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The mitochondrial respiratory Complex II (CII) is one of key enzymes of cell energy metabolism, linking the
tricarboxylic acid (TCA) cycle and the electron transport chain (ETC). CII reversibly oxidizes succinate to
fumarate in the TCA cycle and transfers the electrons, produced by this reaction to the membrane quinone pool,
providing ubiquinol QH; to ETC. CII is also known as a generator of reactive oxygen species (ROS).

It was shown experimentally that succinate can serve as not only a substrate in the forward succinate-quinone
oxidoreductase (SQR) direction, but also an enzyme activator. Molecular and kinetic mechanisms of this property
of CII are still unclear.

In order to account for activation of CII by succinate in the forward SQR direction, we developed and analyzed
a computational mechanistic model of electron transfer and ROS formation in CII. It was found that re-binding of
succinate to the unoccupied dicarboxylate binding site when FAD is reduced with subsequent oxidation of FADH,
creates a positive feedback loop in the succinate oxidation. The model predicts that this positive feedback can
result in hysteresis and bistable switches in SQR activity and ROS production in CII. This requires that the rate
constant of re-binding of succinate has to be higher than the rate constant of the initial succinate binding to the
active center when FAD is oxidized.

Hysteresis and bistability in the SQR activity and ROS production in CII can play an important physiological
role. In the presence of hysteresis with two stable branches with high and low SQR activity, high SQR activity is
maintained even with a very strong drop in the succinate concentration, which may be necessary in the process of
cell functioning in stressful situations. For the same reason, a high stationary rate of ROS production in CII can be
maintained at low succinate concentrations.

1. Introduction

The mitochondrial respiratory Complex II (CII) (succinate dehydro-
genase (SDH) or succinate-coenzyme Q reductase (SQR)) is one of the
most important enzymes of cell energy metabolism that serves as a link
between the tricarboxylic acid (TCA) cycle and the electron transport
chain (ETC). CII reversibly oxidizes succinate to fumarate, producing
electrons that are transported via the Fe-S cluster chain to the ubiqui-
none membrane pool, thus providing QHs for the respiratory chain
during oxidative phosphorylation. CII dysfunction can lead to either

tumorigenesis or apoptosis depending on the physiological conditions
[1,2]. In addition, mutation in SDH correlates with the onset of neuro-
degenerative disorders [3]. Therefore, CII can behave also as a key
regulator in neuroprotection.

An important property of CII is the ability to generate reactive oxy-
gen species (ROS) which play a crucial role not only in oxidative cellular
damage and a development of various pathologies and aging but also
function as critical mediators in a broad range of cellular signaling
processes [4]. It was believed for a long time that within the respiratory
chain complexes I and III (CI and CIII) were the main producers of ROS
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[5], although there were experimental data [6] allowing to conclude
that CII can be a substantial source of ROS in mammalian mitochondria.
It was found [6] that CII is the predominant generator of ROS during
prolonged respiration under uncoupled conditions and CII appears to
contribute to the basal production of ROS in cells. The most clear evi-
dence of CII of mammalian mitochondria to be a significant source of
ROS was demonstrated in studies of CII with the impairment of the
succinate CoQ oxidoreductase (SQR) activity resulting from inhibition
of CIII or Q-binding site of CII [7-9] as well as CII disintegration, i.e. the
specific dissociation of the SDHA/SDHB subunits from the
membrane-bound SDHC/SDHD complex that is required for the SQR
activity [10]. Under these conditions CII could produce O3/H30, in
significant amounts, comparable and even exceeding ROS generated by
CI and CIII, but only in the subsaturating range of the succinate con-
centration (50-500 pM).

It was shown experimentally more than three decades ago that CII
has strong nonlinear properties in both, forward SQR and reverse quinol-
fumarate reductase (QFR) directions [11-15]. For instance, succinate in
the SQR direction can serve as not only a substrate, but also an enzyme
activator [11]. Molecular and kinetic mechanisms of this property of CII
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are still unclear. One possible mechanism was proposed by Kotlyar and
Vinogradov [11] who suggested that oxidation of succinate and FAD
reduction results in an increase in the dissociation constant of the CII
inhibitor oxaloacetate from the active center and thus removes the
inhibitory effect of oxaloacetate. Although this explanation is applicable
only to the kinetics of an activation of the oxaloacetate-inhibited suc-
cinate dehydrogenase. On the other hand, it was found in the voltam-
metry studies [12-14] as well as in the spectrophotometric kinetic
assays with reduced benzylviologen as electron donor [15] that the
soluble enzyme exhibits a “tunnel diode” behavior in the presence of
fumarate, i.e., the rate of fumarate reduction decreases with increasing
thermodynamic driving force. This means that the CII behavior re-
sembles a tunnel diode, an electronic device exhibiting negative resis-
tance [15,16].

In addition, it was found recently [17] that the excessive ROS pro-
duction by CII under suppression of the activity of Complex III can result
in autocatalytic mitochondrial permeability transition and activate
death signaling pathways such as apoptosis or necrosis/necroptosis.

Despite of the important role of CII in the energy metabolism as well
as in ROS production, unusual properties and mechanisms of ROS
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Fig. 1. Kinetic schemes of electron transfer and formation of superoxide anion, O3, and hydrogen peroxide, H,O», in the flavoprotein SDHA subunit (A) and subunits
SDHB/SDHC/SDHD (B) of Complex II. Reactions of O3 and H,0, formation (C) are shown by red arrows. The detailed reaction network is presented in Supple-
mentary Tables S1 and S2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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formation by CII remain insufficiently understood. In order to answer
some of these questions a computational mechanistic model of electron
transfer and O3/H,0- formation at different redox centers of CII is
developed in the present study which is a continuation of our previous
theoretical studies of CII [18]. All the results in the current work relate
only to the kinetic properties of CII in the forward SQR direction, that is,
succinate oxidation and ubiquinone reduction. Computer analysis of the
model reveals a hidden positive feedback loop and predicts that auto-
catalytic activation of the succinate oxidation reaction by succinate can
lead to hysteresis and bistable switches in SQR activity as well as
mitochondrial ROS production in CII when the succinate concentration
changes.

It is important to point out that the mechanism for generating posi-
tive feedback and hysteresis behavior and bistability in CII is completely
different from similar properties found earlier [19-21] in Complex III,
which are the result of a feature of the Mitchell’s Q-cycle kinetics.

2. Methods and models

A kinetic scheme of electron transfer and O3/H0; production un-
derlying a mechanistic computational model of CII is presented in Fig. 1.
This scheme is supported by numerous literature data on succinate de-
hydrogenase (SDH) activity of CII, and electron transfer pathways be-
tween different redox centers of CII [7,9,11,22,23].

Fig. 1A presents chemical reactions of the reversible oxidor-
eductation of succinate, fumarate and FAD, catalyzed by the SDH
flavoprotein subunit A (SDHA). These reactions involve a single electron
transfer from reduced FAD to the first iron-sulfur, [2Fe-2S], cluster of
the hydrophilic SDHB subunit. Reactions of electron transfer down the
chain of iron-sulfur clusters towards the SDHC/SDHD subunits, and
further down to quinone-binding site, where quinone Q is reduced to
quinol QHp, are shown in Fig. 1B. Reactions of the reactive oxygen
species formation in CII are presented in Fig. 1C.

This kinetic scheme includes the following electron carriers: a) flavin
adenine dinucleotide, FAD; b) the sequence of iron-sulfur clusters:
[2Fe-2S], [4Fe-4S] and [3Fe-4S]; c) heme b; d) coenzyme Q. Electron
transfer reactions in CII include both the mainstream electron pathway
from succinate to coenzyme Q (SQR activity) and bypass reactions
resulting in O3/H204 formation. These bypass reactions are marked in
red in the kinetic scheme (Fig. 1C). A brief description of kinetic schemes
shown in Fig. 1A-C is given in Supplementary Data and individual
chemical reactions are presented in Table S1.

The reaction network corresponding to the kinetic scheme depicted
in Fig. 1 consists of 35 reactions, which are described by mass action and
Michaelis-Menten (for superoxide anion dismutation) kinetics
(Table S1). Midpoint redox potentials, rate constants and concentrations
are taken from the experimental data (see Table S2 and references
therein). The network dynamics is described by 20 ordinary differential
equations (ODE) and 7 moiety conservation equations. Details of the
mathematical model describing oxidized and reduced states of different
carriers and electron flows through CII are presented in Supplementary
Data. A model is implemented in DBSolve Optimum software available
at http://insysbio.ru. Additionally, the model is presented in SBML
format by separate file: markevich CII model.xml (Supporting
information).

3. Results and discussion

Analysis of quasi-stationary characteristics of the Complex II model. To
find all stationary states it is convenient to analyze the so-called quasi-
stationary concentration-response curves, which are calculated by
assuming all concentrations except the concentration of FAD in the
unoccupied dicarboxylate state to be at quasi-steady state (see Supple-
mentary Data for details). Then, each Complex II (CII) steady state is
determined when the total quasi-stationary rate of FAD production
(Vrap.in) becomes equal to the total quasi-stationary rate of FAD
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consumption (Vgap out). Using the kinetic schemes of Fig. 1, it can be
readily seen that FAD is produced in reactions 5, 14 and 22, 24, that is,
VEap in = Vs + Vig + Vag + Vayq ~ Vs + V4, whereas FAD is consumed
only in reaction 1 when succinate binds to the dicarboxylate binding site
of CII (see Supplementary Table S1). The points of intersection between
these quasi-stationary curves give all possible steady states of CII
(Fig. 2). This figure illustrates that there are three steady states, S, Sy
and Ss, at the same succinate concentration (120 pM). A reason for these
tree points of intersection is a segment with the negative slope in the
curve presenting the dependence of quasi-stationary rate Vgap jn on FAD
(Fig. 2B). In this segment, the FAD production rate Vgap jn increases
rather than decreases with FAD (product concentration), which is a
feature of reactions with positive feedback. Two of the steady states, S;
and Ss are stable and one state, Sy, is unstable, meaning that even a
minute initial deviation from S, will lead to a further departure toward
states S; or S3. An inherent feature of bistability is hysteresis, illustrated
in Fig. 2A for the stationary dependence of the FAD concentration on the
succinate concentration.

To better understand the properties of CII that result in a hidden
positive feedback and the negative slope of the dependence of Vgap in 0n
FAD, we vary the activity of different pathways involving the Flavin
within a wide parameter range. We have change the rate constants kg,
Kea, Keb and kj 4, k144, k14p Of electron transfer reactions by several orders
of magnitude. Importantly, the negative slope in quasi-stationary con-
centration-response curves persist with wide parameter ranges (Fig. 3)
and disappears only when reactions 6b and 14b of electron transfer from
the complexes FADH,.suc and FADH'.suc are blocked (Fig. 3C). There-
fore, these electron transfer reactions play a key role, generating a
positive feedback for the SDH reaction. This is easy to understand
intuitively, because in reactions 6b and 14b the oxidation of FADH; and
FADH' occurs without releasing the succinate from the active center
immediately to the FAD.suc state (Fig. 1A) and the repeated oxidation
cycle of succinate is much facilitated since the initial step of binding of
succinate to the active center in the reaction (1) is bypassed.

Hysteresis and bistability in the steady states of the CII model. Likewise,
hysteresis is observed for the stationary rates of ubiquinone reductions
(Fig. 4) and ROS production (Supplementary Fig. S1). The stationary
total rate of H,O5 production by CII (vH205) was computed as the rate of
H,0; release from the mitochondrial matrix to cytosol that equal to the
summary rate of HoO5 production by FADHj, vy2, and dismutation of O3,
vg7, in the matrix at the steady state (see Explicit functions in Mathe-
matical model in Supplementary Data).

The results illustrated in Fig. 4 and Supplementary Fig. S1 reiterate
that hysteresis and bistability in the behavior of CII vanish if the electron
transfer from the complexes of FADH, and FADH' with succinate in the
active center are inhibited (Fig. 4C and Supplementary Fig. S1C).

Additionally, Fig. 4D as well as Supplementary Fig. S1D illustrates
how our finding of potential bistability in the stationary rates of ubi-
quinone reduction and ROS production by CII can be tested experi-
mentally using a design similar to the one proposed earlier in the work
on the prediction of bistability in protein kinase cascades [24]. Fig. 4D
shows that adding or removing succinate leads to different stationary
rates of ubiquinone reduction, vy, at the same succinate concentration,
depending on whether experimental manipulations have begun in the
SQR activity “off” or “on” state that is a low or high stationary rate of
ubiquinone reduction. If initially the SQR activity is in its off state,
adding succinate causes a gradual increase in the rate of ubiquinone
reduction, and only after the succinate concentration increases over a
threshold, the SQR activity switches to its on state with a high rate of
ubiquinone reduction (Fig. 4D, Going up). When starting with the on
state of the SQR activity (Fig. 4D, Coming down), the succinate con-
centration can decrease to below the threshold, yet the stationary rate of
ubiquinone reduction considerably exceeds this rate obtained for the
same succinate concentration when beginning with the off state of the
SQR activity. Similar arguments are valid for the hysteresis dependence
of the stationary rate of ROS production on the succinate concentration
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shown in Supplementary Fig. S1D.

Parametric analysis of the appearance of hysteresis and bistability in the
CII model. Computer analysis shows that the appearance of hysteresis
and bistability in the CII model depends on many model parameters, one
of the most important of which is the concentration of succinate. This
directly follows from the results shown in Fig. 4 and Supplementary Fig.
S1, which show that bistability in the stationary rates of ubiquinone
reduction and ROS production, is observed only in a certain range of the
succinate concentrations. Other most important parameters of the model
are the rate constants k; and kg, the first and second binding of succinate
to the dicarboxylate binding site when FAD is oxidized or reduced,
respectively. Detailed parametric analysis shows that the existence of
hysteresis and bistability in the CII model strongly depends on the ratio
of the rate constants k; and k4 because these constants determine the
effectiveness of the positive feedback in CII. According to computer
calculations, hysteresis and bistability occur only when k4 > k;. More
precisely, the critical values of the parameters ki, k4 and the succinate
concentration at which hysteresis and bistability appear were calculated
by computer analysis of saddle-node bifurcation in the mathematical
model of CII, which in this case correspond to the transition from a single
to three steady states, two stable and one unstable. By calculating crit-
ical parameter values at which the bifurcation appears, we obtain a
bifurcation diagram that defines bistability domains. Supplementary
Fig. S2 illustrates these domains in the plane of the succinate concen-
tration and the rate constant k; (Fig. S2A), as well as of the rate con-
stants k4 and k; (Fig. S2B).

Bistability domains shown in Fig. S2A are calculated for different
activities of three different electron pathway branches from FADH; in
the unoccupied dicarboxylate state and complexes FADHs.fum and
FADH,.suc to the first iron-sulfur cluster [2Fe-2S]. The bifurcation di-
agram in Fig. S2A confirms that bistable responses emerge even if kg, =
ki4a = 0, that is, when the electron transfer between FADH,.fum and
[2Fe-2S] is completely blocked (domain 2). At the same time, the
bistability domain becomes much smaller compared to the bistability
domain in the basal state (domain 1) when electron transfer between
FADH,.suc and [2Fe-2S] is at least partially blocked (domain 3), i.e. kgp
and kj4p decrease from 10* to 100 pM’ls’l, and the bistability domain
disappears when kg}, and kj 4p are reduced to 10 pM_ls_l.

Bistability domains in the plane of the rate constants k; and k4

(Fig. S2B) are calculated for different succinate concentrations. A
characteristic feature of these bistability domains is that k; is always less
than k4 and the k; values do not exceed 0.015 pM~'s~!. The fact that
small values of ki, that is, a low rate of the first binding of succinate to
the dicarboxylate binding site when FAD is oxidized, are preferred for
the appearance of hysteresis and bistability is readily to understand,
since in this case it is easier to activate CII by faster the second binding of
succinate the dicarboxylate binding site when FAD is reduced.

To illustrate the results obtained, the stationary rates of ROS gen-
eration by individual redox centers of CII at different values of the rate
constant k; binding of succinate to the dicarboxylate binding site when
FAD is oxidized are shown in Supplementary Fig. S3. From the results
presented in Fig. S3, it can be seen that hysteresis and bistability in the
rate of ROS generation by each considered redox center are observed in
a wide range of succinate concentrations at small values of k; and
disappear at k; = 0.1 pM s~ L,

The computational mechanistic CII model under disease conditions. CII
dysfunction resulting in different diseases is usually associated with
changes in various SDH protein subunits: SDHA, SDHB, SDHC and
SDHD. Changes can occur both at the level of their biogenesis and at the
post-translational level (phosphorylation, acetylation, succinylation and
so on) in response to multiple (patho)physiological stimulus. Different
mechanisms have been proposed to explain the frequent clinical pre-
sentations associated with SDH dysfunction are discussed in review [2].
Mutations in any of subcomplexes should disrupt complex II enzymatic
activity leading to various pathologies, for example, defects in SDHA
produce bioenergetic deficiency while defects in SDHB, SDHC, or SDHD
induce tumor formation [25]. In this study, the most interesting muta-
tions in SDH are those that lead to an increase in the rate of ROS pro-
duction by CII. This is first of all, defects in SDHB, SDHC and SDHD
which correlate with paraganglioma, neuroendocrine neoplasm
[26-28]. It is interesting to note that paragangliomas caused by SDHB
mutations have several distinguishing characteristics, for example,
malignancy is common in carriers with disease. In contrast, tumors
caused by SDHD mutations are almost always benign [29]. This means
that defects in SDHB and SDHD, in addition to the general property of
increasing ROS generation by CII, have other specific effects on carci-
nogenesis. As already mentioned, an impairment of the transfer of
electrons from FADH; to ubiquinone, i.e., impairment SQR activity,
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leads to a strong increase in ROS generation, which is assumed [7,8] to
be associated with an increase in the concentration of reduced FAD.
According to the model, a strong decrease in the electron transfer rates
from FADH, and FADH' to the SDHB subunit iron clusters [2Fe-2S] (v,
Vea, Veb and V4, V14a, V14p) can be due to a decrease in the rate constants
ke, Kea, keb and k14, k144, k14p with defects in SDHB. Another though less
likely reason may be a decrease in the electron transfer rate constants
within the SDHB subcomplex between different Fe-S centers. With de-
fects in SDHC and SDHD, this can be an impairment the Q-binding site
and inhibition of electron transfer from the cluster [3Fe-4S] and heme b
to ubiquinone, which also leads to a strong reduction of potential redox
centers of ROS formation, FADH, and cluster [3Fe—4S], and an increase
in the rate of ROS formation by these redox centers. In particular, it was
found that a point mutation at the ubiquinone binding region in the
SDHC gene increased O3 production from CII [28]. One possible way to
inhibit SQR activity with defects in SDHC and SDHD is to inhibit the
binding of the oxidized Q to the Q-binding site, that is, to reduce the rate
vip in our mechanistic model. Supplementary Fig. S4 shows

dependences of the stationary rates of QHy production and ROS for-
mation by different sites of CII when the binding constant k; is reduced
from 10 to 0.002 pMsec™ . The results of computer simulation of in-
hibition of the Q-binding site show that the hysteresis in the stationary
rates of both Q reduction, voy (Fig. S4A), and ROS generation
(Figs. S4B-F) persist with wide k; ranges. First of all, it is easy to un-
derstand that the maximum steady-state rate of ubiquinone reduction,
Va0, drops significantly when ki decreases from 10 to 0.002 pM~1s~!
(compare Fig. 4 in the main text and Supplementary Fig. S4A). At the
same time, the rate of formation of superoxide by semiquinone, vy, also
decreases (compare Fig. S3E and Fig. S4), but the rate of generation of
O3 by FADHy, vog, at k10 = 0.002 pM’ls’1 (Fig. S4C) increases almost 5
times compared to the rate in the basal state when kyo = 10 pM~1s™?
(Fig. S3B). Thus, the total rate of ROS generation by CII increases under
inhibition of the Q-binding site (Fig. S4B) compare to the basal state
(Fig. S3F).
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on the succinate concentration in Complex II for three different pathway branches. (A) Electron pathway from FADH, in the unoccupied dicarboxylate state. Black
solid curve (1) corresponds to kg = k14 = 10* pM’ls’l, blue dashed curve (2) - ke = k4 =10 pM’ls’l, red dash-dot curve (3) ~kg =k14 =1 pM’ls’l, green dash-dot-
dot curve (4) — ke = k14 = 0. (B) Electron pathway from FADH, in the occupied dicarboxylate state by fumarate. Black solid curve (1) corresponds to ke, = k142 = 10*
pM’ls’l, blue dashed curve (2) - kg, = ky4a = 0. (C) Electron pathway from FADH, in the occupied dicarboxylate state by succinate. Black solid curve (1) cor-
responds to kep = ki4p = 10* pM~!s7!, blue dashed curve (2) — kgp = kygp = 10° pM~'s™?, red dash-dot curve (3) — kep = ky4p = 10% pM s, green dash-dot-dot
curve (4) — kgp = kygp = 10 pM’ls’l, cyan short-long curve (5) — kgp = kygp =1 pM’ls’l. (D) The curve shown in this figure corresponds to curves (1) in Figs A-C
only on a scale 0-300 uM of the succinate concentration. Model parameters are presented in Supplementary Table S2 except k; = 107> pM s~ fum = 0. . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4. Conclusion

A computational mechanistic model of electron transfer and forma-
tion of superoxide (O3) and hydrogen peroxide (H20>) in the respiratory
Complex II (CII) of the inner mitochondrial membrane was developed to
facilitate the quantitative analysis of the kinetics of succinate-coenzyme
Q oxidoreductation (SQR) as well as mitochondrial reactive oxygen
species (ROS) production and to assist in the interpretation of experi-
mental studies. The model consists of 20 ordinary differential equations
and 7 moiety conservation equations that describe the concentration of
oxidized and reduced states of different redox centers and electron flows
in CII.

Computer analysis of the model predicts positive feedback and
autocatalytic activation of the succinate oxidation reaction by succinate,
which lead to hysteresis and bistable switches in SQR activity as well as
mitochondrial ROS production in CII when the succinate concentration
changes. A key reason for the appearance of autocatalytic properties in

CII in the forward electron transfer direction from succinate to ubiqui-
none in the Q-binding site is the second binding of succinate to the
dicarboxylate binding site after FAD is reduced to FADH,. In this case,
the oxidation of FADH; to FAD after the transfer of two electrons to the
[2Fe-2S] cluster occurs without releasing the succinate from the active
center and the subsequent oxidation of the second succinate molecule is
greatly facilitated, since the succinate is already in the active center and
its initial binding is not required.

Detailed parametric analysis shows that the existence of hysteresis
and bistability in the Complex II model strongly depends on the ratio of
the rate constants k; (the initial succinate binding to the active center
when FAD is oxidized) and k4 (the second binding of succinate to the
active center when FAD is reduced to FADH;) because these constants
determine the effectiveness of the positive feedback in Complex II. Ac-
cording to computer calculations, hysteresis and bistability occur only
when k4 > ki, that is the rate constant of re-binding of succinate has to
be higher than the rate constant of the initial succinate binding to the
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active center. More precisely, the critical values of the parameters k; and
k4 as well as the succinate concentration at which hysteresis and bist-
ability appear, bistability domains, were calculated by computer anal-
ysis of saddle-node bifurcation in the mathematical model of Complex II.

The real values of the rate constants k; and k4 are unknown, so our
current results are purely predictive hypothesis. So, experimental
confirmation of our predictions of hysteresis and bistability in the ki-
netics of succinate oxidation by Complex II is needed. These effects will
be observed in cells with a strong positive feedback, that is, in cells in
which Kkj is less than kq.

Computer simulation of a decrease in the rate constant of Q binding
to the Q-binding site, kj, that can result from defects in SDHC or SDHD
subcomplexes of CII under different diseases shows that hysteresis and
bistability in the stationary rates of both Q reduction and ROS genera-
tion persist with wide k; ranges. In addition, inhibition of the Q-binding
site leads to a strong increase in the maximum stationary rate of ROS
production at the flavin site, while a decrease in the production of su-
peroxide by semiquinone at the Q-binding site. At the same time, the
total rate of ROS generation by CII increases.

Hysteresis and bistability in the stationary dependence of the rate of
succinate oxidation and ubiquinone reduction on the succinate con-
centration can play an important physiological role. In the presence of a
hysteresis with two stable branches with high and low SQR activity, high
SQR activity persists even with a very strong drop in the concentration of
succinate in the mitochondria, which may be necessary in the course of
cell functioning in stressful situations. For the same reason, if necessary,
the high stationary rate of ROS production in complex II can be main-
tained at low succinate concentrations.
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