. The model assumes that the enzyme catalyzes the conversion of isocitrate to a-
ketoglutarate through a four-state process. The flux expression was derived based on general
form of the ordered bi-bi enzyme kinetic mechanism, and modified to include appropriate
activators and inhibitors.

Calculation of ion concentrations in complex media

Toanalyze kinetic data for this enzyme obtained from complex reaction media, it was necessary
to compute the equilibrium distribution of all metal ion and proton binding states of reactants
and other species in the media. The ligand and free metal ion concentrations in many previous
reports were calculated based on the method of Feldman et al. using apparent stability constants
[13,14,23,46], which ignores the complex binding in reaction mixtures, including proton-
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chelate binding. This approximation may result in the inaccurate determination of reactant and
ion concentrations. Here we performed detailed analysis of ionic species concentrations in all
experimental samples. The analysis explicitly considered the binding among different species,
protons, K*, Mg2*, phosphate, etc. In addition, the dissociation constants were appropriately
adjusted for overall ionic strength in the reaction media. These calculations accurately
determine reactant concentrations in terms of species. Small differences between our
calculations and previous estimates may have quantitatively significant impacts our analyses.
For example, in the reaction mixtures in Figure 2 of Rutter and Denton [23], the free [Mg?*]
was determined to vary from 0.35 mM to 0.42 mM at the highest concentration of DL-isocitrate,
while Rutter and Denton estimated that the free concentration did not drop below 0.5 mM.

Computer code we used to calculate the free species concentrations in different experimental
buffers is available to the public on our website (bbc.mcw.edu/computation).

Alternative models of NAD-IDH

A number of previous models of NAD-linked isocitrate dehydrogenase kinetics have been
reported. The simple phenomenological expression of Equation (2) used by Rutter and Denton
[22, 23] describes the cooperative relationship between flux and isocitrate concentration, but
does not mechanistically describe the kinetics in terms of additional reactants. Kohn and
Garfinkel [11] proposed in their model MgICIT and ADP as activators, and ATP and NADH
as inhibitors [39]. Cortassa et al. [38] assumed the enzyme activity is a function of pH, and
ADP and Ca?* concentrations, as well as substrate concentrations. Wu et al. [24] modified the
Kohn and Garfinkel model for use in simulating mitochondrial energy metabolism. In all of
these models, the Kinetic constants are obtained from the values reported in the literature. Here
we have developed a mechanistic model in which CaADP, CaATP, and ADP act as non-
essential activators in reaction step 2 and MgEGTA acts as non-competitive inhibitor acting
on step 1. Kinetic constants are obtained by reanalyzing primary data on the kinetics of the
enzyme.

While all of these models phenomenologically capture the allosteric activation mechanisms
elucidated here, none are able to quantitatively predict the data. In particular, the models of
Kohn and Garfinkel [11] and Wu et al. [24] can match the impacts of the ADP/ATP ratio and
Mg?2* on flux, but does not capture Ca*-mediate effects. The model of Cortassa et al. [38]
treats ADP and Ca?* as independent activators, rather than treating the mechanistic effects of
Ca?*-bound ATP and ADP, and does not capture Mg2*-dependent effects.

In addition, we tested the ability of the random bi-bi mechanism to fit the data sets analyzed
here (results not shown). While we could not reproduce the observed data using a random-
binding model, our analysis does not rule out all possible alternatives or modifications to the
current model. The current model should be thought of as a quantitative representation of the
catalytic kinetics of this enzyme that is consistent with the available data and therefore useful
as a component for integrated modeling of biochemical systems and a template model for
investigating other dehydrogenase enzyme with similar regulatory mechanisms.

Inhibition by EGTA

EGTA, which is used in many studies of NAD-linked IDH behavior to control Ca2*
concentration [13,14,22,23], has been shown to introduce inhibition effect on the enzyme's
activity [13]. One mechanism for this inhibition is through reducing free Ca* concentration,
decreasing the CaADP induced activation to the enzyme. However it is also apparent that
EGTA inhibits the enzyme in the absence of ADP [13,14]. Gabriel and Plaut suggested that
EGTA may interact directly with the enzyme [15], although they did not suggest a specific
inhibition mechanism.
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To determine which species of EGTA is responsible for the inhibition, we computed the free
EGTA concentration in the studies of Aogaichi et al. [14] illustrated in Figure 5 of this paper,
and found it remains almost unchanged in the presence and absence of ADP. This indicates
that free EGTA is not a likely candidate to act as an important inhibitor. Denton also studied
the enzyme activity from rat heart with the presence and absence of Ca* and observed no
significant difference in the enzyme activity [13]. Therefore CaEGTA is not expected to act
as a significant inhibitor at the concentrations obtained in these studies. Here we are able to
explain the observed data using a model where MgEGTA that acts as a linear mixed
noncompetitive inhibitor on reaction step 1. This assumption is consistent with the observed
data and the inhibition constant is estimated at KjpgegTa = 84.1 uM for rat enzyme and 7.05
uM for bovine enzyme.

Activation by magnesium, calcium, ADP and ATP

Many studies have reported that Ca2*, ADP and ATP cause the activation of NAD-linked IDH.
We hypothesized that CaADP, CaATP and ADP act as non-essential activators in reaction step
2 and showed that the observed data are consistent with this hypothesis. Parameter estimation
shows that CaATP, CaADP and ADP activate the enzyme through decreasing the apparent
Km for Mg-isocitrate in both isoforms studied here. We also found that CaADP has much
stronger activation effect than CaATP, in general agreement with previous reports [15,23].
Rutter and Denton reported 2—10 fold higher Kq 5 values for Ca2* in the presence of ATP than
ADP. We found our KycaaTp Value is about 20 times higher than Kgcaatp. In addition we
found that ADP3~ can bind to the same activation site as CaADP~ and CaATP2™, but with
Kaapp Values higher than the physiological range of ADP3~ concentration.

It has been suggested that calcium acts as a feed-forward signal stimulating mitochondrial
dehydrogenases in parallel to activating contraction in muscle [19,47] In addition it is apparent
that Mg2* concentration can have a significant effect on enzyme activity. Magnesium ions are
highly buffered by binding to ATP, ADP, and other anionic biochemical species. As a result
[Mg2*] concentrations can vary significantly as the energetic state changes. In addition, the
presence of a MgZ*-selective channel in the mitochondrial inner membrane suggests a role of
Mg?2* as a regulator of mitochondrial metabolism [48].

Inhibition by high calcium concentration

It has been reported that Ca?* may act as an inhibitor by increasing the apparent Ky, of the rat
heart enzyme for isocitrate [20,21]. In Figure 13 enzyme activity is plotted as a function of free
[Ca2*] for un-physiologically high [Ca2*]. It is found that the enzyme activity decreases for
[CaZ*] > 200 uM, agreeing with the observations of Denton et al. [13]. Our analysis reveals
that this inhibition effect is the result of the competitive of Mg2* and CaZ* for isocitrate in the
presence of high Ca2* concentration.
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Figure 1.

Fits to kinetic data from Figure 2a (left) of [23] on the forward operation of toluene-
permeabilized enzyme. Open symbols (o, o) represent data obtained without significant
Ca®* in the assay. Closed symbols (m, *) represent the presence of 0.1 mM free [Ca2*]. Circles
and squares correspond to data obtained in the presence of 1.5 mM ADP and ATP, respectively;
All data were obtained from Figure 2a of [23]. Solid line, long-short line, long dash line and
dash-dot line are fits to the data points represented by symbols o, o, m, and ¢, respectively.
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Figure 2.

Fits to kinetic data from Figure 2a (right panel) of [23] on the forward operation of toluene-
permeabilized enzyme. Symbols A and A represents the pre sence and the absence of calcium
in the buffer, respectively. Solid and dashed lines are fits to the data with and without calcium,
respectively. No ATP or ADP was present for these experiments. Free [Ca2*] was 0.1 mM for
the A data set.
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Figure 3.

The effect of ATP and ADP on the activation effect of calcium to the enzyme activity. Symbols
A and A represent data obtained from Figure 3 of [23], obtained in the presence of either 1.5
mM [ATP] or [ADP]. Solid line and long-short line are fits to the data.
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Figure 4.

The effect of ADP/ATP ratio on the enzyme activity at different calcium concentrations. Solid
line, long-dash line and long-short line are fits to the kinetic data obtained from Figure 4 of
[23]. The sum of ATP and ADP concentration was held fixed 1.5 mM. Symbols ¢, m and o
represent free calcium concentrations of 1 nM, 1 uM and 0.1 mM, respectively.
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Figure 5.

Fits to kinetic data on the forward operation of purified NAD-IDH from bovine heart. Measured
flux as a function of concentrations of ADP and EGTA was obtained from Figures 2 of [14].
Data symbols are as follows: A data obtained at 0.5 mM ADP; « data obtained in the absence
of ADP. Dot-dot line and solid line represent model fits to the data with free [Ca2*] set to 2.3
uM. Dash-dash line and dash-dot line represent model predictions at 1.0 and 5.0 uM [Ca?*].
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Figure 6.

Impact of [EGTAZ] and [ADP] on bovine heart enzyme. Measured flux in units of nmol/ml/
min was obtained from Figure 3 of [14]. The buffer contained 1.0 mM MgSQy, 0.2 MM DL-
isocitrate and 3.0uM endogenous Ca2*. Symbols « and A represents fluxes measured as a
function of ADP in the presence and the absence of EGTA in the buffer, respectively. Solid
and dashed lines represent model fits to data with and without EGTA.
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Figure 7.

Activation effect of ADP to bovine heart enzyme in the presence of calcium. Measured flux
in units of nmol/ml/min was obtained from Figures 7 of [14]. Flux is plotted as a function of
activator ADP concentration for free [Ca2*] = 0 uM (¢), 0.37 uM (A), 0.61 uM (m), 1.00 pM
(o) and 2.00 uM (A). Solid line, long-short line, long dash line and dash-dot line are model
fitstoe, A, m, 0, and A, respectively.
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Figure 8.

Inhibition effect of NADH on the enzyme activity in the absence and presence ([ADP37]=0.2
mM] of ADP. Percent inhibition was computed from 100(vgp-Vv)/vg, whre vg and v were the
initial velocities in the absence and presence of inhibitor; Open circle and closed circle represent
data obtained in the presence and absence of ADP. Dash line and solid line are model
predictions to o and .
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Figure 9.

Enzyme activity as a function of NAD* in the absence of presence of NADH. Closed circle
and open circle represent data obtained in the presence ([NADH] = 0.039 mM) and absence
of NADH. Dash line and solid line are model predictions to o and e.

Biochim Biophys Acta. Author manuscript; available in PMC 2009 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Qietal.

J (arbitrary units)

Page 26

0.40

0.32 -

0.24 -

0.16 -

0.08

0.00 . . . .

Figure 10.

The maximum enzyme activity as a function of pH. Data points represent the measured
maximum flux (relative) obtained by extrapolation of double-reciprocal plots [40]. Model fit
is plotted as solid line.
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Figure 11.

Regulation effect of Mg2* and Ca2*on the enzyme behavior in rest (ATPase = 0 and work
conditions (ATPase = 0.25 mmol sec™? (liter cytoplasm)~1). Reactant concentrations are
computed for steady states using the cell energetics model of Wu et al. [24]; concentrations
are listed in Table 4. Insert: activation effect of CaZ* on the enzyme at free [Mg2*] = 1.0 mM;
solid line represents work condition and long-dash line represents rest condition.
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Figure 12.
Enzyme activity as a function of ADP/ATP ratio and Ca2*. Insert: activation effect of ADP/

ATP ratio on the enzyme at Ca2*=0 uM (long-dash), 1.5 uM (long-dot-dot) and 2.5 uM (solid).
Total [ATP] + [ADP] is fixed at 10 mM; other reactant concentrations are set to values
corresponding to the work state in Table 4. All calculations were done at free [Mg2*] = 1.0
mM.
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Figure 13,

Inhibition effect of high Ca2* concentration. This figure plots the enzyme activity under the
conditions in the insert of Figure 11 at higher CaZ* concentration. The solid line represents

work condition (ATPase = 0.25 mmol sec™? (liter cytoplasm)™1) and dashed line represents
rest condition (ATPase = 0). All calculations were done at free [Mg2*] = 1.0 mM.
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Table 1
Thermodynamic Parameter Values for Isocitrate Dehydrogenase (298.15 K, 1 M reactants, | =0.15 M, P = 1 atm)
Reactant Reference Species lon-bound species pK
NAD NAD+
HICIT2- 5.64
ICIT IcITs H2ICIT- 4.33
MgICIT- 2.72
CalCIT- 2.47
AKG AKG? - -
NADH NADH?® - -
CO,tot Cco.z HCO,;~ 9.75
EGTA EGTA* HEGTA® 9.46
H,EGTAZ 8.85
H,EGTA™ 2.65
H,EGTA 2.00
MgEGTAZ 5.21
CaEGTA? 11.00
KEGTA® 1.22
ADP ADP* HADP? 6.42
H,ADP~ 3.82
H,ADP 1.00
MgADP™ 3.05
MgHADP 1.61
Mg,ADP* 1.00
KADP?* 1.53
CaADP™ 2.86
ATP ATP® HATP? 6.49
H,ATP™ 3.94
H,ATP 1.90
MgATP~ 4.36
MgHATP 2.30
Mg,ATP* 1.70
KATPZ 0.96
CaATP~ 3.86
MgKATP~ 1.31
PEDTA EDTAY HEDTA®" 10.26
H,EDTA?" 6.16
H,EDTA™ 2.67
H,EDTA 1.99
MgEDTAZ 8.69
CaEDTA? 10.07
KEDTA® 1.22
HPO, HPO,2 H,PO,” 6.70
H,PO, 1.96
MgHPO, 1.95
KHPO,” 1.22
KH,PO, 0.2
S0, 50,2 HSO,” 1.54
MgSO,” 1.48
CaSO,” 1.53
* HEPES HEPES? H,EPES™ 7.52

All values based on [30] unless otherwise noted.

*
NIST database 46: Critical Stability Constants P Portzenl et al. [49]
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Kinetic Parameter Values for Isocitrate Dehydrogenase from Rat Heart Data ([23])

Table 2

Page 31

Parameter Parameter Sensitivity
Vi (umol-min~2.ug™) 69.2 67.0
Kma (LM) 503.3 6.94
Kmg (LM) 148.9 103.3
Kia (uM) 776 0.0148
Kacaapp (UM) 133 0.483
KacaaTp (HM) 288.6 2.96
Kaapp (MM) 61.3 14.1
KimgeaTa (M) 84.1 0.207
Kig (M) - -

Kin (M) 0.112 113
a; 0.0012 4.06
a, 0.0097 2.07
az 0.0004 7.70
a, 221 0.0026
n 3b -

aEstimated from ox-brain mitochondria [40]

b .
not an adjustable parameter
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Table 3

Kinetic Parameter Values for Isocitrate Dehydrogenase from Bovine Heart Data ([14] and [10])
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Parameter Bovine heart data Sensitivity
Ve (nmol/ml/min) 8.62 19.86
Kma (uM) 909.3 7.29
King (LM) 168.4 194.0
Kia (LM) 52.7 0.0103
Kacaapp (HM) 52.8 4.43
Kacaap (M) -

Kaape (MM) 187 16.3
KimgeaTa (M) 7.05 0.0023
Kiq (1M) 4.75 0.0826
Kin (M) 0.118 113
a; 0.0006 16.2
a, -

az 0.001 4.92
a, 2.4 0.0005
n 30 -

aEstimated from ox-brain mitochondria [40]

b .
not an adjustable parameter
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Table 4

Reactant concentrations used in Figures 10, 11, and 12

Rest state, ATPase = 0 mmol sec™? (I cyto)™ High work state, ATPase = 0.25 mmol sec™ (I

cyto)™?

ATP, 6.54 mM 9.1 mM

ADP, 3.45mM 0.83mM

ICITx 13 27

AKGx 0.342 45

NADH, 2.50 mM 0.52 mM

NADx 0.47mM 2.45mM

CO, 0t 21.4M 21.4M
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