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Determination of the Catalytic Mechanism for Mitochondrial Malate
Dehydrogenase

Santosh K. Dasika,' Kalyan C. Vinnakota,' and Daniel A. Beard""
"Department of Molecular and Integrated Physiology, University of Michigan, Ann Arbor, Michigan

ABSTRACT The kinetics of malate dehydrogenase (MDH) catalyzed oxidation/reduction of L-malate/oxaloacetate is
pH-dependent due to the proton generated/taken up during the reaction. Previous kinetic studies on the mitochondrial
MDH did not yield a consensus kinetic model that explains both substrate and pH dependency of the initial velocity. In this
study, we propose, to our knowledge, a new kinetic mechanism to explain kinetic data acquired over a range of pH and
substrate concentrations. Progress curves in the forward and reverse reaction directions were obtained under a variety
of reactant concentrations to identify associated kinetic parameters. Experiments were conducted at physiologically
relevant ionic strength of 0.17 M, pH ranging between 6.5 and 9.0, and at 25°C. The developed model was built on the prior
observation of proton uptake upon binding of NADH to MDH, and that the MDH-catalyzed oxidation of NADH may follow
an ordered bi-bi mechanism with NADH/NAD binding to the enzyme first, followed by the binding of oxaloacetate/L-malate.
This basic mechanism was expanded to account for additional ionic states to explain the pH dependency of the kinetic
behavior, resulting in what we believe to be the first kinetic model explaining both substrate and pH dependency of the reaction

velocity.

INTRODUCTION

Malate dehydrogenase (MDH, EC: 1.1.1.37) reversibly cat-
alyzes the oxidation of L-malate (MAL) to oxaloacetate
(OAA), reducing NAD to NADH in the process. In eukary-
otes this enzyme is expressed as mitochondrial (mMDH)
and the cytosolic (¢(MDH) isoforms. To date, no unambigu-
ous complete picture of the kinetics of catalysis of this reac-
tion has been elucidated for either isoform. Both MDH
isoenzymes exist in physiological conditions as dimers
with identical subunits (1-4) with two equivalent binding
sites. The mMDH dimer has a molecular mass of ~70 kDa
(5-7). The dimer form dissociates to monomer at low
enzyme concentration, and at low pH (4,8), and is active
only in dimer form (9). This enzyme is allosterically
regulated by citrate (10-12), inhibited by 2-thenoyltrifluor-
oacetone (13), ATP, ADP, AMP, fumarate, citrate, and aspar-
tate (14,15), and high OAA concentrations (16,17). The
activity of mMDH may be further sensitive to ionic strength
(18,19).

Prior studies have concluded that the MDH-catalyzed
oxidation of MAL is a sequential mechanism with coen-
zyme (NAD/NADH) binding first followed the binding of
the substrate (MAL/OAA) (20-23). Binding of NADH to
the enzyme induces conformational changes and results in
a proton release (24). As is the case for many enzymes
involved in central energy metabolism, the literature reports
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several competing models (along with associated data sets
and parameter estimates) for the catalytic mechanism of
mMDH isoforms such as the Theorell-Chance mechanism
(25), the reciprocating compulsory ordered mechanism
(26,27), a compulsory ordered bi-bi mechanism with no
dead-end (abortive) complex formed at some pH values
with a dead-end EENADH.MAL complex formed at other
pH values (28), and an ordered bi-bi mechanism with
several dead-end complexes formed (14). These kinetic
studies have been performed at enzyme concentrations
that are low enough to potentially be associated with partial
reversion to the monomeric form (20,25,29), affecting the
function of the enzyme.

Although a proton is released/taken up by the overall
mMDH-catalyzed reaction, the pH effects on the reaction
kinetics have been ignored in most prior studies. The excep-
tion is the study of Raval and Wolfe (29), which reported
kinetic effects of pH on mMDH isoforms and proposed a
pH-dependent kinetic model.

The primary aim of this study is to develop a catalytic
mechanism that can explain the pH effects over a range of
substrate concentrations at physiologically relevant ionic
strength. In addition, this study represents a member in a
series of studies reporting mechanistic models of the mito-
chondrial enzymes (30-34) and transporters (35-39) needed
to simulate the integrated metabolic function of the organ-
elle. Finally, along with a companion study of the cyto-
plasmic isoform (Dasika et al. (40)), this study facilitates
a comparative analysis of kinetic control of this reaction
in the cytosolic versus mitochondrial compartment.
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To realize these goals, kinetics of the mMDH reaction
were assayed at physiological ionic strength of 0.17 M
and pH range between 6.5 and 9.0 and at various initial sub-
strate and product concentrations. Rather than conducting
experiments specifically designed to inform a model of a
specified mechanism, testing competing models and identi-
fying the catalytic mechanism requires a data set that
probes reaction kinetics over a wide range of substrate
and product concentrations and pH. Thus we collected
and analyzed progress curves, which are more informative
than initial velocity (initial slopes of progress curves) data
alone (32,41). We did not study the effects of various allo-
steric regulators in this study. Although no previously estab-
lished consensus mechanism for the catalytic mechanism
exists, previously suggested models provide a set of trial
models to be evaluated against data that are rich enough
to allow us to discriminate among the competing hypothe-
ses. Specifically, the models in Fig. 1 and those presented
in Fig. S1 of the Supporting Material are evaluated to rule
out those that cannot match the data and to estimate kinetic
parameters of a model that can. Via this procedure, the
model of Fig. I F is shown to capture the observed pH
and reactant concentration dependencies of the enzyme-
catalyzed reaction.

MATERIALS AND METHODS
Experimental materials

All reagents and enzyme (M2634) were purchased from Sigma-Aldrich
(St. Louis, MO) and used without further purification. Experiments were
conducted with porcine heart mMDH in both forward (NADH production)
and reverse (NADH consumption) directions at several pH values between
6.5 and 9.0, physiological ionic strength of 0.17 M, and at 25°C. Experi-
ments with pH values 6.5-7.5 were performed with 100 mM MOPS
(pK = 7.2 at 25°C) while experiments with pH values 8.0-9.0 were per-
formed with 100 mM TRIS (pK = 8.1 at 25°C). Temperature was main-
tained at 25°C using a circulating water bath. Ionic strength was adjusted
by adding appropriate amount of KCl, calculated based on the initial sub-
strate concentrations. Approximately 550 uL and 330 uL 3 M KCL was
added for the reverse and forward directions, respectively, to adjust the
ionic strength to 0.17 M. Experiments were performed in the forward direc-
tion with initial concentrations of 1 mM NAD and 10 mM or 20 mM MAL
at pH 6.5, 1 mM NAD and 5 mM or 10 mM MAL at pH values 7.0 and 7.5,
1 mM NAD and 1 mM or 2 mM MAL at pH values 8.0 and 8.5, and 1 mM
NAD and 0.5 mM or 1 mM NAL at pH 9.0. The initial concentrations in the
forward direction were chosen such that the final [NADH] would be in the
range 4-30 uM. Experiments were conducted in the reverse direction with
300 uM NADH and 50 uM OAA, and 300 uM NADH and 100 uM OAA
initial concentrations for each pH. Product inhibition experiments were
conducted in the reverse direction with initial 1 mM and 2 mM NAD and
MAL for each pH.

For experiments using OAA in the initial reaction buffer, OAA stock was
prepared fresh after every 4 h and stored on ice.

Approximately 4 uL of the enzyme stock solution (5000 IU, manufac-
turer’s specification) of the enzyme was reconstituted to prepare the
500 uL of 100 IU/mL enzyme solution. For forward-direction experiments,
reactions were initiated by adding 3 uL of the reconstituted enzyme solu-
tion (0.3 IU/mL protein solution) to a 24-well plate well containing 1 mL
of substrate solution consisting of appropriate concentrations of MAL
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FIGURE 1 Schematics. (A) Simple ordered bi-bi model; the k; values

represent the apparent rate constants. (B) Theorell-Chance mechanism.
(C) pH dependency of NADH oxidation proposed by Raval and Wolfe
(29). (D) pH dependency of NAD reduction proposed by Raval and
Wolfe (29). (E) Proposed pH model that assumes NAD/NADH binding to
all enzyme-protonated states. (Dashed lines) Steps for which parameters
are not identifiable. (F) Schematic of the proposed model, including multi-
ple pH-dependent ionic states. In each of these schemes, A, B, P, and Q
represent NAD, MAL, OAA, and NADH, respectively, and the substrate
binding or product release is represented by the direction of the arrow.
The diagram uses the convention of explicitly showing association steps
for binding of forward-reaction substrates A and B, and dissociation steps
for unbinding of products P and Q. In the reverse operation, for example
in the step from EA to E in panel A, the reactant A dissociates, even though
dissociation of A is not explicitly illustrated in the figure.
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and NAD. NADH concentration was assayed by fluorescence measurement
at 470 nm with excitation at 340 nm in a Varioskan Flash multimode plate
reader (Thermo Fisher Scientific, Waltham, MA). The data recording
started 4 s after the enzyme solution was mixed to the substrate solution.
In the reverse direction, reactions were initiated by adding 6 uL
of 100 U/mL reconstituted enzyme solution (0.3 IU/mL enzyme concentra-
tion) to a cuvette containing 2 mL of appropriate concentrations of NADH
and OAA, and NADH concentration was assayed by optical absorbance
measured between 339 and 341 nm using a Jaz modular spectrophotometer
(Ocean Optics, Dunedin, FL). The enzyme solution was reconstituted after
every hour to avoid any variability in enzyme activity due to monomeriza-
tion of the enzyme.

Reaction flux was also measured in the reverse direction with initial
concentrations [NADH] = 10 uM and [OAA] = 10 uM with 50 mM of
buffer (TRIS for pH range 8-9, MOPS for pH range 6.5-7.5), at 25°C. Ex-
periments were initiated by adding 3 uL of 10 IU/mL (low enzyme concen-
tration) or 100 U/mL (high enzyme concentration) of mMDH stock solution
to a 24-well plate well containing the substrate solution 10 uM NADH and
10 uM OAA, and the progress of NADH oxidation was recorded in a
Varioskan Flash multimode plate reader (Thermo Fisher Scientific) by fluo-
rescence measurement at 470 nm with excitation at 340 nm. Experiments
were repeated four times at each pH and enzyme concentration.

Mathematical model

Malate dehydrogenase catalyzes the biochemical reaction

NAD™ + MAL* 2@NADH?™ + OAA* +H". (1)

Here, the ionic charges on the species NAD™ and NADH?~ indicate that
the chemical reaction is expressed in terms of deprotonated reference
species (42).

The thermodynamic equilibrium constant at a given temperature, 7,

is estimated (42) as
AG°
Ko = - , 2
q exp( RT ) 2

where A,G° is the Gibbs free energy of the reaction, and R is the
universal gas constant (8.314 x 1072 kJ/mol K). The Gibbs free energy
is computed as

ArGO = AfG%ADH + AfG%AA -

fGNAD Ar GMALa (3)
where A,G is the Gibbs standard free energy of formation of species i.
The effects of temperature and ionic strength over the temperature range
of 273-313 K on the Gibbs free energy for species i can be approximated
as (42,43)

T
AGULT) = —AGO0,T) = «(T)y, (&)
1

where 7 is the ionic strength; vy; is the activity of species i; T} and Tare refer-
ence and desired temperatures, respectively; 6 = 1.6 M’”z; and «(T) =
1.107 - 1.545 x 107°T + 5.956 x 10~® T* (42.43). Under conditions of
298 K, pH 8.0, and ionic strength of 0.17 M, A,G0 = 71.09 kJ/mol (43).
Over the temperature range of 7 = 273-313 K, the effect of ionic strength
I on vy; can be computed as

]1/2 5

Y Ty

where z; is the valance of species i (42).
The apparent equilibrium constant K’ is computed as
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The kinetic model used to analyze data on this reaction is based on the
ordered bi-bi mechanism illustrated in Fig. 1 A. Specifically, it is assumed
that at a given pH, the reaction follows quasi-steady rate law for the ordered
bi-bi mechanism, and can be computed as (44)

P dQ dA dB

At dr T di T dt
N R S ) R

denominator

where the denominator term is
Eoka (Ko + ) + Kok (o + K
+k_ ik zk 5[P]

In this equation, Ej is the total enzyme concentration; [A], [B], [P], and
[Q] represent the concentrations of species NAD™, MALz’, NADHZ’,
and OAA™, respectively; and k; represents apparent rate constants. The
concentrations of species malate and oxaloacetate depend on pH, and are
expressed using binding polynomials, defined as

h
Py = <1 + >7 ®)

POAA=(1+ " ) ©)

where & represents the hydrogen ion activity computed as 4 = 10"°, and
knoaa = 107PKO* and Kpyvar = 107PKMAL bR OAA = 3.9,
pK.MAL = 4.715 (43). Because the concentrations of species NAD and
NADH do not depend on the pH, we used the total NAD and NADH
concentrations in this study. Using these binding polynomials, the concen-
trations of species MAL?~ and OAA ™~ are computed as

TABLE 1 Estimated parameters values along with confidence
intervals computed representing 95% confidence

Parameters Value Unit
ky/° (1.800 = 0.024) x 10° mM ™" Min™!
k_° (2.800 + 0.026) x 10° Min ™!
k'° (4.700 = 0.046) x 10° mM ™! Min™!
ko' (2.600 =+ 0.0005) x 10* Min ™!
ks'° (1.900 = 0.002) x 10* Min~!
ky'° (1300 + 0.002) x 10° Min ™!
k_° (7.500 £ 0.007) x 10° mM ! Min~!
k_y"° 1.100 + 68.000 mM~! Min™!
k_yg"° (1.000 * 0.001) x 107 mM ! Min™!
Pkol 7.320 = 0.010 Unitless
Pko2 5.710 = 0.010 Unitless
PkQ1 9.100 = 0.009 Unitless
PkQ2 3.049 + 1.660 Unitless
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MAL 0
AL = [MAL] (10) ko = K2, (13)
Pyar
ky = k’zo, (14)
AA
joan] = 1024 an _
on ko = K, (15)
where [MAL] and [OAA] are the total concentrations of malate and — 0
oxaloacetate. ks = ki, (16)
The effects of pH on reaction kinetics are simulated using the pH-depen-
dent mechanism illustrated in Fig. | F. We assumed that NADH potentially
binds to all protonated states of enzyme while NAD is assumed to only bind K + k' v L 4 km'Y L L
to the unprotonated enzyme state. The model is developed based on — 4 4 lkDQI 4 szQl kDQ2
the structural studies on the enzyme complexes, which will be discussed ks = p ) (a7
in the following text. The model assumes rapid equilibrium between pro- e
tonated enzyme states. Under these assumptions, the rate constants ki, ko,
k_», and k3 are independent of pH. h , h h
Based on the pH-dependent mechanism of Fig. 1 F, the apparent rate (k/_4 + k/_l4"/ lk— + k/_,4’Y zk— k—)
constants are computed as (45) %74 _ DO1 DQ1 *DQ2 7 (18)
Po1
0
ky = kfl, 12)
Po1 where po; and pg are defined as
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FIGURE 2 Progress curves of [NADH] versus time for reverse reaction (direction of NADH oxidation) at various pH values without product inhibitors
present in initial buffer. Initial conditions are [NADH], = 300 uM and (A) [OAA]y, = 50 uM, pH 6.5; (B) [OAA], = 100 uM, pH 6.5; (C) [OAA], =
50 uM, pH 7.0; (D) [OAA]p = 100 uM, pH 7.0; (E) [OAA]y, = 50 uM, pH 7.5; (F) [OAA]y = 100 uM, pH 7.5; (G) [OAA], = 50 uM, pH 8.0; (H)
[OAA]p = 100 uM, pH 8.0; (/) [OAA]y = 50 uM, pH 8.5; (J) [OAA], = 100 uM pH 8.5; (K) [OAA]y = 50 uM, pH 9.0; and (L) [OAA], = 100 uM,
pH 9.0. (In each plot the shaded lines and solid lines, respectively, represent mean with standard deviation of experimentally measured [NADH], and
[NADH] obtained from fitting data to ordered bi-bi mechanism.)
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h h h
=1t kp = 107K,
Po kDQl kDQl kDQ2 P

In Egs. 12-18, the activities are multiplied to the rate constants to take into
account the charge of the enzyme complex. The parameters k/ are not
independent, and are bound by the following thermodynamic constraints:

Ko _ Ky koo

- = ) 19)
k) ki kpoi (
é — é @ (20)

" " :
kj kY kpoa

Given the above definitions for the apparent rate constants, the quasi-steady
reaction rate is computed according to Eqs. 6 and 7.

Dasika et al.

The K’eq, estimated from Li et al. (43),is I = 0.17 M, and T = 25°C is
8.3 x 10™. Using Eq. 2 for the ordered bi-bi mechanism, apparent rate
constants k; are constrained by the apparent equilibrium constant Koy

K., = _ kikoksks 1)

koyk_ok_3k_4

This model invokes a total of 13 parameters adjustable parameters,
which are listed in Table 1 and identified based on experimental data as
detailed below. Confidence intervals for parameter estimates are computed
following the procedure of Landaw and DiStefano (46). Parameter estima-
tion and other calculations were performed using the “fmincon” routine in
the software MATLAB (The MathWorks, Cambridge, MA).

RESULTS

The time course data at each fixed pH were fit to several
competing mechanisms, including ordered bi-bi (Fig. 1 A),
Theorell-Chance (Fig. 1 B), and ping-pong mechanisms.
We found that of these alternatives only the ordered bi-bi
mechanism was able to match the observed data at any given
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FIGURE 3 Progress curves of [NADH] versus time for forward reaction (direction of NAD reduction) at various pH values without product inhibitors
present in initial buffer. Initial conditions are [NAD]y = 1 mM and (A) [MAL], = 10 mM, pH 6.5; (B) [MAL], = 20 mM, pH 6.5; (C) [MAL], =
5 mM, pH 7.0; (D) [MAL], = 10 mM, pH 7.0; (E) [MAL], = 5 mM, pH 7.5; (F) [MAL], = 10 mM, pH 7.5; (G) [MAL], = 1 mM, pH 8.0; (H)
[MAL]y, = 2 mM, pH 8.0; (/) [MAL], = 1 mM, pH 8.5; (J) [MAL], = 2 mM, pH 8.5; (K) [MAL], = 0.5 mM, pH 9.0; and (L) [MAL], = 1 mM,
pH 9.0. (In each plot the shaded lines and solid lines, respectively, represent mean with standard deviation of experimentally measured [NADH], and

[NADH] obtained from fitting data to ordered bi-bi mechanism.)
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fixed pH value (see the Supporting Material). The previ-
ously proposed Theorell-Chance mechanism (25) was not
able to match the data at any pH. These results mean that
an appropriate pH-dependent model is expected to reduce
to an ordered bi-bi mechanism at constant pH, and that
the mMDH-catalyzed reaction can be represented as an or-
dered bi-bi mechanism with coenzyme binding to enzyme
first, followed by the substrate. However, a single parame-
terization of a simple ordered bi-bi mechanism (Fig. 1 A)
cannot fit the data with all pH values. The inability of
competing models to fit the data using physically reasonable
parameter values is illustrated in the Supporting Material.
The time-course data of the reaction were fit to the several
pH-value models including the models proposed by Raval and
Wolfe (29) (Fig. 1, C-F). Although the models proposed by
Raval and Wolfe (Fig. 1, C and D) (29) represent the frame-
work from which we constructed new trial models, the original
Raval and Wolfe models could not fit the time-course data.
The model of Fig. 1 E does effectively match the data. How-
ever, given the data available, not all parameters in this model

413

can be identified with acceptable confidence. The reduced
model of Fig. 1 F, which represents the effective compromise
between ability to fit the data and identifiability of parameter
values, is the model used for the data fits illustrated in Figs. 2,
3,4,5,6,and 7. These figures show measured progress curves
for the forward and reverse reactions measured under a variety
of conditions with various pH values.

Specifically, Fig. 2 shows reverse direction progress
curves with no product present in the initial media. Fig. 3
shows progress curves for the forward direction without
any product initially present. Figs. 4, 5, 6, and 7 show
reverse direction progress curves with 1 mM NAD
(Fig. 4), 2 mM NAD (Fig. 5), 1 mM MAL (Fig. 6), and
2 mM MAL (Fig. 7) present in the initial media as product
inhibitor. The data of Figs. 2, 3, 4, 5, 6, and 7 represent 72
progress curves that were compared to model simulations to
estimate the 13 adjustable parameters in Table 1. The model
is able to effectively match the observed data with relatively
sensitive estimates of all parameters, as indicated by the
model fits in these figures. In all cases the model accurately
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FIGURE 4 Progress curves of [NADH] versus time for reverse reaction (direction of NADH oxidation) at various pH values with 1 mM NAD as product
inhibitor present in initial buffer. Initial conditions are [NADH], = 300 uM and (A) [OAA], = 50 uM, pH 6.5; (B) [OAA], = 100 uM, pH 6.5; (C) [OAA]y =
50 uM, pH 7.0; (D) [OAA]y = 100 uM, pH 7.0; (E) [OAA]o = 50 uM, pH 7.5; (F) [OAA]o = 100 uM, pH 7.5; (G) [OAA]y = 50 uM, pH 8.0; (H) [OAA], =
100 uM, pH 8.0; (1) [OAA]p = 50 uM, pH 8.5; (J) [OAA]y = 100 uM, pH 8.5; (K) [OAA]y = 50 uM, pH 9.0; and (L) [OAA], = 100 uM, pH 9.0. (In each plot
the shaded lines and solid lines, respectively, represent mean with standard deviation of experimentally measured [NADH], and [NADH] obtained from
fitting data to ordered bi-bi mechanism.)
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FIGURE 5 Progress curves of [NADH] versus time for reverse reaction (direction of NADH oxidation) at various pH values with 2 mM NAD as product
inhibitor present in initial buffer. Initial conditions are [NADH], = 300 uM and (A) [OAA]p = 50 uM, pH 6.5; (B) [OAA], = 100 uM, pH 6.5; (C) [OAA]p =
50 uM, pH 7.0; (D) [OAA]y = 100 uM, pH 7.0; (E) [OAA]y = 50 uM, pH 7.5; (F) [OAA], = 100 uM, pH 7.5; (G) [OAA]y = 50 uM, pH 8.0; (H) [OAA], =
100 uM, pH 8.0; (1) [OAA]p = 50 uM, pH 8.5; (J) [OAA], = 100 uM, pH 8.5; (K) [OAA]p = 50 uM, pH 9.0; and (L) [OAA], = 100 uM, pH 9.0. (In each plot
the shaded lines and solid lines, respectively, represent mean with standard deviation of experimentally measured [NADH], and [NADH] obtained from

fitting data to ordered bi-bi mechanism.)

fits the initial part (initial velocity) of the data. Model fits
deviate from experimental data before reaching equilibrium
in some cases (Figs.2 B,4,Band I, 5 F, 6 C,and 7, H and I).
However, differences between model and data are always
within 20% of the observed data, and can be attributed to
variability in experimental conditions such as experiments
conducted on different days, resulting in slightly different
stock solution concentrations, the activity of the reconsti-
tuted enzyme, and variability arising from pipetting.

The confidence intervals indicated in Table | represent
the 95% confidence interval. For all parameters, the uncer-
tainty range is <12% of the mean parameter estimate.
Attempts to improve the fits with additional pH-dependent
states and additional dead-end complexes did not yield
any significant improvement.

The final equilibrium concentrations attained under the
conditions illustrated in Figs. 2, 3, 4, 5, 6, and 7provide es-
timates of the apparent equilibrium constant K’ defined in
Eq. 5. Measured values of K., under different experimental
conditions are listed in Table 2. These values of K’eq as a
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function of pH are consistent with an estimate of K.y =
7.5 x 1073 M ™! for the chemical reaction at I = 0.17 M,
T = 25°C, which is within 10% of the value estimated
from the database of Li et al. (43), yielding an estimate of
Keq = 83 x 107> M. The variability in the K¢, may
be attributed to the day-to-day variability in experimental
conditions such as preparation of substrate solutions
and pipetting uncertainties. The time-course data fits with
all pH values in both directions were slightly better with
Keq=18.3x 1073 M! (value from the database) compared
0 Keq =75 X 1073 M. Hence the database value of Keq
was used for the fits illustrated in Figs. 2, 3, 4, 5, 6, and 7.

Raval and Wolfe (29) reported initial reaction flux as
a function of pH with initial concentrations [NADH] =
10 uM and [OAA] = 10 uM and enzyme concentration of
0.03 U/mL. Fig. 8 shows the plots of activity, defined as the
ratio of initial velocity to the enzyme concentration, as a
function of pH. Our model predictions using the model in
Fig. 1 F (solid lines) are compared to the data of Raval and
Wolfe (29) (open triangles) in Fig. 8. Predictions of the
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FIGURE 6 Progress curves of [NADH] versus time for reverse reaction (direction of NADH oxidation) at various pH values with | mM MAL as product
inhibitor present in initial buffer. Initial conditions are [NADH], = 300 uM and (A) [OAA]p = 50 uM, pH 6.5; (B) [OAA], = 100 uM, pH 6.5; (C) [OAA]p =
50 uM, pH 7.0; (D) [OAA]o = 100 uM, pH 7.0; (E) [OAA]y, = 50 uM, pH 7.5; (F) [OAA]y = 100 uM, pH 7.5; (G) [OAA]y = 50 uM, pH 8.0; (H) [OAA]y, =
100 uM, pH 8.0; (1) [OAA]p = 50 uM, pH 8.5; (J) [OAA], = 100 uM, pH 8.5; (K) [OAA]p = 50 uM, pH 9.0; and (L) [OAA], = 100 uM, pH 9.0. (In each plot
the shaded lines and solid lines, respectively, represent mean with standard deviation of experimentally measured [NADH], and [NADH] obtained from

fitting data to ordered bi-bi mechanism.)

model (Fig. | F), identified based on the kinetic data detailed
above, deviate from the data for pH values <7. To investigate
this discrepancy, we repeated the experiment from Raval and
Wolfe (29), yielding results (plotted as open circles in Fig. 8)
that agree closely with Raval and Wolfe (29). In fact, it was
determined that the model cannot simultaneously (with a
single parameter set) capture both the behavior measured
in the progress curves of Figs. 2, 3, 4, 5, 6, and 7, and the
initial flux data illustrated in Fig. 8.

We hypothesized two alternative explanations for
this discrepancy. One, the model is inadequate. Two, the
enzyme behaves differently under the conditions of
0.3 U/mL for experiments of Figs. 2, 3, 4, 5, 6, and 7, and
0.03 U/mL for Fig. 8. To test the second hypothesis, we con-
ducted progress-curve experiments for both enzymes con-
centrations with initial concentrations of [NADH] =
10 uM and [OAA] = 10 uM, corresponding to experiments
summarized in Fig. 8. Fig. 9 shows progress curves at pH
6.5-9 for these conditions. The results are plotted on two
different time axes for each pH, so that if the enzymes

kinetics were not concentration-dependent, then the results
at both enzyme concentrations would be identical. However,
it is apparent from these results that at the lower enzyme
concentration (shaded lines), progress is relatively slower
(measured in flux per unit enzyme) than at higher concentra-
tion (solid lines). We can see that, particularly at the lowest
pH assayed, the specific activity at low enzyme concentration
is much lower than at high enzyme concentration.

We speculate that this mismatch may arise from concen-
tration- and pH-dependent monomerization and inactivation
of the enzyme (4.,8). Whether or not this is the explanation,
it is clear that the kinetics rates are different at different
enzyme concentrations. Investigation of the basis for this
phenomenon is beyond the scope of this study. Analysis
and estimation of parameter values in Table | are associated
with the high-activity/high-concentration state of the
enzyme. Thus, if the deactivation observed at low concen-
tration is due to monomerization, then the model developed
here represents the behavior of the enzyme in the active
dimer form.
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FIGURE 7 Progress curves of [NADH] versus time for reverse reaction (direction of NADH oxidation) at various pH values with 2 mM MAL as product
inhibitor present in initial buffer. Initial conditions are [NADH], = 300 uM and (A) [OAA]p = 50 uM, pH 6.5; (B) [OAA], = 100 uM, pH 6.5; (C) [OAA]p =
50 uM, pH 7.0; (D) [OAA]o = 100 uM, pH 7.0; (E) [OAA]y, = 50 uM, pH 7.5; (F) [OAA]y = 100 uM, pH 7.5; (G) [OAA]y = 50 uM, pH 8.0; (H) [OAA]y, =
100 uM, pH 8.0; (1) [OAA]p = 50 uM, pH 8.5; (J) [OAA], = 100 uM, pH 8.5; (K) [OAA]p = 50 uM, pH 9.0; and (L) [OAA], = 100 uM, pH 9.0. (In each plot
the shaded lines and solid lines, respectively, represent mean with standard deviation of experimentally measured [NADH], and [NADH] obtained from
fitting data to ordered bi-bi mechanism.)

DISCUSSION
Equilibrium constant

The K'¢q from our study at pH 8.0 and ionic strength of
0.17 M was slightly different than that obtained by Raval
and Wolfe (20,25) (1.03 x 107* at pH 8.0), and Heyde
and Ainsworth (21) (8 x 107* at pH 8.0). However, in
those cases K., was computed based on the parameters
obtained by fitting initial velocity data rather than the
parameters based on the observed equilibrium mass-action
ratio. The K'q estimates from our experimental data at
pH 7.0 and 7.5 were lower compared to the value expected
from a database (43). As a result, the K., from our
experimental data was lower than the value from the
database (43). The global fits, which includes data with
all pH values in both the forward and reverse direc-
tions, were slightly better when the database K., value
was used compared to the value from our estimates.
Because, to within measurement detection, all of the
OAA is consumed in the reverse direction, our reverse-
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direction data do not facilitate direct estimates of K’eq.
However, the equilibrium Haldane constraint affects
the fits to the data in both the forward and reverse
directions.

TABLE 2 Apparent equilibrium constant for various pH
values and initial conditions from experiments and database;
experimental values are close to the values from database

pH [MAL]y, mM K'.q, experimental K.y, database
6.5 10 (252 = 0.12) x 10°° 262 x 1076
6.5 20 (2.14 = 031) x 107° 2.62 x 107°
7 5 (426 = 0.49) x 107° 8.30 x 107¢
7 10 (5.35 + 0.40) x 107 8.30 x 107°°
7.5 5 (191 = 0.17) x 107° 262 x 107°
7.5 10 (2.12 + 0.15) x 107 262 x 107°
8 1 (8.28 + 0.64) x 107° 8.30 x 1073
8 2 (7.99 = 0.47) x 107° 8.30 x 107°
8.5 1 (279 = 0.13) x 107* 262 x 1074
8.5 2 (292 + 0.15) x 107 262 x 1074
9 0.5 9.14 = 0.28) x 107* 8.30 x 107*
9 1 (7.98 + 0.40) x 107* 8.30 x 1074
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FIGURE 8 Molecular activity as a function of pH. Experimental data
from this study (open circles) are plotted along with experimental data
from Raval and Wolfe (29) (open triangles) obtained under identical exper-
imental conditions: [NADH] = 10 uM and [OAA] = 10 uM. Model predic-
tions (Fig. 1 F) are plotted (solid line). The model predicts a peak at low pH
(pH ~6), contradicting the experimental data observations.

Initial velocity measurements

Analysis of progress kinetic data based on the model of
Fig. 1 A reveals that a compulsory ordered bi-bi mechanism

time, min
05 1

time, min
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modified to account for the specific pH dependency of Fig. |
F is able to explain the kinetics of the mMDH-catalyzed
reaction. The analysis did not require invoking any change
in the basic kinetic mechanism with pH as suggested by
Silverstein and Sulebele (28). Nor were we able to match
the observed data based on previously suggested models,
such as the Theorell-Chance mechanism, or the proposed
pH-dependent model of Raval and Wolfe (29). The conclu-
sions from prior studies that were based on initial velocity
measurements and double reciprocal plots may be flawed
because those approaches require precise estimation of
initial velocities from progress curves, and small uncertainty
in initial velocity has a large effect on the parameters esti-
mated (34,40,47,48). Comparing time-course model predic-
tions to progress curves allows us to extract much more
information from a given experiment than a single initial
velocity measurement. The observation of the strong depen-
dence of specific activity on enzyme concentration and pH
confounds any analysis that combines results obtained at
different enzyme concentrations.

Kinetic mechanism

In the proposed model (Fig. 1 F), we assumed that NADH
binds to all charged states of the enzyme. However,
OAA binds to the EH.NADH complex while E.NADH
and EH,.NADH are the abortive complexes that do not
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FIGURE 9 Progress of NADH oxidation for initial conditions [NADH] = 10 uM and [OAA] = 10 uM with high (100 IU/mL stock solution) and low
(10 TU/mL stock solution) enzyme concentration for pH: (A) 6.5, (B) 7.0, (C) 7.5, (D) 8.0, (E) 8.5, and (F) 9.0 (shaded lines represents data with low enzyme
concentration (~0.6 nM); solid lines represent data with high enzyme concentration (~6 nM)). The time axis for the low enzyme concentration is indicated on
the bottom of each plot; the time axis for the high enzyme concentration is indicated on the top of each plot.
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participate in the reaction. Our proposed model (Fig. 1 F) is
based on the studies on pH-dependent proton uptake upon
binding of NADH to the enzyme (49). These authors
observed that mMDH exhibits proton uptake upon binding
to NADH for pH values >6.0, and suggested the histidine
residue to be the cause of proton uptake. We did not come
across similar studies regarding pH effects on NAD bind-
ing to mMDH. However, Whitaker et al. (50) conducted
similar studies on the proton uptake upon binding of
NAD/NADH to lactate dehydrogenase (LDH), and observed
that while a proton is consumed upon binding of NADH
to LDH, no proton uptake was observed upon binding of
NAD to LDH.

Bernstein and Everse (51) studied the mMDH complex
formation and suggested that MAL binds to a nonprotonated
enzyme complex. Based on these findings, we speculate that
a proton is released into the solvent during MAL oxidation,
and a proton is taken up during OAA reduction. The only
other study of pH effects on mMDH kinetics was by Raval
and Wolfe (29). However, they proposed a model in which
the NADH binding to mMDH is not affected by pH. Using
their model and parameters (29), and subsequently trying
to optimize the parameters of their model, did not improve
the fits. The kinetic scheme shown in Fig. 1 F is able to
match the experimental data, and thus represents an effec-
tive model of the catalytic mechanism for mMDH-mediated
oxidation of MAL.

CONCLUSIONS

The kinetic mechanism of mitochondrial MDH is effec-
tively captured by the model illustrated in Fig. 1 F. The
model, which is based on the pervious observations of
enzyme complex formation as well as proton uptake studies
up on NADH binding to the enzyme, explains the kinetic
data represented by 72 progress curves for the forward
and reverse reaction directions obtained over the pH range
from 6.5 to 9. Observed K'., for various pH values and
various initial conditions match well with the K’eq values
from the database (43) predictions. While the model pre-
dictions qualitatively deviate from initial velocity mea-
surements attained at low enzyme concentrations, it is
concluded that enzyme function at low concentration are
not consistent with function at high concentration. The
model identified here is matched to data obtained at the
higher enzyme concentrations, under conditions where the
active dimer form is expected to be dominant. The methods
employed in this study could be utilized to understand the
kinetics for other enzymes for which several competing
mechanisms have been proposed.

SUPPORTING MATERIAL

Supporting Results and four figures are available at http://www.biophysj.
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