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Fumarate and succinate are known to be present in prebiotic systems essential for the origin of life. The fumarate
and succinate interconversion reactions have been conserved throughout evolution and are found in all living or-
ganisms. The fumarate and succinate interconversion is catalyzed by the enzymes succinate dehydrogenase
(SDH) and fumarate reductase (FRD).

In this work we show that SDH and FRD are part of a group of enzymes that we propose to designate “fumarate
reductase superfamily”. Our results demonstrate that these enzymes emerged from a common ancestor and were
essential in the development of metabolic pathways involved in energy transduction.

© 2017 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

The “Origin of Life” is the process which gave rise to living organ-
isms from non-living matter, such as simple organic compounds, and
occurred on Earth about 3.5 billion years ago (Awramik, 1992). In
this context, a non-enzymatic reverse tricarboxylic acid (TCA) cycle
that provided a core mechanism to produce carbon compounds
from CO, and water under prebiotic conditions has been hypothe-
sized (Wachtershauser, 1993). Thus, the intermediate molecules in
the TCA cycle, such as succinate and fumarate, are present in
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prebiotic systems of organic molecules essential for the origin of
life. Corroborating this hypothesis, the reaction pathways involving
fumarate and succinate have been conserved throughout evolution,
and enzymes catalyzing their interconversion are found in virtually
all living organisms, including eubacteria, eukaryotes and Archaea
(Hederstedt and Ohnishi, 1992).

The succinate:quinone oxidoreductases (SQOR) (EC 1.3.5.1) -
succinate dehydrogenase (SDH) and fumarate reductase (FRD) -
are oligomeric isoenzymes that catalyze the interconversion of fu-
marate and succinate under physiological conditions (Hirsch et al.,
1963). SDH activity was first detected in frog muscle in 1909
(Thunberg, 1909). SDH catalyzes the oxidation of succinate to fuma-
rate (reaction 1), a vital process in organisms that use the TCA cycle
for central carbon metabolism. In addition, this reaction is coupled to
the reduction of ubiquinone (UQ) to ubiquinol (QH,) (reaction 2),
thereby donating electrons to the aerobic electron transport chain
(ETC). On the other hand, FRD is a key component of anaerobic respi-
ration which catalyzes the reverse reactions. Thus, in the absence of
oxygen, fumarate acts as a final electron acceptor for anaerobic
respiration (Blaut et al., 1989). The interconversion of succinate
and fumarate by SQOR enzymes is reversible, besides in vivo the
oxidation and reduction reactions preferentially occur according to
each enzyme (SDH or FRD). In Escherichia coli, for example, the FRD
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is also able to catalyze succinate oxidation; however, with a lower
activity (Cecchini et al., 1986; Sucheta et al., 1993)

succinate—fumarate + 2H™ + 2¢~ (reactionl)

quinone + 2H™ + 2e”~ —quinol (reaction2)

SDH preferentially catalyzes the oxidation of succinate to fumarate
(E° = 430 mV) using an electron acceptor with a high reduction poten-
tial, such as ubiquinone (UQ) (E° = 4 100 mV). Finally, in the aerobic
ETC, oxygen has the high reduction potential (E* = 820 mV), thus oper-
ating as a final electron acceptor. On the other hand, FRD catalyzes the
reverse reaction, oxidizing an electron donor and reducing fumarate
to succinate. For this, the electron donor used by FRD must possess a
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lower redox potential than the fumarate/succinate. Thus, FRD cannot
use UQH as an electron donor, and the fumarate reduction is coupled
to the oxidation of a lower reduction potential quinol, such as
menaquinol (MQH,) (E° 73 mV) (Fig. 1A).

In Gammaproteobacteria, the succinate oxidation and fumarate re-
duction are carried out by independent enzymes which act as SDH or
FRD. On the other hand, in other bacterial clades and in Archaea, only
one enzyme with both activities can be found. Eukaryotes possess
only one enzyme that acts as a SDH in vivo. Despite the large scale ge-
nome sequencing projects which have provided SDH and FRD se-
quences from various organisms, the classification of these enzymes is
not obvious because it is based only on biochemical data, which has
not yet been determined for many species. Thus, without prior knowl-
edge of the physiological role of a particular enzyme in the metabolism
of a given bacterium, it is not possible to predict whether the enzyme
functions as a FRD or a SDH in vivo.
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Fig. 1. Schematic representation of the succinate:quinone oxidoreductase family. (A) Schematic representation of fumarate reductase (FRD) and succinate dehydrogenase (SDH) activities.
The graphics to the right represent the reduction potential of different components of aerobic and anaerobic electron transport chains. (B) Classification (types A-E) of succinate: quinone
oxidoreductases (SQOR) based on their hydrophobic domains and heme content. UQ - ubiquinone; cyt C - cytochrome C; MQ - menoquinone.
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