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ABSTRACT

Impairment of the 2-oxoglutarate oxidative decarboxylation by the 2-oxoglutarate dehydrogenase
complex (OGDHC) is associated with the glutamate accumulation, ROS production and neuropathol-
ogies. We hypothesized that correct function of OGDHC under metabolic stress is essential to overcome
the glutamate excitotoxic action on neurons. We show that synthetic phosphono analogs of 2-
oxoglutarate, succinyl phosphonate and its phosphono ethyl ester, improve the catalysis by brain
OGDHC through inhibiting the side reaction of irreversible inactivation of its first component, 2-
oxoglutarate dehydrogenase. Under the substrate and cofactor saturation, the component and complex

undergo the inactivation during catalysis with the apparent rate constant 0.2 min~'. The inactivation
rate is reduced by 90% and 60% in the presence of 50 .M succinyl phosphonate and its phosphono ethyl
ester, correspondingly. In cultured cerebellar granule neurons exposed to excitotoxic glutamate, the
phosphonates (100 wM) protect from the irreversible impairment of mitochondrial function and delayed
calcium deregulation. The deregulation amplitude is decreased by succinyl phosphonate and its
phosphono ethyl ester by 50% and 30%, correspondingly. Thus, succinyl phosphonate is more potent than
its phosphono ethyl ester in protecting both the isolated brain OGDHC from inactivation and cultured
neurons from the glutamate-induced calcium deregulation. The correlation of the relative efficiency of
the phosphonates in vitro and in situ indicates that their cellular effects are due to targeting OGDHC,
which is in accord with independent studies. We conclude that the compounds preserving the 2-
oxoglutarate dehydrogenase activity are of neuroprotective value upon metabolic disbalance induced by
glutamate excess.

Phosphono analog of 2-oxoglutarate
Tricarboxylic acid cycle

© 2009 Elsevier Inc. All rights reserved.

R HOOC-C=0 + ThDP-Elo—— COQ;+ OH-C-ThDP-Elo (1)
1. Introduction

R R
In humans, decreased activity of the mitochondrial multi- ] . )
enzyme 2-oxoglutarate dehydrogenase complex (OGDHC) is OH'?‘ -ThDP-Elo + Lip(S-5)-E20 ThDP'E'“JrO’C‘"S'L'p‘SH)'Ezo @

associated with both the age-related [1] and inborn [2,3] R R

neurological impairments. The complex includes multiple copies 0=C~S-Lip(SH)-E20 + HS-CoA > 0=C~S-CoA + Lip(SH)}»-E20 3)
of the three catalytic components catalyzing a multistep process of

the overall reaction (6) by the consecutive action of the 2- R R

oxoglutarate dehydrogenase (Elo, EC 1.2.4.2), dihydrolipoyl . )

succinyl transferase (E20, EC 2.3.1.61) and dihydrolipoyl dehy- GaptibasBler BA-80-0A0 ¢ LGS FH ~ B BA “)
drogenase (E3, EC 1.8.1.4). E3(SH)-FAD+ NAD " E3(S-S)-FAD + NADH + H (5)

HOOC-C=0 + HS-CoA + NAD —— O=C~S-CoA + CO, + NADH + H™  (6)
* Corresponding author. Tel.: +7 495 939 44 84; fax: +7 495 939 31 81. | ‘
E-mail address: bunik@belozersky.msu.ru (V.I. Bunik). R R
Abbreviations: [Ca®*];, intracellular concentration of calcium ions; NMDA, N-
methyl-p-aspartate; OGDHC, 2-oxoglutarate dehydrogenase complex; ROS, reac-
tive oxygen species; SP, succinyl phosphonate; Sy s, the half-saturating concentra-
tion of a substrate; PESP, phosphonoethyl succinyl phosphonate.

Among the mechanisms leading to the OGDHC inactivation
under pathological conditions, the self-inactivation due to the side
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reaction on the first and rate-limiting component of the complex,
2-oxoglutarate dehydrogenase, deserves special attention. This
inactivation is a common feature of different OGDHC's [4,5], which
accompanies the OGDHC-catalyzed ROS production [6] and is
regulated by thioredoxin [5,7] and dicarboxylic acids [4]. Its
regulatory significance for the OGDHC function within cellular
network was suggested [7,8]. Analysis of available data indicated
that metabolic disbalance under pathological conditions might
stimulate the inactivation of OGDHC in the course of catalysis,
leading to a vicious cycle of cellular impairment [9]. Therefore, we
hypothesized that the compounds protecting brain OGDHC from
the catalysis-associated inactivation could alleviate neuronal
pathologies. The present work tests the hypothesis on the model
of neuronal impairment due to the glutamate excitotoxicity. This
model was chosen because of the inverse ratio between the
OGDHC activity and glutamate concentration, which is an
evolutionary conserved feature of metabolic networks [10-12].
Since glutamate is oxidized in the tricarboxylic acid cycle after the
transamination to 2-oxoglutarate, reducing the OGDHC activity
increases the glutamate concentration. In particular, we have
recently shown that the OGDHC inhibition in situ leads to an
increase in glutamate in heterotrophic plant tissues [11]. Extra-
cellular glutamate also increased upon the OGDHC inhibition in rat
brain [12]. These data suggest that accumulation of neurotoxic
glutamate with decreasing the OGDHC activity underlies the
known association of the OGDHC inactivation with neurological
impairments [1-3]. Raising intracellular calcium, excitotoxic
glutamate should increase both the concentration and oxidation
of 2-oxoglutarate in mitochondria. This is anticipated because
calcium not only activates the glutamate transport into neuronal
mitochondria [13], where glutamate is in equilibrium with 2-
oxoglutarate due to the transaminase reaction [14], but also
increases the affinity of the 2-oxoglutarate dehydrogenase to 2-
oxoglutarate [15]. In vitro, the increased concentration and
oxidation of 2-oxoglutarate without an appropriate increase in
the terminal OGDHC substrate, NAD*, promote the production of
ROS by the complex and the associated OGDHC inactivation [8,9].
In situ, significant contribution of OGDHC to the glutamate-
induced increase in the neuronal ROS production has been recently
shown [16]. Together, these data suggest that along with the
OGDHC-dependent ROS production, the neuronal exposure to
excitotoxic glutamate shall stimulate also the associated OGDHC
inactivation. If so, protection of OGDHC from the inactivation
during catalysis may help fighting neurodegeneration. Here, we
introduce the synthetic phosphono analogs of 2-oxoglutarate as
specific mechanism-based OGDHC inhibitors which, in particular,
inhibit the OGDHC-catalyzed side reaction of self-inactivation. We
further show their protective action on cerebellar granule neurons
experiencing the glutamate insult. The insult is detected by the
known effects of the excitotoxic glutamate on intracellular calcium
and mitochondrial potential [17-19]. Relative efficiencies of the
two phosphono analogs in vitro and in situ are shown to coincide,
providing further evidence that it is the specific action of these
mechanism-based inhibitors on cellular OGDHC that causes the
observed changes in the integral cellular parameters. In conclu-
sion, the mechanism of the neuroprotective effects of the
phosphonates through their targeting of neuronal OGDHC is
formulated.

2. Methods and materials
2.1. Reagents
The culture media (MEM, NBM), GlutaMax, B27, antibiotics

were from “Gibco”, USA; rhodamin 123 and acetoxymethyl ester of
Fura-2FF were from “Molecular Probes”, Netherlands, CoA was

from “Gerbu”, Germany. Succinyl phosphonate and its phosphono
ethyl ester were synthesized and purified according to [20]. Other
chemicals were from “Sigma”, USA.

2.2. Brain OGDHC isolation and assay

The multienzyme complex was isolated from rat brain
mitochondria according to [21]. The activities of the 2-oxogluta-
rate dehydrogenase component (reaction (1)) [22] and complex
(reaction (6)) [20] were detected by hexacyanoferrate (III) and
NAD* reduction, correspondingly, using saturating concentrations
of all substrates. In particular, the 2-oxoglutarate dehydrogenase
assay was done in 0.05 M potassium phosphate, pH 6.3, including
1 mM MgCl,, 1 mM ThDP, 0.8 mM potassium hexacyanoferrate
(1) and 0.1 mM 2-oxoglutarate (app. 5-fold Sqs°C in the model
system); the overall reaction was assayed in 0.1 M potassium
phosphate, pH 7.0, containing 1 mM MgCl,, 1 mM ThDP, 2.5 mM
dithiothreitol, 1 mM 2-oxoglutarate (app. 10-fold Sy 5°¢), 0.1 mM
CoA (app. 20-fold S 5°*), and 2.5 mM NAD" (app. 50-fold Sy 5VAP).
The initial (within 0.5 min of the reaction) rates were estimated in
inhibition studies. The OGDHC preincubation with the phospho-
nates was done at a final dilution in the assay medium omitting
substrates. To study protection by the analogs from the catalysis-
induced inactivation of the 2-oxoglutarate dehydrogenase com-
ponent and complex, the product accumulation curves were
followed for 6 min and analyzed as in [23] using the bi-exponential
approximations by SigmaPlot.

2.3. Cell cultures

Cerebellar granule cells were prepared from postnatal day 7-8
Wistar rat pups using standard procedure described earlier [24].
About 90% of cells in the culture were neurons, distinguished from
glial cells by morphology and fluorescence change associated with
calcium accumulation in response to glutamate.

2.4. Neuronal treatment with glutamate

Neuronal treatment with glutamate was done by incubation in
the buffered salt solution, pH 7.4, without magnesium, containing,
in mM: NaCl 135, KCl 5, glucose 5, CaCl, 1.8, HEPES 20, glycine 0.01,
glutamate 0.1. At the end of the treatment, the neurons were
washed out with the calcium-, glutamate- and glycine-free
buffered salt solution, pH 7.4, containing, in mM: NaCl 135, KCl
5, glucose 5, MgCl, 2, HEPES 20, EGTA 0.1.

2.5. Simultaneous measurement of cytosolic calcium and
mitochondrial potential in single neurons

Cellular indicators of cytosolic calcium (50 j.g/ml acetoxy-
methyl ester of Fura-2FF) and mitochondrial potential (1 mg/ml
Rh123) were dissolved in 30% DMSO and stored at —40 °C. Cells
were loaded with 6 M acetoxymethyl ester of Fura-2FF for 1 h in
the presence of 0.001% Pluronic F127 in buffered salt solution, pH
7.4, containing, in mM: NaCl 135, KClI 5, glucose 5, CaCl, 1.8, MgCl,
1.0, HEPES 20. 3 M Rh123 was added to the medium during the
last 20 min of the Fura-2FF loading. SP or PESP were loaded
simultaneously with Fura-2FF/Rh123 for 1h, if not specified
otherwise. After the loading was completed, cells were washed
with the buffered salt solution omitting indicators and Pluronic.

A cell-coated glass was placed in a perfusion chamber (0.2 mL)
mounted on the stage of an inverted epifluorescent microscope
(Axiovert 200 “Zeiss”, Germany) equipped with CCD camera
(SnapCool-fx, USA). Fluorescence intensity was monitored every
20 s at room temperature (24-27 °C). The entire soma of individual
neurons was used as region of interest. Kinetics of the fluorescence
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changes was studied for the representative sample of neurons
(about 40 cells) using Metafluor 6.1 software (Universal imaging
corp., USA). Fluorescence images of the cells for Ca®* were acquired
at 505 nm emission (15 nm bandwidth) during alternate (in 100-
200 ms pulses) excitation at 340 and 380 nm. The background
fluorescence levels were determined at each wavelength and
subtracted prior to calculating the ratio. Absolute values of [Ca®*];
were determined using the Grynkiewicz equation [25] and the Ky
value of 5 wM for Fura-2FF [26]. For calibration, the intracellular
Fura-2FF saturation with calcium was achieved upon addition to
the cell incubation medium of 5 WM ionomycin with 10 mM CaCl..
Ca?*-free buffer (1 mM EGTA) with 5 wM ionomycin was used to
measure the fluorescence of free Fura-2FF in cells.

Rh123 was excited at 488 nm and emission was detected at
535 nm (10 nm bandwidth). Maximal values of the mitochondrial
depolarization were determined as the fluorescence intensity after
addition of 1 wM FCCP. The glutamate-induced changes of Rh123
were expressed as the percentage of this maximal depolarization
after the FCCP addition.

2.6. Statistical analysis

Data are reported as means + SEM. Statistical analysis was
performed by the unpaired two-tailed Student's t-test using
SigmaPlot Ver.10 Systat Software, Inc.

3. Results

3.1. Inhibition of brain OGDHC by phosphono analogs of 2-
oxoglutarate is accompanied by their protection of OGDHC from the
catalysis-associated inactivation

To study the action of the specific OGDHC inhibitors on the rat
cerebellar granule cells, we first assessed in vitro effects of the
compounds on OGDHC purified from rat brain. Fig. 1 shows
inhibition by the phosphono analogs of 2-oxoglutarate of the
initial rate of the overall reaction (6) catalyzed by the purified
complex. After a preincubation of OGDHC with succinyl
phosphonate (SP) or its phosphono ethyl ester (PESP) (Fig. 1A),
50% inhibition is achieved already with 5 wM phosphonates at
1 mM 2-oxoglutarate. The latter substrate concentration repre-
sents app. 10-fold excess over the half-saturating concentration
for brain OGDHC [21]. The strong inhibition at such a high
saturation of the complex with 2-oxoglutarate (Fig. 1) confirms
the high efficiency of the phosphono analogs of 2-oxoglutarate,
which was also observed in the inhibition studies of the 2-
oxoglutarate dehydrogenase component and complex from other
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sources [20,27,28]. Kinetic study of the inhibition reveals several
features of the interaction of the enzyme with the phosphono
analogs. First of all, the inhibitory effect depends on the enzyme
preincubation with the analogs. More obvious at a low (5 M)
concentrations or with PESP, an increase in the inhibition occurs,
if prior to the substrate addition the inhibitors interacted with
OGDHC in the medium without 2-oxoglutarate (Fig. 1A vs. B).
Secondly, as expected for the closest structural analogs of the
substrate, the inhibition of brain OGDHC by the phosphonates is
competitive to 2-oxoglutarate. Since the interaction of brain
OGDHC with both phosphonates (Fig. 1) and 2-oxoglutarate [21]
is complex and does not follow the Michaelis kinetics, the
competition was shown by comparing the inhibition of initial
NADH production rates at 1 mM (app. 10-fold Sp5°¢ [21]) and
0.1 mM (approx. So.5°¢ [21]) 2-oxoglutarate after the preincuba-
tion of OGDHC with a fixed (50 M) SP concentration. Under
these conditions, the residual activity was 30% at 1 mM 2-
oxoglutarate, whereas no activity was detected at 0.1 mM 2-
oxoglutarate. Thirdly, independent of preincubation, SP is a more
efficient inhibitor than PESP (Fig. 1). For the half of the active
sites the difference may be not obvious after preincubation with
low (5uM) concentrations (Fig. 1A), because under these
conditions they are already saturated by either SP or PESP
(Is°PPESP < 5 wM). However, the other half of the active sites
which is saturated at much higher concentrations of the
inhibitors even after the preincubation, shows a higher affinity
to SP (50 uM < Iso" < 100 wM, Fig. 1A) compared to PESP
(Isg"®P > 100 WM, Fig. 1A). Without preincubation (Fig. 1B),
neither the significant inhibition at low concentrations of the
phosphonates, nor the half-of-the-sites reactivity are apparent,
with all the active sites preferably targeted by SP (Iso>" = 50 wM)
compared to PESP (Iso"ESP >100 wM).

In addition to the inhibition of the initial NAD*-reductase rates
(Fig. 1), the analogs also affected the enzyme inactivation in the
course of catalysis (Fig. 2), known to result in non-linear product
accumulation kinetics [4,23]. As shown earlier for OGDHC from
pigeon breast muscle and bovine heart, the enzymatic activity
decreases in the course of catalysis due to the changes in the first
rate-limiting component, 2-oxoglutarate dehydrogenase. This
results in the biphasic product accumulation with similar kinetic
parameters in the partial (reaction (1) in the presence of artificial
electron acceptor hexacyanoferrate (III)) and overall (reaction (6))
2-oxoglutarate dehydrogenase reactions [4]. Here, we show that
the same feature is inherent in OGDHC from brain. As indicated by
dashed curves in Fig. 2, both the full complex (Fig. 2A, hollow
circles) and its 2-oxoglutarate dehydrogenase component (Fig. 2B,
hollow circles) exhibit similar activity decays in the course of
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Fig. 1. Concentration dependence of the OGDHC inhibition by SP and PESP. Inhibition (v — v;)/vo, %, was calculated from initial rates of the NADH production by purified brain
OGDHC at the saturating concentrations of all substrates including 2-oxoglutarate (1 mM, approx. 10-fold Sp5°¢ [21]). The enzyme was preincubated for 5 min with the
analogs in the assay medium without substrates (A) or added to the complete reaction medium (B). Assay details are given in Section 2. Statistically significant differences

between the SP and PESP action (p < 0.05) are marked by asterisks.
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Fig. 2. Influence of SP on the decrease in the brain 2-oxoglutarate dehydrogenase
activity (A, %) during the overall (A) and partial (B) 2-oxoglutarate dehydrogenase
reactions. Superposition of two to four experimental curves (shown by the same
symbols at a fixed reaction time) was used to approximate the dependence by a bi-
exponential process [23] as described in Section 2. Linear extrapolation of the
second phase to zero time shows the percentage of the activity lost during the first
and second phases of the reaction. The control (dashed curves) and SP-affected
(solid curves) values are represented by the hollow and filled circles,
correspondingly. The overall reaction (6) (A) was followed by the NADH
production at 1 mM 2-oxoglutarate and 5 wM SP, the partial reaction (1) (B) -
by the hexacyanoferrate (IV) production at 0.1 mM 2-oxoglutarate and 0.5 .M SP.

catalysis, confirming the role of the first component in the overall
activity decay. In accord with the previous study [4], about 60-70%
of the overall (reaction (6)) and partial (reaction (1)) activities are
reversibly inhibited within several minutes from the reaction start,
with the residual 30-40% of the activities undergoing irreversible
decay (Fig. 2, dashed curves). The indicated percentage of the
activity decrease during the first and second phase is determined
from the linear extrapolation of the second phase to zero time as
shown by lines in Fig. 2. The irreversible decay is characterized by
an apparent rate constant k,, min~!, which is calculated from the
semi-logarithmic plots (Fig. 2) as a slope of the second phase [4,23].
With the 2-oxoglutarate dehydrogenase component and complex
from brain catalyzing the reactions at saturating 2-oxoglutarate,
the irreversible inactivation occurred with the apparent rate
constant of 0.2 min~'. Phosphonates significantly slow down the
activity decay during the second phase (Fig. 2, solid curves) in both
the overall (Fig. 2A, filled circles) and partial (Fig. 2B, filled circles)
reactions. The effect is concentration-dependent, with the stronger
inhibitor SP being also a more efficient protector than PESP (Fig. 3).
For example, at a fixed (50 wM) concentration of SP or PESP the
apparent rate constant k, is reduced to 7% or 40% of the initial
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Fig. 3. Influence of SP and PESP on the rate of the catalysis-associated inactivation
(kz, min~") of brain OGDHC. The reaction was started by the substrate addition after
5 min preincubation of OGDHC with the inhibitors in the assay medium without
substrates. The kinetic treatment of the activity decay was performed as in [23].

value, respectively (Fig. 3). Thus, inhibition of OGDHC by the
phosphono analogs of 2-oxoglutarate is accompanied by their
protection of the 2-oxoglutarate dehydrogenase from the cata-
lysis-associated inactivation. Compared to PESP, SP is more
efficient in both the inhibition and protection (Figs. 1, 3).

3.2. SP slows down the glutamate-induced calcium deregulation of
cerebellar granule neurons in the time- and concentration-dependent
manner

To detect possible influence of the 2-oxoglutarate phosphono
analogs on neuronal responses to excitotoxic glutamate, we
started with the more efficient effector of brain OGDHC, SP. Its
action was examined in the established model of the glutamate
excitotoxicity in cerebellar granule neurons [17-19]. In this model,
glutamate induces an irreversible increase in intracellular calcium
to abnormally high levels. This so called delayed calcium
deregulation is detected by an increase in fluorescence of cells
loaded with the calcium indicator Fura-2FF. The neurons in the
microscope field may be distinguished by the false color scale of
the fluorescence intensity. According to this scale, the highly
fluorescent neurons, i.e. those having completed the glutamate-
induced transition to the high intracellular calcium levels, are
represented by red color, while those which have not, are colored
green. Using this test, we estimated the neuronal calcium handling
by calculating the percentage of the deregulated (red) neurons in
the microscopic field at several fixed time points. Fig. 4 shows that
increasing the time of pre-incubation of neurons with SP (from 5 to
60 min, Fig. 4A) or the SP concentration in the medium (from 20 to
100 M, Fig. 4B) interfered with the transition of the neuronal
sample to the high intracellular calcium levels. 60 min preincuba-
tion with 100 M SP led to statistically significant decreases in the
number of neurons undergoing the delayed calcium deregulation
upon incubation with 100 M glutamate over the entire observa-
tion time (Fig. 4, the points marked with asterisks). These
optimized conditions were further employed in comparative
studies of the SP and PESP action on single neurons.

3.3. Protection of the cerebellar granule neurons from the glutamate
excitotoxicity by SP and PESP

The influence of the OGDHC inhibitors on the calcium home-
ostasis and mitochondrial potential of neurons affected by
glutamate is shown in Figs. 5-7. Fig. 5A-C show Kkinetic traces
of typical changes in intracellular calcium of single neurons
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Fig. 4. Time (A) and concentration (B) dependencies of the SP influence on the delayed calcium deregulation induced by glutamate (100 M) in cerebellar granule neurons. At
the time points indicated, the percentage of the deregulated neurons in the microscopic field was determined by the false color fluorescence scale (see text for the details).

Experimental details are given in Section 2.

detected by fluorescence of Fura-2FF upon prolonged incubation of
cerebellar granule neurons with excitotoxic concentration
(100 wM) of glutamate. Single traces of representative neurons
are shown by black lines in Fig. 7. Under the experimental
conditions, glutamate induces a rapid calcium influx through the
NMDA receptors which is followed by a decrease in [Ca®*]; (first
peak in Figs. 5, 7) due to the mitochondrial calcium-buffering
capacity [19,29]. After a latent period, the neurons undergo a
further massive increase in [Ca®*]; (Figs. 5, 7). At the same time,
irreversible mitochondrial depolarization occurs (Fig. 6, grey lines
in Fig. 7). Association of the two phenomena has been documented
in a number of studies [19,29,30] and was also seen by us upon
examining single neurons. As shown in Fig. 7, the changes in [Ca®'];
and mitochondrial potential in each cell coincide in time, with both
processes synchronously affected by the specific inhibitors of the
mitochondrial OGDHC. The delayed calcium deregulation and
accompanying changes in the mitochondrial potential induced by
glutamate are irreversible, i.e. no restoration of the parameters is
observed after removal of glutamate and calcium from the medium
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(Figs. 5A, 6A, and black lines in Figs. 5D, 6D). In the neurons loaded
with SP or PESP no significant changes in the first transient calcium
peak are observed, indicative of no effect of the phosphonates on
the glutamate signaling through the NMDA receptors. However,
the adverse effects of glutamate are significantly less pronounced
in the phosphonate-loaded neurons (Figs. 5-7). Regarding the
calcium homeostasis, such cells are characterized by a slower
development of the delayed calcium deregulation, with their
transition leveling off at a significantly lower [Ca%*]; concentrations
(Fig. 5). In addition to the main transition, a slower phase after
1000 s could be revealed in the control and SP-treated neurons
(Fig. 5D, the black and dark grey curves). Analysis of the
distribution of the traces of single neurons (Fig. 5A,B) indicates
that this slower phase is due to a minor part of the cells undergoing
the transition, mostly to a higher calcium levels, at a later time.
Sub-populations of cerebellar granule cells regarding the gluta-
mate excitotoxicity were also distinguished in other studies
[30,31]. Unlike the control or SP-loaded cells, the PESP-loaded cells
did not exhibit a distinct differentiation into the sub-populations
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Fig. 5. Changes in the intracellular calcium, [Ca®*];, of cerebellar granule neurons exposed to the prolonged action of glutamate (100 wM) alone (A) or in the presence of
100 wM SP (B) or PESP (C). Cells were preincubated with the analogs for one hour before the glutamate addition. In (D), the mean transitions of the neuronal cell samples
shown in (A-C) are presented by black line (glutamate alone, n = 43), dark grey line (glutamate with SP, n = 38) and light grey line (glutamate with PESP, n = 38). Experimental

details are given in Section 2.
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Fig. 6. Changes in the mitochondrial potential of cerebellar granule neurons exposed to the prolonged action of glutamate (100 M) alone (A) or in the presence of 100 WM SP
(B) or PESP (C). Cells were preincubated with the analogs for 1 h before the glutamate addition. In (D), the mean transitions of the neuronal cell samples shown in (A-C) are
presented by black line (glutamate alone, n = 43), dark grey line (glutamate with SP, n = 38) and light grey line (glutamate with PESP, n = 38). Experimental details are given in

Section 2.

(Fig. 5A-C), generally showing less synchronicity in the transition.
More variety in the transition start and/or calcium increase
amplitude resulted in the monotonous calcium transition kinetics
of the PESP-loaded neuronal sample, in contrast to the biphasic
kinetics inherent in the control and SP-loaded cells (Fig. 5D).
Concomitant with the changes in the onset time and amplitude
of the calcium transition (Fig. 5), the neurons loaded with the
phosphonates show different kinetics of the mitochondrial
depolarization (Fig. 6). The mean traces (Fig. 6D) indicate that
the bulk depolarization occurred within 500 s in the control cells
(from app. 700 to 1200s of the incubation with glutamate),
whereas in the SP and PESP-loaded cells it required 900 s and more,
respectively. In addition to the slower bulk depolarization,
significant reversibility of the depolarization was observed in
the phosphonate-loaded cells. That is, after removal of glutamate
and calcium from the medium they exhibited a decrease in Rh123
fluorescence, not observed in the control cells (Fig. 6). The
reversibility was also obvious from the amplitude of the following
response to uncoupler. That is, the FCCP-induced increase in the
Rh123 fluorescence was significantly (2-3-fold) higher in the
phosphonate-loaded cells than in the control ones (Fig. 6D). Thus,
in neurons exposed to excitotoxic glutamate concentration the
phosphonates protect mitochondria from irreversible loss of
function, which coincides with improved calcium handling.

3.4. SP has a higher neuroprotective potency than PESP

Quantitative differences of the SP and PESP action on the
neuronal impairment induced by glutamate were analyzed by
comparing their protection from the delayed calcium deregulation.
As seen from Fig. 5B, the SP-loaded neurons finish the transition at
1400-2700 nM [Ca?*];, whereas the PESP-loaded neurons increase
their [CaZ"]; to higher levels (2200-3500 nM, Fig. 5C). Nevertheless,
the latter values of [Ca*]; are lower compared to the control cells,

where the transition is finished at 2500-5000 nM (Fig. 5A). The
average concentrations of the intracellular calcium after the
glutamate-induced deregulation approached 4000, 2000 and
2800 nM [Ca?*]; in the control, SP- and PESP-loaded neurons,
respectively (Fig. 5D). Thus, at a fixed concentration (100 wM) and
preincubation time (60 min) PESP shows a lower potency,
preventing the neuronal [Ca?*]; increase by 30% compared to
50% protection by SP (Fig. 5D). This conclusion was supported by
analyzing kinetics of the transition from the mean traces (such as
in Fig. 5D) of at least three independent experiments. Normalized
to the maximal amplitude of the [Ca®*]; increase at the end of
experiment, such curves showed a good coincidence, enabling
comparison of several kinetic parameters. These parameters were
determined for the main transition, i.e. the slower phase which
could be observed in the control and SP-loaded neurons (see
above) was not characterized kinetically due to its small and
variable contribution to the overall transition. The kinetics of the
delayed calcium deregulation was characterized by the mean lag-
period before the transition onset; the maximal rate of [Ca®*];
increase in the neuronal population, and the mean time of the
transition end. Table 1 shows that SP reliably increased the lag-
period without significant changes in the rate and final time of the
transition. PESP was more affecting the maximal rate of the

Table 1
Quantitative differences in the SP and PESP protection from the glutamate-induced
delayed calcium deregulation.

Time of the
transition end (s)

Transition
rate (%/s)

Cell treatment Lag-period (s)

Control 190 + 100 0.080 + 0.016 1270 + 220
SP (100 M) 530 + 210 0.075 + 0.020 1560 + 150
PESP (100 M) 380+ 100 0.055 + 0.005" 1720 + 130

Statistically significant differences (p < 0.05) are marked by asterisks.
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Fig. 7. Intracellular calcium [Ca®*]; (black line) and mitochondrial potential (grey
line) of single cerebellar granule neurons exposed to the prolonged action of
excitotoxic concentration of glutamate (100 wM) after 1 h preincubation of the cells
without (A) or with 100 wM SP (B) or PESP (C). Experimental details are given in
Section 2.

transition, delaying the time of the transition end. Thus, there were
statistically significant quantitative differences in the SP and PESP
protection from the delayed calcium deregulation (Fig. 5D,
Table 1).

Although both the changes in Rh123 fluorescence and the
process of mitochondrial depolarization are too complex to be
characterized quantitatively, some differences in the effects of SP
and PESP on mitochondrial potential were also notable (Fig. 6D). In
the SP-loaded neurons the mitochondrial depolarization after the
glutamate addition was more pronounced than in the PESP-loaded
neurons. That is, in the SP-loaded neurons the glutamate-induced
depolarization started right after the glutamate addition, and by
600 s of the treatment SP already induced about 40% of the
maximal depolarization. The PESP-loaded neurons only started
their depolarization by that time, and the delay did not differ from
that in the control experiment where glutamate induced the
mitochondrial depolarization without the phosphonates (Fig. 6D).

As a result, the PESP-loaded neurons showed no significant
changes in the onset of either the delayed calcium deregulation
(Table 1) or bulk mitochondrial depolarization (Fig. 6D). In
contrast, the more rapid depolarization of the mitochondria of
the SP- vs. PESP-loaded neurons (Fig. 6D) was accompanied by the

delayed onset of the calcium deregulation (Fig. 5D, Table 1) and a
higher reversibility of the depolarization process after removal of
glutamate and calcium from the medium (Fig. 6D). Thus, the more
rapid depolarization in the presence of a stronger OGDHC inhibitor
SP provided for a better preservation of the mitochondrial function
(Fig. 6D) and calcium homeostasis (Fig. 5D) upon the glutamate
insult.

4. Discussion

4.1. Mechanism of interaction of SP and PESP with brain OGDHC
provides for efficient and specific inhibition protecting from the
catalysis-associated inactivation

Phosphono analogs of 2-oxoglutarate have received increasing
attention as promising tools for inhibition of OGDHC in native cells
and tissues [11,14,16,20]. To better understand their action in the
neuronal culture, we characterized their effects on the purified
brain OGDHC at the 2-oxoglutarate concentrations known to occur
inside mitochondria (10~% — 10~3 M, [8]). Our study showed that
under these conditions the phosphonates efficiently compete with
2-oxoglutarate at the active site of the 2-oxoglutarate dehydro-
genase component of brain OGDHC, with the inhibition occurring
according to the slow tight binding mechanism. The kinetically
slow conformational transition of the initial enzyme-inhibitor
complex to a tightly bound inhibitor complex represents a general
property of the ternary complexes of the 2-oxo acid dehydro-
genases with the coenzyme thiamine diphosphate and phosphono
analogs of their respective substrates [11,32-34]. In these
complexes, the phosphonates are bound much stronger than in
other enzymes due to formation of the transition state analogs
[20,27,35-37], with the tight binding and highly specific formation
of the latter especially attractive for cellular studies. Esterification
of the phosphono group of SP (methylation used earlier [27,28] or
ethylation used in the present work and with plant OGDHC [11])
significantly decreases efficiency of the OGDHC inhibition. This is
in contrast to the pyruvate dehydrogenase which reacts more
readily with the methyl ester of the pyruvate phosphono analog
[35,36]. Together with the strongly varied efficiency of the
phosphonate inhibition of different classes of the thiamine
diphosphate-dependent enzymes [37], the difference in the
structural requirements of the pyruvate and 2-oxoglutarate
dehydrogenases to the respective phosphonate structures stresses
the importance of the specific catalysis-associated interactions for
the formation of the tightly-bound complexes even within the
same enzyme class. Thus, the mechanism of the inhibition of
OGDHC by the phosphono analogs of 2-oxoglutarate provides for
the high selectivity and efficiency of the interaction.

The thiamine-diphosphate dependent enzymes are known to
exhibit the half-of-the-sites reactivity to their substrates, with
alternative conformations of the two active sites in a functional
dimer representing different steps along the reaction coordinate at
each given moment of time [38-42]. In particular, formation of the
covalent adduct with ThDP only in one of the active sites was
shown to occur upon interaction of the 2-oxoglutarate dehydro-
genase with 2-oxoglutarate [38] and for the yeast pyruvate
decarboxylase binding methyl acetylphosphonate [42]. The pre-
incubation-induced difference in the reactivities of the 50% active
sites to the phosphonates (Fig. 1) may thus be explained by
different stabilization of the covalent adduct of the phosphonates
with ThDP in the two active sites of the brain 2-oxoglutarate
dehydrogenase dimer.

Along with the OGDHC inhibition, the phosphono analogs of the
substrate are shown here to efficiently protect brain OGDHC from
the irreversible inactivation of the 2-oxoglutarate dehydrogenase
component during catalysis (Figs. 2, 3). The self-inactivation of
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enzymes producing highly active compounds is a feasible means to
stop production of such compounds already at their very low
concentrations [43,44]. At least two of the highly reactive
intermediates are generated within OGDHC: the thiyl radical of
the complex-bound lipoyl residue and the carbon radical of the
enamine intermediate at the active site of the 2-oxoglutarate
dehydrogenase [6,45]. The accompanying OGDHC inactivation is
slowed down, in particular, by the natural 2-oxoglutarate
structural analogs [4]. Whereas the most efficient from these
natural protectors, malonate, caused only 40% protection at 3 mM,
SP in our experiments with the brain complex caused more than
50% protection already at a three orders of magnitude lower
concentration (5 wM, Fig. 3). The powerful preservation of the
brain OGDHC activity by the phosphonates (Figs. 2, 3) correlates
with their inhibition of the OGDHC-dependent ROS production
[16], the process inducing the enzyme inactivation [6,8]. Both
effects of the phosphonates are of potential neuroprotective value,
as the metabolic disbalance under pathological conditions is
supposed to stimulate both the OGDHC-dependent ROS produc-
tion and associated inactivation, with the latter being among the
potential causes of the neurodegenerative diseases [9].

4.2. Correlation of the neuronal protection by the phosphono analogs
of 2-oxoglutarate with their effects on OGDHC

In a native cell the concentrations of the OGDHC substrates and
inhibitors determining the OGDHC activity depend on multiple
systems and fluxes, which cannot be imitated in vitro for the
OGDHC activity estimations. Existing approaches do not allow for a
simultaneous determination of the intracellular OGDHC activity
and integral parameters of native cells under certain experimental
conditions. However, as shown above, the phosphonate analogs of
2-oxoglutarate are highly specific mechanism-based inhibitors of
OGDHC. Selective action of the phosphonates on OGDHC in cellular
studies is further supported by similar relative efficiency of SP and
PESP in their action on cells and on OGDHC. Possessing a lower
affinity (Fig. 1) and less efficient in the protection of OGDHC from
the catalysis-associated inactivation (Fig. 3), PESP is also less active
in situ. That is, the PESP-loaded cells are less resistant to the
delayed calcium deregulation and mitochondrial impairment than
the SP-loaded neurons (Figs. 5D, 6D, Table 1). Remarkably, the
neuronal functions are better preserved by a stronger OGDHC
inhibitor and protector SP (Figs. 1, 3), which also shows no delay in
the depolarizaton of mitochondria compared to PESP (Fig. 6D). A
stronger depolarization of the glutamate-affected mitochondria by
SP compared to its ester was also shown for hippocampal neurons
[16]. The phosphonate-induced depolarization obviously opposes
the primary action of glutamate which is known to hyperpolarize
mitochondria before inducing the irreversible loss of function in
both the hippocampal [16,46] and cerebellar granule neurons [31].
Thus, the reversible mitochondrial depolarization due to the
OGDHC inhibition by the phosphonates may prevent the
mitochondrial overreaction to the glutamate insult, alleviating
damaging consequences of the glutamate action.

Along with the observed correspondence in the SP and PESP
efficiencies in situ (Figs. 5D, 6D, Table 1) and in vitro (Figs. 1, 3),
dependence of their cellular action on the OGDHC targeting is
further supported by no significant interaction of the phospho-
nates with a number of enzymes transforming 2-oxoglutarate or
its natural structural analogs [11,20]. Besides, cellular experiments
with labeled compounds, metabolomic studies and examination of
the particularly related to the OGDHC reaction amino acid pools
[11,14] showed that the phosphonates caused the changes in the
label distribution and tissue metabolites, which are anticipated to
occur due to the OGDHC inhibition. Furthermore, a strong
reduction in the mitochondrial respiration [11] and potential

Glu @ Ca®*

Mitochondrial l
matrix

RS O

NADH

Glu+Ca®* + + +
(PE)SP - - -

Fig. 8. Mechanism of the neuroprotective action of the phosphono analogs of 2-
oxoglutarate. The transport and catalytic processes under consideration are
indicated by the thin black arrows. The negative influence on the OGDHC activity of
the reactive species (RS)-involving reaction is shown by (—). The bold grey arrows
show regulatory effects of calcium and phosphonates, increasing (+) or decreasing
(—) the processes to which the arrows point. The net effects of glutamate with
calcium (Glu+Ca®*) or phosphonates upon the glutamate stimulation ((PE)SP) are
summarized below the line. See text for other details.

[16] by the phosphonates was shown, in accord with the OGDHC
inhibition by the phosphonates controlling these integral para-
meters of mitochondrial function.

4.3. Mechanism of the neuroprotective action of the phosphono
analogs of 2-oxoglutarate under the glutamate excitotoxicity

Fig. 8 shows the OGDHC-related events in neurons stimulated by
glutamate. The signaling action of extracellular glutamate increases
intracellular calcium. At the same time the glutamate may be used
for oxidation in neuronal mitochondria where glutamate is
transaminated to 2-oxoglutarate [14]. Cytoplasmic calcium is
known to activate the glutamate transport into neuronal mitochon-
dria [13]. Mitochondrial accumulation of calcium increases the
efficiency of the glutamate oxidation by increasing the affinity of
OGDHC to 2-oxoglutarate [15]. As aresult, the neuronal flux through
OGDHC should be increased in the presence of glutamate, leading to
increased NADH and ROS production by OGDHC. The OGDHC-
dependent increase in NADH may explain the initial hyperpolariza-
tion of mitochondria in response to the glutamate addition
[16,31,47], which was shown to be blocked by the phosphonates
[16]. Contribution of the OGDHC-dependent ROS to those produced
by neurons overstimulated with glutamate was also shown [16]. The
OGDHC-bound reactive species (RS, Fig. 8), such as thiyl radical of
the OGDHC-bound lipoic acid and carbon-centered radical of the
thiamine diphosphate-enamine adduct [6,45], are generated
concomitant with the OGDHC-dependent ROS production. They
should therefore increase in the presence of glutamate, leading to
the increased rate of the OGDHC irreversible inactivation. Obviously,
the neuronal resources to compensate for the inactivation of a key
mitochondrial enzyme system are limited, and increasing the
OGDHC inactivation upon prolongation of the glutamate action
contributes to the glutamate excitotoxic effects, such as mitochon-
drial disfunction, disturbance in calcium homeostasis and metabolic
stress.

Regarding the OGDHC-depedent events, the phosphono analogs
of 2-oxoglutarate act as calcium antagonists. That is, by competing
with 2-oxoglutarate at the active site of 2-oxoglutarate dehy-
drogenase, they decrease the calcium-increased efficiency of the 2-
oxoglutarate binding (Fig. 8). As a result, they decrease the
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OGDHC-dependent NADH production (Fig. 1), mitochondrial
potential [16], the OGDHC-generated ROS [16] and associated
irreversible inactivation of OGDHC (Fig. 3). Because the inactiva-
tion of OGDHC accompanying neurodegenerative diseases was
suggested to be among the causes of pathologies, progressively
increasing due to metabolic stress [1,9], preservation of the OGDHC
activity by the phosphonates provides for a plausible mechanism
of their neuroprotective action revealed by us as improved calcium
handling (Fig. 5, Table 1) and preserved mitochondrial function
(Fig. 6) upon the glutamate insult. However, the question arises
why the decrease in the OGDHC activity due to the inhibition of
cellular OGDHC by the phosphonates does not negatively affect the
neurons? Obviously, one should distinguish the consequences of
the phosphonate action under normal and pathological conditions.
In the former case, their application may model metabolic changes
in the neurodegenerative diseases which are characterized by the
decreased OGDHC activity. However, application of the phospho-
nates under the metabolic stress induced by neuronal over-
stimulation with glutamate brings to the first plan their protective
action (Fig. 8). Furthermore, unlike the irreversible inactivation in
the course of catalysis, the OGDHC inhibition by the phosphonates
may be self-regulated, with the accumulated intramitochondrial 2-
oxoglutarate acting as a positive effector restoring the OGDHC
activity. The phosphonates may thus perform a buffering function,
correcting the metabolic disbalance which arises upon increased
flux through OGDHC in the presence of glutamate. Finally,
dependent on conditions, cells may exhibit a significant spare
threshold of the OGDHC activity, i.e. OGDHC may be partly
inhibited without affecting the mitochondrial physiology [47].
Thus, inside neuronal mitochondria experiencing glutamate insult
in the presence of the neuroprotective concentrations of the
phosphonates (100 wM), the level of the phosphonate-induced
inhibition of the physiological OGDHC reaction (reaction (6)) may
be within the spare treshold, and/or adjustable according to the
concentration of the OGDHC substrates. In contrast, concomitant
inhibition by the phosphonates of the OGDHC-dependent side-
reactions, such as production of ROS and intrinsic reactive species
leading to the irreversible OGDHC inactivation (RS), is neuropro-
tective (Fig. 8).
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