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Abstract

There are two homologous membrane-bound enzymes in Escherichia colithat catalyze reversible
conversion between succinate/fumarate and quinone/quinol. Succinate;ubiquinone reductase
(SQR) is a component of aerobic respiratory chains, whereas quinol:fumarate reductase (QFR)
utilizes menaquinol to reduce fumarate in a final step of anaerobic respiration. Although, both
protein complexes are capable of supporting bacterial growth on either minimal succinate or
fumarate media, the enzymes are more proficient in their physiological directions. Here we
evaluate factors that may underlie this catalytic bias.
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1. Introduction

Proteins comprising the complex 11 family are found in the inner mitochondrial membrane in
eukaryotes and the plasma membrane of many aerobic or facultative bacteria [1, 2]. They
catalyze reversible 2e™/2H* transfer between the water soluble dicarboxylic acids succinate/
fumarate and lipophilic quinone/quinol. Based on their role in cellular energetics, complex 11
enzymes are commonly classified as succinate dehydrogenases (Succinate:Quinone
Reductases, SQRs) and fumarate reductases (Quinol:Fumarate Reductases, QFRs). SQRs, as
a component of the tricarboxylic acid cycle, are predominately members of the aerobic
respiratory chain where they are responsible for oxidation of succinate to fumarate (£, =
+30 mV) and reducing ubiquinone to quinol (UQ, £,~ +100mV). QFRs are found in
anaerobic and facultative organisms such as bacteria, parasitic helminthes, and lower marine
organisms which utilize low potential quinols (menaquinol (MQH,, £,/-74mV) or
rhodoquinol (RQH,, £, =—63 mV)) to reduce fumarate in a final step of anaerobic
respiratory chains [3]. /n vivo electron flow between succinate/fumarate and quinone/quinol
usually proceeds in a thermodynamically preferable direction which may be set by the
availability and reduction state of the electron donor/acceptor. Organisms that are exposed to
changes in environmental oxygen concentrations during their life cycle often regulate the
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properties of their respiratory chains by modulating expression of high and low potential
quinones and adjusting the composition of the respiratory protein complexes [4].

The genomes of many Gram-negative bacteria such as Escherichia coli contain two operons
for complex 11 enzymes, one for SQR where expression is promoted by high environmental
oxygen and the second for QFR which is predominantly expressed under microaerophilic
and anaerobic conditions. Both enzymes share the ability to interact with UQ and MQH, and
can even replace each other /n vivo if they can be expressed [5, 6]. Comparison of the rates
of succinate-oxidation and fumarate-reduction reflects the physiological role SQR and QFR
portray in cells. For E. coli QFR, the greater driving force for the MQH, —fumarate
reductase direction (A £2100 mV) correlates with a higher rate in this reaction compared to
succinate-UQ reductase activity (A £=70 mV). However, the UQ-reductase activity of SQR
is 20-fold higher than the MQH,-fumarate reductase activity (Fig. 1A). The accumulated
body of data from early biophysical studies to recent progress in structural and mutagenic
analysis of E£. coli SQR and QFR provide insight into how these two enzymes are poised to
be catalytically most efficient in their preferred physiological activity.

2. Comparison of E. coli SQR and QFR

Since 1999 when the first x-ray structure of £. co/i QFR was published [7], structures for
five more complex Il enzymes have become available; including QFR from Wolinella
succinogenes [8] and Ascaris suum [9], as well as, SQRs from E£. coli[10], pig [11], and
chicken [12]. The overall structure of complex Il enzymes is very similar (Fig. 1B) and is
comprised of two domains which are independently stable. A soluble dehydrogenase
fragment catalyzes reactions of succinate oxidation and fumarate reduction with appropriate
artificial electron donors/acceptors. This domain consists of two subunits; a larger
flavoprotein (Fp, SdhA or FrdA, ~65 kDa) containing a covalently bound FAD cofactor and
an active site that binds the substrate for the reaction succinate or fumarate. A smaller iron-
sulfur protein subunit (Ip, SdhB, FrdB, ~27 kDa), contains three distinct iron-sulfur clusters,
[2Fe-2S]2+1%; [4Fe-4S]2*1+; and [3Fe-4S]1+0, linearly arranged for electron transfer
between the flavin and quinone catalytic sites. The Fp and Ip subunits share a high degree of
sequence and structural homology within the complex Il family [13]. In addition, Fp
proteins are also structural homologues of single subunit soluble bacterial enzymes, a
flavocytochrome fumarate reductase [14] and L-aspartate oxidase [15], which are able to
reduce fumarate and to oxidize a dicarboxylate substrate. This is consistent with the
structural similarity underlying the reversible mechanism for succinate/fumarate conversion
[16] and also suggests that members of complex Il family have evolved from a common
evolutionary ancestor [1]. The soluble domain is attached to the membrane through a
hydrophobic membrane anchor. The composition of the membrane-bound domain is the
main basis for further subdivision of complex Il enzymes into different types according to
number of subunits (one or two), type of quinone preferentially utilized (ubiquinone,
menaquinone, rhodoquinone) or number of heme b groups (none, one, or two) [17, 18]. In
the enzymes that lack heme b (£. coli QFR), or have only a single heme, such as £. coli,
avian, and mammalian SQR, the hydrophobic domain is comprised of two transmembrane
subunits (SdhCD or FrdCD, ~12-15 kDa each). A single catalytically active quinone
binding site is located at the cytoplasmic side of the membrane and proximal to the soluble
domain. Therefore, the protons needed for the reactions at the dicarboxylate and quinone
binding site are from the cytoplasm and neither succinate-quinone nor quinol-fumarate
reductase reactions are coupled with a transmembrane proton gradient (Fig. 1B).

The simplified reversible catalytic turnover of the succinate-quinone reductase reaction may
be described in several steps. First, flavin reduction occurs via the hydride transfer reaction
from succinate to the N5 position on the isoalloxazine ring of the flavin [16]. FADH, is
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recycled to FAD in a process that involves sequential transfer of single electrons to the
adjacent [2Fe-2S] cluster through formation of the intermediate flavin radical. Each electron
is further transferred to the bound quinone molecule via the array of the three iron-sulfur
centers. Finally, two electron reduction of a quinone molecule proceeds via a stabilized
semiquinone radical. It is often suggested that with such multi-centered redox proteins the
formation or breaking of covalent hydrogen-bonds associated with the succinate/fumarate
and quinone/quinol couples should be rate limiting. Therefore, the oxidoreductase reactions
occurring at the dicarboxylate and quinone binding sites, as well as electron transfer via Fe-
S clusters appear to be important in the control of the overall rate of catalysis of complex Il
enzymes.

3. Electron transfer pathways

Within the soluble domain the longest edge-to-edge distance of ~11 A is for intermolecular
electron transfer (ET) between the FAD of the flavoprotein subunit and the [2Fe-2S] cluster
of the iron-sulfur subunit (Fig. 1B). The 1.78 A resolution structure of W. succinogenes
QFR (Fig. 2A) showed the presence of several water molecules at the interface between the
FrdA and FrdB subunits with one water hydrogen atom bonded to the N6 of the FrdA His43
residue that covalently links the FAD moiety [8] [19]. This water was suggested to provide a
bridge for through-space jumps between N6 of His43 and a Cys residue, one of the ligands
for the [2Fe-2S] cluster [8]. Most complex |1 structures show the presence of these
conserved water molecules at the thin aqueous interface between the subunits, the lone
exceptions being the relatively low resolution £. coli QFR structures. For the water depleted
E. coli QFR structure a different ET pathway was calculated using GREENPATH software
analysis [20]. In this case a through-space jump from the ligating Cys 57 to FrdA Ala47 is
calculated followed by travel along the backbone to Ala 48 and then a jump to the flavin N5
atom (Fig. 2B). Residues Ala47 and Ala48 in FrdA subunit are not conserved among
complex Il enzymes and when calculations were done for an FrdA A47G mutation a path
similar to that for W. succinogenes QFR was suggested, 7.e., a jump from Cys57 to FrdA
His44 N&. These calculations indicate that water can influence ET reactions rates by
mediating the ET coupling pathway between FAD and the [2Fe-2S] cluster. Recent
experimental observations and theoretical analyses confirm that a small number of
structured waters between donor and acceptor cofactors may be essential for efficient
electron tunneling [21]. Therefore, one may predict that improved resolution of £. coli QFR
structure should reveal a similar interdomain aqueous layer.

The iron-sulfur subunit folds into two well defined domains. The [2Fe-2S] cluster is
coordinated by the N-terminal domain and the [4Fe-4S] and [3Fe-4S] centers are harbored
within the C-terminal domain (Fig. 3). The x-ray structures confirmed earlier work in which
a systematic substitution of Cys to Ser residues in £. co/i FrdB revealed that the [2Fe-2S]
cluster is part of a more stable and separate protein fold [22—24]. Although all-cysteinyl
coordination of the [2Fe-2S] cluster is most common for complex Il enzymes, in £. coli
SQR one of the Cys ligands is replaced by Asp A63 [10]. The influence of an Asp ligand on
complex Il [2Fe-2S] centers was examined using £. coli QFR in which the equivalent Frd B
Cys 65 residue was substituted by Asp. It had no effect on the midpoint potential of the
cluster and has little influence on the catalysis [25]. Interestingly, sequence analysis
confirms that an Asp in this position is reasonably well conserved in bacterial complex Il
enzymes, e.g.,Micrococcus luteus SQR.

The interdomain ET between the [2Fe-2S] and [4Fe-4S] centers comes through surface
contacts where water is not present in all high resolution complex I1 structures and the
residues separating these iron-sulfur centers are highly conserved throughout the complex Il
family (Fig. 3). A possible ET pathway in W. succinogenes QFR was suggested to involve a
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mediating Leu B75 residue [8]. In £. coli SQR SdhB, Leu73 is in van der Waals contact
with Cys B152, a ligand of the [4Fe-4S] cluster, and is connected by the polypeptide
backbone to Cys 77, a ligand to the [2Fe-2S] center (Fig. 3, path 1). An alternative ET path
is predicted between the [2Fe-2S] and [4Fe-4S] clusters by utilizing HARLEM
(www.harlem.chem.cmu.edu) calculations to the £. colif SQR structure. This path includes
Cys-B60, the neighboring Gly-B61 and a jump to Cys-B152 (Fig. 3, path 2). Werth et al.,
replaced individual Cys residues ligating the [2Fe-2S] cluster in £. coli QFR with Ser [24]
and showed that FrdB Cys55 and FrdB Cys60 (in £. col/i SQR numbering on Fig.3) affected
the EPR characteristics of [2Fe-2S] cluster and drastically decreased its midpoint potential
by more than =100 mV. This observation lead to the suggestion that these two Cys residues
are the ligands to the valence-localized Fe(ll) of the [2Fe-2S] cluster [20]. Also, the ET
pathway analysis is consistent with the redox role of the Fe; atom of the [2Fe-2S] cluster in
the SQR structure by providing electron tunneling via Cys57 to FAD (Fig. 2) and Cys60 to
the [4Fe-4S] cluster (Fig. 3). The arrangement of the [4Fe-4S] and [3Fe-4S] clusters shows
orientation of ligating Cys B155 and Cys-B212 residues towards each other, a common
structural arrangement for efficient ET found in respiratory enzymes (Fig. 3, path 3).

The [3Fe-4S] cluster is covered by a short amino acid loop, which is reminiscent of a classic
ferredoxin fold, and points towards the central core of the hydrophobic domain; a four-helix
bundle oriented perpendicular to the plane of the membrane. In £. coli QFR, a complex Il
(Fig.1B) not containing heme, the central position of the cytosolic side of the hydrophobic
domain is occupied by the quinone-binding site formed by residues from the FrdB, C and D
subunits (Fig. 4A). This catalytically active Q-binding site accommodates both benzo- and
naphthoquinones which undergo two electron oxidation/reduction via single electron
exchanges with the [3Fe-4S] cluster. The aromatic rings of these quinones and their
analogues lie within the same plane and 3 to 4 A from Thr-B205, a neighboring residue of
the ligating Cys-204 of the [3Fe-4S] cluster. The peptide backbone of these residues
comprises the main ET pathway. Several x-ray structures of the £. coli QFR protein show
the presence of a second bound quinone molecule at the periplasmic side of the membrane,
termed the distal Q-binding site. However, because of the large distance (~27 A) between
the proximal and distal quinone-binding sites and the absence of a redox candidate to
mediate electron transfer between them, it would appear unlikely that the distal (Qg)-site is
catalytically active [26].

Mammalian and £. coli SQR enzymes harbor a single low-spin heme 6 centrally located
near the cytoplasmic side of the transmembrane domain, similar to the position of the
functional Q-binding site in £. coli QFR (Fig. 1B). As a result, the quinone binding site in
SQR is shifted toward the outer rim of the hydrophobic domain but remains within close
proximity to the [3Fe-4S] cluster and heme b (Fig. 1B). The distances between all three
redox centers are suitable for efficient electron tunneling [27]. The presence of the heme &
and its catalytic role in complex Il has been considered enigmatic mostly because of the
well-studied bovine complex 11 with a low potential heme (£,, = —185 mV) that is not
reducible by succinate [28]. In contrast, the heme b of £. coli SQR is some 200 mV more
positive (£, = +36mV) than its bovine counterpart and is reducible by succinate [29]. The
presence of a quinone at the functioning quinone binding site is essential for fast heme 6
reduction with succinate [30], thus, indicating that heme 4 may not be an obligatory redox
center to mediate ET between the [3Fe-4S] cluster and ubiquinone. Indeed, mutagenesis
studies have shown that when either of the His residues coordinating the heme & is mutated
to Tyr, E. coli SQR still assembles and retains both quinone-reductase and quinol-oxidase
activity despite the total absence of the heme [31]. Although not essential for catalysis, the
heme is important for stabilization of the transmembrane domain and the four-subunit
complex [31]. SdhB His207, a residue homologous to the FrdB Thr205 position, is predicted
by the HARLEM program to be involved in the ET relay from the [3Fe-4S] center to the
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heme, while the side chain of conserved Ile-B209 would mediate electron tunneling between
the [3Fe-4S] and UQ (Fig. 4B).

The possible existence of a second quinone binding site in mammalian and similar bacterial
SQRs requires a more detailed discussion. The EPR detectable ubisemiquinone radical in
complex Il enzymes was first observed in membrane-bound bovine protein [32] and its
presence was later confirmed in the isolated enzyme [33]. The characteristics of the signal
indicated that it might originate from the interaction of ubisemiquinone with a second
paramagnetic species. At that time the spatial organization of complex Il was not
established. Among possible candidates for the partner interacting with UQ were a FAD
radical, another UQ radical, and a Fe-S cluster which we now know would have been the
[3Fe-4S] center. Although, the consistently observed association of the signal with the
[3Fe-4S] cluster suggested its involvement in the interaction, computer simulation was in
favor of UQ"™ : semiquinone interaction over UQ"™ : [3Fe-4S] interaction with a distance of
<7.7 A between the partners [32, 34, 35]. The hypotheses that a thermodynamically stable
ubiquinone pair may function as the two-electron gating system between iron sulfur clusters
of the soluble SdhAB and quinone pool, similar to the Qa and Qg pair of the bacterial
photosynthetic center, became a popular mechanism for complex Il function [36]. The
remarkable structural similarities and conservation of the critical residues around the
quinone binding site in SQRs enzymes suggests a similar molecular mechanism of catalysis.
In E. coli and pig/avian structures the distance between the [3Fe-4S] center and ligands
bound at the Q- binding site is less than 8 A [11, 37]. The precise position of the UQ
molecule at the Q-binding site varies in different structures. This could reflect the movement
of the UQ molecule from the primary binding position at the opening of the cavity into a
deeper position which is the actual catalytic site. Importantly, the Q-binding site is not large
enough to accommodate a second ubiquinone molecule [10, 26, 38, 39]. Similarly to £E. coli
QFR, the SQR structures present a distal cavity at the periplasmic side of the hydrophobic
domain and ~25 A away from the Q-binding site. This cavity is fairly hydrophobic and
several lipophilic molecules were found in it; cardiolipin in the £. coli enzyme and
phosphatidyl-ethanolamine in avian and porcine SQRs. Also, the first structure of porcine
SQR with theonyltrifluoroacetone (TTFA), a Q-site inhibitor, showed the presence of a
second inhibitor molecule near the distal cavity, thus termed the distal Q-site. However, 20
different structures of Q-site inhibitors within the porcine structure are now available [40,
41] and all inhibitors are present only at the catalytic Q-site proximal to the [3Fe-4S]. Thus,
existence of the second TTFA molecule in the initial structure most likely is the result of
high concentrations of the inhibitor used during the crystallization. If electron transfer
between the two quinone-binding sites occurs then the heme 6 should be an essential
component for mediating the electron transfer pathway as it is for di-heme QFR from W.
succinogenes [42] and SQR from Bacillus subtilis [18]. 1t is worth repeating that in E. coli
SQR assembled without the heme catalysis in both directions was not significantly affected
and, in addition, the heme-less enzymes retained the EPR detectable UQ®~ radical with the
same properties as in the wild type enzyme [31]. Therefore, in light of the recent structural
and mutagenesis studies the paramagnetic partner that interacts with UQ"~ radical observed
in the bovine enzyme is likely to be the [3Fe-4S] center.

4. Kinetic properties of complex Il enzymes

Kinetic analysis of complex Il enzymes is usually limited to conventional steady-state
assays using visible spectrophotometry. The physiologically relevant reactions are probed
with different quinone analogs while partial reactions of succinate/fumarate oxidoreduction
are performed with a number of artificial electron donors/acceptors [43]. The rates of
succinate oxidation by SQR and QFR are similar when measured with UQ or an artificial
electron acceptor. Measured rates are about 100 s and 30 s~1 for £.co/i SQR and QFR,
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respectively (Fig. 1LA). The rates of the fumarate reductase reaction of £. coli QFR, as well
as W. succinogenes QFR and B. subtilis SQR (enzymes whose natural electron donor is
MQH,) are dictated by the reduction potential of the electron donor. Maximal rates for
fumarate reduction are measured using low potential donors such as methyl viologen (£, =
-395 mV) and benzyl viologen (£,; =—359 mV). Using these donors E. coli QFR shows
rates of fumarate reduction of ~400 to 800 s~ [44]. This fast rate of fumarate reduction,
however, is not found with enzymes classified as SQRs which utilize UQ as the natural
electron acceptor. In SQRs there is a specific inhibitory effect of the increased
thermodynamic driving force (/.e., low potential driving force greater than ~—70 mV) on the
fumarate-reductase activity [45]. This will be discussed further in section 8 of this review.

In addition to the spectrophotometric methods discussed above, protein film voltammetry
(PFV) has been used to measure ET rates within the soluble two subunit (Fp-Ip)
dehydrogenase domain of complex 11 [44, 46, 47]. During PFV experiments the soluble
enzyme is adsorbed on a pyrolytic graphite ‘edge’ electrode which replaces the quinone as
the electron donor/acceptor. The assumption is that the electrons enter the enzyme via the
relatively exposed [3Fe-4S] center. This method allows for the determination of the
reduction potential of the redox centers (FAD and Fe-S clusters) including reactions with
apparent catalytic ET rates up to 1500 s~1 for FAD reduction in the presence of fumarate
[47]. Unden et al. [48] used succinate/fumarate and low potential naphthoquinol to
determine rate constants of reduction/oxidation of the W. succinogenes QFR components
using stopped-flow spectrophotometry for solution kinetics for heme(s) 6 and freeze-quench
EPR for the Fe-S centers. The rate constants for the individual redox centers were found to
be very close to that for the corresponding catalytic turnover (13 s™1 for succinate reduction
and 133 s71 for reduction with 2,3-dimethyl-1,4-naphthoquinol). Thus, indicating that the
rate limiting steps are at the level of electron entry into the system, in other words, at the
active sites.

One experimental obstacle in kinetic studies is the presence of inhibitory tightly bound
oxaloacetate at the active site of many well studied complex Il enzymes. Oxaloacetate
dissociates very slowly from the complex with oxidized SQR/QFR enzymes and prevents
interactions with succinate causing the major complication for kinetic experiments [49]. In
order to remove oxaloacetate, complex Il preparations have to be incubated with substrates
or their analogs that compete for the enzyme’s substrate binding site. However, not all of the
substrate analogs can be used: malate, for instance, can be desaturated into oxaloacetate at
the active site of complex Il enzymes [50]. Prolonged incubation with fumarate also results
in apparent conversion of fumarate to malate-like intermediates, tautomeric forms of
oxaloacetate involving the C2 and C3 atoms of four-carbon substrates [12, 14]. Malonate, a
three-carbon dicarboxylic acid, was shown to resist such modifications and is found to be
the best ligand for activation of complex Il enzymes [12].

Recently, pulse radiolysis was used to introduce a single electron from a strongly reducing
N-methylnicotinamide radical which reacts with proteins with second-order rate constants in
excess of 108 M~1s~1, making it possible to follow characterize subsequent slower
intermolecular ET [27]. It was suggested that [3Fe-4S] cluster or bound quinone were
initially reduced followed by equilibrium with heme 5, where reduction with rate constant of
7.2 x 1074 s71 (ubisemiquinone to the heme) and 1.2 x 1074 571 ([3Fe-4S] to the heme) was
monitored spectrophometrically These data showed that at least for £. co/i SQR the high
potential heme & is in electronic equilibrium with the quinone of complex 11. Unfortunately,
because of the limitations of the optical detection method, pulse radiolysis cannot be applied
for determination of the rates between the Fe-S clusters. Nevertheless, the conventional
steady-state kinetic methods are able to assess how changes in thermodynamic properties of
individual Fe-S clusters affect the physiological reactions in complex Il enzymes.
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5. EPR application for complex Il studies

Continuous wave EPR has been the basic technique used in the studies of the iron-sulfur
clusters and radical species in complex Il enzymes for detection, quantization,
characterization of the redox properties, and interspin interactions [2, 51-53]. It still remains
the only method that allows for the detection of the FAD and Q semiquinone species and is
the most reliable approach for the determination of the reduction potential of the Fe-S
clusters, especially in the membrane bound complex 1l enzymes. An important requirement
for the analysis and assignment of specific experimental observations in biological samples
is the ability to study the contributions individually arising from particular species. In
proteins with multiple redox centers, such as complex 11, the EPR spectral lines are often
overlapped and broadened, thus, becoming more difficult to analyze. In many cases
separation of the individual spectra from overlapping resonance lines may be achieved by
biochemical methods and pulsed EPR methods exploring the temperature dependence of
relaxation times.

Pulsed EPR techniques (such as Electron Spin Echo Envelope Modulation (ESEEM) and
Electron-Nuclear Double Resonance (ENDOR)) that are able to probe interactions between
the electron spin of a paramagnetic species and magnetic nuclei (such as H and 14N) of the
protein can provide information about the local spatial and electronic structure relevant to its
function, independent of a complete crystallographic structure [54-58]. The isotropic and
anisotropic hyperfine, and nuclear quadrupole interactions with magnetic nuclei depend on
the structure local to the paramagnetic center (iron-sulfur clusters, radical species), and its
electronic state. ESEEM spectroscopy was used to study the reduced [2Fe-2S] and oxidized
[3Fe-4S] clusters [53, 59-64]. The range of 14N nuclear frequencies observed in the three-
pulse ESEEM spectra was similar between [2Fe-2S] and [3Fe-4S] giving the same
quadrupole coupling constant e2qQ/h~3.2-3.4 MHz indicative of peptide 14N(s). Hyperfine
coupling with these nitrogens are ~ 1.0-1.2 MHz for [2Fe-2S] and two times smaller, 0.5—
0.9 MHz for the [3Fe-4S] cluster [63]. The experimentally determined hyperfine and
quadrupolar coupling constants are consistent with a peptide 14N hydrogen bonded via a Cys
ligand or bridging sulfur atom rather than directly coordinated to the iron. Particularly, this
data definitively excludes an imidazole ring as a ligand of the iron as in the case of Rieske
proteins [53].

Thus, ESEEM experiments identified a presence of at least one hydrogen bond with peptide
nitrogen around the reduced [2Fe-2S] and oxidized [3Fe-4S] cluster, but without any
confirmed assignment to a particular residue in the protein structure. This has also precluded
the detailed analysis of the path involved in transfer of the spin density creating the observed
coupling. Even an attempt to identify H-bond donors around the [2Fe-2S] cluster using
comprehensive 2D ESEEM spectroscopy was not able to unambiguously assign hydrogen
bonded nitrogens because of the complex character of the orientation-selected spectra and
dependence of the simulated spectra from a large number of parameters [65]. A more
promising approach applied recently to iron-sulfur clusters [66, 67] and semiquinones [68,
69] is based on selective 15N isotope labeling of residues of interest using a set of
auxotrophs in a commonly used E. coli expression strain C43(DE3), a derivative of £E. coli
BL21(DE3) [66, 67]. The nitrogen H-bond donors carry unpaired spin density producing an
isotropic hyperfine coupling and were identified unambiguously using 15N selective labeling
approach in conjunction with 2D ESEEM. This methodology could be a valuable tool for
studying the immediate protein environment, especially the hydrogen bonding interaction
with altered protein environments around Fe-S centers and quinone binding sites in complex
Il proteins.

Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maklashina et al.

Page 8

6. Effect of the redox properties of the Fe-S clusters on the catalytic bias

activity

It is generally recognized that potentials of the iron sulfur clusters in complex Il enzymes
corresponds to the physiological direction of the reaction and the partnering quinone. Table
1 combines thermodynamic data available for different complex 1l enzymes. The £, of
flavin reversibly interacting with succinate/fumarate is similar for SQRs and QFRs. The
midpoint potential of soluble FAD (£,,;=-219 mV) is significantly increased to about —80
mV in complex Il enzymes as a result of a covalent attachment of FAD to SdhA His45/FrdA
His44 (E. colienzymes) via an 8a-[N(3) histidyl] linkage [70]. This allows FAD reduction
with succinate and reoxidation by fumarate. The [2Fe-2S] center, the immediate electron
partner to FAD, is more positive in all functional SQRs (regardless of their quinone
partners) than in QFRs. While the [4Fe-4S] cluster was recognized as a part of SQR, it was
not initially considered to be involved in the electron transfer because of its very low redox
potential. Nevertheless, its location midway in the Fe-S electron transfer relay found in the
complex I1 structures implies a direct participation in ET. Also, it is now recognized that
electron tunneling will be efficiently accomplished through a low potential center in the
preferred direction [71]. Interestingly, the £, values of the [3Fe-4S] center in complex Il
enzymes are commensurate with the preferable quinone substrate. The cluster exhibits
higher potentials in enzymes whose natural quinone partner is UQ rather than MQ (Table 1).
The correlation of generally higher £, potentials for SQRs than for QFRs has often been
interpreted as an evolutionary adaptation that underlines the kinetic advantages for
succinate:ubiquinone reductase over menaquinol:fumarate reductase direction. Yet the
relationship between electron transfer and the reduction potentials of individual Fe-S
clusters have been rarely established in biological systems. £. coli SQR and QFR, because
of their sequence and structural homology and ease in genetic manipulation have become
useful models for testing how redox properties of individual Fe-S centers influence the
overall catalytic turnover in complex Il enzymes.

Amino acid substitutions in £. coli QFR have been made both to verify ligands of the cluster
[24, 25], including those involved in the [3Fe-4S] to [4Fe-4S] conversion [22], and to
change residues surrounding cluster with the intent to affect its redox properties. Known
thermodynamic properties of the redox cofactors in complex Il enzymes are given in Table
1. As noted, the £, value of the [4Fe-4S] cluster in £. coli QFR is about 145 mV lower than
in E. coli SQR (Table 1). To better understand the role this low potential cluster plays in
catalytic activity different residues have been targeted for mutagenesis in both QFR [44] and
SQR [72] but with mixed results. For example in the FrdB subunit Leul53 and Tyr155 were
substituted with Cys and Ser residues respectively, that occupy homologous positions in
SQR [44]. The structure of £. coli SQR shows that SdhB C154 and SdhB S156 each provide
a H-bond to different ligating cysteinyls. Presence of hydrogen bonds from side chain
residues to the bridging sulfur atoms of Fe-S cluster or coordinated cysteine residues
stabilizes the reduced form and, thus increases the midpoint potential of a cluster. Studies on
the Rieske [2Fe-2S] cluster, a redox center of bc; complex, have shown that changes in the
observed redox potentials of the cluster are a direct result of individual H-bonds where each
cause about a 45 to 140 mV positive shift in the £, of the cluster [73-77]. A positive shift
of +54 mV in a single mutant FrdB L153C correlates well with the Rieske protein data.
However, an FrdB Y155S variant produced a negative shift of similar amplitude (-46mV).
Neither of these mutant enzymes was crystallized so the structural impact of the mutations
may only be projected; from small, which likely put the side chain of L153C in appropriate
position for donation of a hydrogen bond to the cluster, to more significant alterations in
case of Y155S. The role of [4Fe-4S] cluster as a factor governing the efficacy of long-range
electron transfer was examined in protein film voltammetry (PFV) using the soluble FrdAB

Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maklashina et al.

Page 9

catalytic fragment of the mutant enzymes [44]. No significant differences for the rates of
catalysis were observed upon 100 mV change in reduction potential of the [4Fe-4S] cluster,
supporting the suggestion that as long as distances between the centers and driving force
remains the same, the rates of ET should not be affected [78]. One interesting observation
related to [4Fe-4S] properties was noticed in that study. Since PFV could extend the range
of potentials beyond those of natural substrates, applied potentials that maintain the [4Fe-4S]
cluster in the reduced state boost catalysis by up to 50%. This was explained as a possible
thermodynamic advantage to boost FAD reduction due to increased electron supply at both
the [2Fe-2S] and [4Fe-4S] cluster [44].

In the SQR study, non-polar residues SdhB 11e150 and Leu220 were chosen for mutagenesis
based on their relative proximity to the [4Fe-4S] cluster [72]. The L220S substitution caused
a pronounced decrease in enzymatic activities in both directions and a shift by =70 mV of
the £, of the [3Fe-4S] center without affecting the reduction potential of the [4Fe-4S]. The
11e150 residue was substituted by Asp and His residues. Introduction of a positive charge
from the His side chain next to Fe-S clusters had also been a successful approach to raise the
potential of clusters by 100-200 mV in bacterial ferredoxin [79]. Surprisingly, both
mutations of SdhB I1e150 decreased the £, values of the [4Fe-4S] cluster by as much as
—-120 mV with similarly reduced activity (by more than 50%) for both succinate oxidation
and fumarate reduction. It was concluded that the £, values of the [Fe-S] clusters in SQR
indicate a preference for the forward reaction of succinate oxidation over the fumarate
reduction reaction. However, since structural changes caused by a protein alteration were
not monitored it appears that this may be a critical factor in interpretation of the
consequences of mutations.

In E. coli SQR/QFR the [3Fe-4S] centers show ~140 mV difference in redox potentials. In
SQR the £,~=+70 mV is near the potential of its electron acceptor UQ, and in QFR (&£,~
=70 mV) it is almost isopotential with its donor MQH, (Table 1). This suggested that tuning
of the reduction potentials of the immediate electron donor/acceptor with quinone may have
been evolutionary selected. Recently a study was undertaken to evaluate (a) the role of His
or Thr residues occupying the equivalent position in £. co/i SQR and QFR [80]. There is a
short loop of five residues between two of the Cys ligands to the [3Fe-4S] cluster. This loop
covers the cluster and provides a similar environment for H-bonding contact patterns from
the backbone nitrogen to the sulfur atoms of the cluster for both enzymes. The side chain of
a residue that is adjacent to the liganding Cys at the start of this loop is involved in
interactions with quinones in both SQR and QFR (Fig. 4.). The substitution of SdhB His207
with Thr (the residue that occupies the same position in FrdB) caused a =70 mV negative
shift of the reduction potential of the [3Fe-4S] cluster [80]. The converse substitution FrdB
T205H raised the £, value of the cluster by +82 mV. In spite of the modest changes in £,
values of the cluster, the catalytic rates remained basically unaffected. The x-ray structure of
the SAhBH207T variant showed only minor changes caused by the substitution with no
apparent effect on the redox properties of heme £ and no effect of UQ-reductase and quinol
oxidase activities. A more pronounced inhibition of catalysis in FrdB T205H is most likely
associated with the introduction of the bulkier side chain into the Q-binding cavity (Fig. 4A)
rather than with the change in the reduction potential of the [3Fe-4S] cluster caused by
mutation.

It is striking that those two studies that report negative, approximately =70 mV, shifts in £,
values of the [3Fe-4S] cluster in £. coli SQR conclude different functional outcomes. While
SdhB H207T mutation causes 10% and 30% decrease the activity in succinate:UQ and
MQH,:fumarate reductase reaction, respectively [80], in the SdhB L220S substitution the
succinate oxidize activity is reduced by 80% and fumarate reductase by 90% [72]. Protein
alteration may cause a variety of short and long distant perturbations in the protein scaffold
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and it is crucial to enhance (whenever possible) mutagenesis studies with structural
evaluation. Work by Ruprecht et a/. [80] represents the most comprehensive study thus far
correlating changes in the reduction potential of a Fe-S cluster with catalysis in complex Il
enzymes.

It is also appears that conservative substitutions that retain a spatial occupation of the side
chain cause minor changes in protein structure. Further, it has been long recognized that
hydrogen bonding to both ligating and bridging sulfur atoms increases £, values of Fe-S
clusters. It is well illustrated by the studies on Rieske proteins where observed decreases in
midpoint potentials of the [2Fe-2S] clusters resulted from the mutation of Ser and Tyr
residues providing hydrogen bonds to the sulfur atoms of the cluster [75]. The
crystallographic studies confirmed that Ser to Ala and Tyr to Phe substitutions have no
impact on the protein scaffold and changes in redox potential of the cluster were a direct
consequence of the removal of individual hydrogen bonds. In the cytochrome b¢; complex
the Reiske [2Fe-2S] cluster is thermodynamically poised to set the quinol oxidation rate.
The Rieske high potential [2Fe-2S] cluster is an essential component of the respiratory bc¢;
and photosynthetic bgfcomplexes, in which it is the primary electron acceptor and drives the
reaction by oxidizing ubiquinol and transferring one electron to cytochrome ¢, while the
second electron is used to reduce the low potential £ heme, thus, making the reaction
practically irreversible [73, 76]. Mutagenesis studies on several Rieske proteins are
consistent and demonstrate that the decrease in the reduction potential of [2Fe-2S] cluster
also reduces catalytic turnover [73-76]. On the average, a —60 mV shift in £, values of the
[2Fe-2S] cluster caused about a 40% decrease in activity while in proteins with changes that
exceeded —100 mV differences less than 10% of activity is retained.

In contrast to the Rieske protein, in complex Il enzymes the [3Fe-4S] cluster is in electron
equilibrium with quinone/quinol and redox reactions of quinones are readily reversible.
There is no clear indication that changes in the £, values of individual Fe-S centers could
differently affect succinate-UQ and MQH> reductase activities. However, we should
emphasize that the standard assays used for complex Il activity are performed using
conditions that provide a significant electron driving force for each direction due to the high
reduction and oxidation states for the exogenously added electron donors and acceptors,
respectively. These assays may mask the physiologically relevant change in activity when
reduction states of the substrates reflect different metabolic conditions. Thus, modification
of kinetic methods may be very informative for understanding the relationship between the
reduction potentials of the Fe-S centers and catalysis.

7. Role of the quinone-binding site in reactions with UQ and MQ in E. coli

SOR

Recent progress in understanding of the mechanism of redox reactions of £. coli complex 11
enzymes with ubi- and menaquinones at a single Q-binding site has been reviewed [26]. The
structural and kinetic data all indicate that the methoxy substitutents of the benzogquinone
ring play an important role in catalysis in general and could be a major factor that
discriminates mechanisms of complex Il reactions with UQ versus MQ. The methoxy
groups not only have an impact on the redox potential of the quinone and on catalytic
activity with proteins [81], but also appear to be important for movement into the catalytic
position within the active site and also stabilization of the semiquinone intermediates during
redox reactions [82] Opposite to most fumarate reductases, where rates of quinol-fumarate
reductase reactions are set by the thermodynamic properties of the UQ and MQ derivatives
[83, 84], £. coli SQR shows low rates of the MQH,-reductase reaction which is only twice
higher than with UQH, (Fig. 5C). Interestingly, the fumarate reductase reaction of £. coli
SQR with plumbagin (PB, 5-hydroxy-2-methyl-1,4-naphthoquinone) was significantly
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higher (17 s71). PBH, (£, =—40mV) has been shown to be a convenient substrate for
several bacterial anaerobic reductases [85].

The precise positions where ubiquinone intermediates are stabilized during the catalysis are
not known, but a conserved Tyr residue from SdhD is found hydrogen bonded to the O1-
carbonyl of UQ in most x-ray structures (Fig. 5A). A pendulum like movement of the
quinone into the deeper part of the cavity to establish a H-bonding contact of O4 carbonyl
with the side chain of Ser C39 has been postulated that facilitates proton exchange with
ubiquinone and is critical for activity [26]. Earlier studies investigated the interaction of
bovine SQR with UQ analogues have shown a complete loss of the activity with substrates
in which 2- and 3- methoxy groups of the benzoquinone ring were substituted with a methyl
group [86]. The structure of avian SQR with bound ubiquinone shows two water molecules
hydrogen-bonded to the protein and methoxy groups of UQ molecule (Fig. 5A). That
suggests that the key role of the methoxy groups for catalysis may be associated with their
involvement in a proton shuttle for redox reactions with quinones. Figure 5C demonstrates
that another natural quinone plastoquinone (PQ) where methoxy groups are substituted with
methyl groups shows no activity with SQR. Of note, absence the 6-methyl group in PQ
molecule does not allow significantly efficient quinone reduction in complex 11 [86]. It
appears that one of the ways that makes SQR a predominant succinate-ubiquinone reductase
is by restricting a productive interaction with menaquinol.

8. Inhibition of fumarate production in SQR at low reduction potentials

The dicarboxylate active site where succinate and fumarate interact with flavin also provides
an opportunity to control electron flow in complex 1l enzymes. There is a unique
phenomenon related to catalysis at the dicarboxylate binding site and is associated with
functional SQR enzymes. It can be observed in conventional steady-state kinetic
experiments with low potential electron donors as rates of fumarate reduction are
accelerated with a decrease in reduction power of the electron donor [87]. The same effect
was observed in PFV experiments of the soluble dehydrogenase fragment of £. co/i SQR
[45, 46]. These electrochemical properties of SQRs have been described as similar to that of
a tunnel diode, which is a device displaying negative resistance in a certain range of
electrochemical potentials. The succinate dehydrogenase enzyme is proficient in fumarate
reduction above the potential of =70 mV with catalysis severely restricted at the potentials
below this value. As a result, the driving force set for a productive fumarate reduction in
QFR would impair the same reaction in SQR. The molecular mechanism for the tunnel-
diode effect in SQR is yet to be understood. However, flavin has been identified as the most
plausible candidate to exert this behavior [46]. There is a remarkable structural homology
surrounding FAD and the dicarboxylate binding site with one notable exception. In the same
position that puts a side chain within 5A from the N5 position of the flavin there is a
negative Glu45 in SdhA and neutral GIn44 in FrdA. Even though the reciprocal substitution
of the residues did not induce diode-like behavior in QFR mutant, it significantly perturbed
the overall reactions of both SQR and QFR enzymes [88]. The overall activity dropped for
both enzymes. Nevertheless, QFR and SQR appeared to be more efficient succinate oxidases
when GIn was in the target position and better fumarate reductases when Glu was present.

In addition, there is another essential property of complex Il enzymes that relates to the
flavin and distinguishes £. coli QFR from SQR, /.e,, the ability to generate reactive oxygen
species (ROS). Oxygen toxicity in cells are usually due to two major ROS products,
hydrogen peroxide and superoxide and some evidence shows that mammalian complex 11
along with other respiratory chain proteins plays a role in cellular oxidative stress [89, 90]. It
was shown that £. coli QFR produces a mixture of H,O, and O,*~ and the rate of generation
and proportion of these species depends on the reduction levels of the flavin [91]. At low

Biochim Biophys Acta. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Maklashina et al. Page 12

potentials, two electron autoxidation of FADH, proceeds with significant rates of H,O,
production, while lower reduction levels promote monovalent oxidation and O,°*~ formation.
In contrast to QFR, £. coli SQR does not generate H,O, and superoxide is the predominant
product. This reaction also occurs at much lower rates in comparison with £. coli QFR. The
observed differences in ROS production by £. coli enzymes was linked to apparently higher
flavin exposure to solvent in QFR that allows high rates of ROS production [91]. Still, there
is no crystallographic support for this notion. The predominant production of superoxide by
SQR may be attributed to enhanced stabilization of the flavin radical in SQR due to a
neighboring high potential [2Fe-2S] center.

9. Conclusion

Here we focused on several factors that may govern the efficacy of £. co/i SQR and QFR
enzymes in succinate-UQ and MQH,-fumarate reductase reactions. Clearly, the catalysis at
the active sites largely determines and controls the rate of enzymatic turnover. While QFR
has no restrictions against interaction with succinate/fumarate and UQ/MQ, SQR has
developed mechanisms that prevent proficient reaction in the MQH,-fumarate reductase
direction and involve both catalytic sites. Yet, the role by which reduction potentials of the
Fe-S clusters affects electron transfer rates through the enzymes remains uncertain. Based on
mutagenesis data obtained for both enzymes it seems that catalytic activity is resistant to
changes if a single cluster is involved. It is, however, possible that “it takes two to tango”
and unidirectional simultaneous changes in redox properties of the [2Fe-2S] and [3Fe-4S]
clusters may affect the physiological turnover. The flavin in £. coli QFR is a powerful ROS
generator and evolutionary adaptation that raises the oxidizing potential of Fe-S centers may
be achieved in aerobic SQRs in order to decrease the reduction state of FAD and, thus,
oxidative stress. Further studies will be necessary to fully understand the physiological and
evolutionary influence of the structural differences in complex Il enzymes. Moreover, study
of complex 11 has sparked renewed interest because of its role in cellular physiology and
increased associations with diseases in humans. To date more than 400 unique DNA variants
in complex I1 genes have been associated with tumorogenesis and neurodegeneration [92]
which is an area of intense investigation. Understanding electron flow and catalysis may aid
in providing insight into the role of complex Il and mitochondrial function in disease.
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Figure 1. E. coli SQR and QFR

(A) Catalytic activity (TN, turnover number) of SQR and QFR with UQ and MQ [43]. (B)
The overall structures and spatial arrangement redox centers in £. coli QFR (pdb: 1KF6 [7],
left) and SQR (pdb:2WDQ [39], right). The flavoprotein subunits (SdhA/FrdA) are shown in
blue; the iron protein subunits (SdhB/FrdB) are in purple. The transmembrane subunits are
in pink (SdhC/FrdC) and gray (SdhD/FrdD). The specific quinone site inhibitor 2-7+
heptyl-4-hydroxyquinoline- A-oxide (HQNO) for QFR is shown in cyan and the specific
quinone site inhibitor carboxin for SQR is shown in green. Oxaloacetate bound near the
isoalloxazine ring of FAD is shown in magenta. The edge-to-edge distances (A) of redox
active centers are indicated. The partial reactions at the catalytic sites are diagrammed in the
QFR structure.
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B FrdB

Figure 2. Electron transfer pathways between FAD and [2Fe-2S] cluster

(A) The structure of W. succinogenes QFR (pdb: 2BS2 [19]) demonstrates a water molecule
hydrogen-bonded to His A45 and within van der Waals distance to Cys B55 [8]. This water
mediates ET coupling pathway between FAD and the [2Fe-2S] cluster. (B) GREENPATH
calculations outline the ET path in £. co/i QFR (pdb:1KF6 [7]) according to [20]. Path 1 is
calculated for the wild type structure and path 2 when Ala A47 was /n sifico mutated to Gly.
SdhA/FrdA subunits and their residues are in blue and SdhB/FrdB in teal; the distances
between the atoms (A) are indicated next to the dashed lines.
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Figure 3.

Electron transfer pathways between iron-sulfur clusters in SdhB of £. co/i SQR. The N-
terminal [2Fe-2S] domain is shown in teal and C-terminal in purple. Dashed lines show
through-space jumps. Path 1 (C75, A74, L73, and 3.8 A jump to C152) and Path 2 (C60,
G61, and 3.8 A jump to C152) are for [2Fe-2S] and [4Fe-4S] centers. Path 3 (C155 and 3.8
A jump to C152) is for [4Fe-4S] and [3Fe-4S]. Residues involved in ET are shown as sticks,
while other ligating residues are shown as thin lines.
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Figure 4. Spatial arrangements of redox groupsin the hydrophobic domain and [3Fe-4S] cluster

in E. coli complex |1 enzymes

(A) In QFR Cys B204 and Thr B205 mediate electron transfer between MQ and [3Fe-4S].
(B) His B207 in SQR provides ET coupling between [3Fe-4S] and heme 4. lle B209 is a
residue mediating ET between UQ and [3Fe-4S]. Carboxin occupies a position deep in the
UQ binding site and within van der Waals distance to the heme propionate. This would be
similar to the position of UQ during catalysis and within effective ET distance to heme b.
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Figure 5. Role of the hydrophilic substitutionsin quinonerings for SQR catalytic activity

(A) Ubiquinone at the active site of avian SQR (pdb:1YQ3 [37]). (B) Chemical structures of
quinones substrates for SQR. (C) Catalytic activity of £. co/i SQR in succinate-oxidase and
fumarate-reductase reactions with different quinones [30, 43].
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