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Abstract

Complex II, or succinate dehydrogenase, is a vital component of
aerobic life. Its function is critical for both the tricarboxylic acid cycle and the
mitochondrial respiratory chain since it catalyzes the oxidation of succinate
to fumarate, liberating two electrons that feed into the lipid-soluble quinone
pool. Despite over 50 years of research, and the fact that it is the simplest of
all the mitochondrial respiratory chain complexes, there is still much to learn
regarding the catalytic mechanism of complex II. In recent years, there has
been a renewed interest in this enzyme, due to its central role in a subset of
human cancers, hereditary paraganglioma and pheochromocytoma. For my
research, I chose Escherichia coli succinate dehydrogenase as the model
system due to its innumerable similarities to mitochondrial complex II. In
chapter two, I examine key residues that enable succinate dehydrogenase to
interact with its quinone substrate. Chapters three and four focus on the
function of the single b-type heme in the enzyme, and its potential role, or
lack thereof, in enzyme catalysis and suppression of reactive oxygen species
production. In chapter five, microsecond freeze-hyperquench experiments
are utiilized to empirically quantify electron transfer rates through the
succinate dehydrogenase iron-sulfur cluster relay, and examine the control

that endergonic electron tunneling steps exert on those rates.
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Chapter 1: General Introduction



“Life is beautiful. Life is a struggle. Life is a beautiful struggle.” - Dante Terrell Smith

(a.k.a. Mos Def)

1.1 Introduction to Bioenergetics

The resiliency of life on this planet is awe-inspiring. From the bitter cold of
the Antarctic ice sheets to the blistering heat of the deep-sea hydrothermal vents,
life has developed to fill every ecological niche. It isn’t easy: life requires work, and
work is energy. No matter the ecosystem, for life to continue there must exist a
constant supply of harvestable energy from which organisms can power the
multitude of chemical reactions that make survival possible. The key here is the
ubiquitous molecule ATP, adenosine 5’-triphosphate, which powers many of the
useful metabolic reactions within the cell via its coupled hydrolysis to adenosine 5’-
diphosphate (ADP). Whatever the primary energy source available to an organism
is, that energy must ultimately be converted to the currency of ATP. This is the
problem that all life characterized thus far has solved and it forms the basis for the
study of bioenergetics.

In this thesis, I examine a tiny piece of that system: complex II
(succinate:quinone oxidoreductase, SQR; succinate dehydrogenase, Sdh). Complex II
oxidizes succinate to fumarate while also reducing ubiquinone (UQ) to ubiquinol
(UQHz). Using the Escherichia coli enzyme as the model system, structure-function
relationships are studied in order to gain insight into the sophisticated catalytic
mechanisms of complex II. Particular focus is given to the examination of electron

transfer and quinone chemistry within the membrane-spanning domain of SQR.



1.1.1 Mitochondria

In order for most eukaryotic cells to meet their constant energy demands,
they have developed specialized organelles called mitochondria. The mitochondria
are ATP “factories” and in humans, these organelles can turn over the equivalent of a
full body weight’s worth of ATP in a single day (1). In addition to their role in energy
conservation, mitochondria function in a variety of other cellular processes such as
regulation of the cell cycle, cell signaling, embryonic development, and apoptosis
(2).

According to the theory of endosymbiosis, mitochondria originated when a
primitive single-celled organism, ancestral to modern eukaryotes, enveloped a
Rickettsia-like bacterial cell, eventually developing a mutual dependence (3).
Accordingly, mitochondria also have their own genomic DNA (mtDNA), located in
the matrix and distinct from nuclear DNA, with its own transcriptional /translational
machinery. The mtDNA is believed to be a remnant of the original endosymbiont
genome; although mtDNA codes for a handful of genes, over 95% of the
mitochondrial proteome is nuclear encoded (4).

The architecture of a typical mitochondrion is unlike that of any other
cellular organelle and they are similar to modern gram-negative bacteria, such as E.
coli. Mitochondria are organelles with dual membrane architecture: an inner and an
outer membrane, which creates two distinct compartments within the organelle.
The central compartment is the mitochondrial matrix, which is enveloped by the

inner membrane. The space between the inner and outer membranes is called the



intermembrane space. Likewise, E. coli cells also have both an inner and outer
membrane. The bacterial cytoplasm and periplasm are structurally equivalent to the
mitochondrial matrix and intermembrane space, respectively. As far as ATP
production is concerned, the inner membranes are the most important as it is here

where the energy transducing enzymes are located.

1.1.2 Aerobic Metabolism - the Tricarboxylic Acid Cycle

During aerobic metabolism, numerous cellular catabolic processes
eventually converge on the tricarboxylic acid (TCA) cycle, which occurs within the
mitochondrial matrix. The main entry point into the TCA cycle is at the level of
acetyl-CoA, which is ultimately oxidized to two molecules of CO2 (5). The full
oxidation of acetyl-CoA proceeds through eight chemical reactions (Figure 1.1), and
the completion of one full cycle results in the reduction of three molecules of
nicotinamide adenine dinucleotide (NAD+*) to NADH, which will eventually feed
electrons directly into the mitochondrial respiratory chain when NADH is
reoxidized. In addition, as intermediates in the TCA cycle, the oxidation of succinate
to fumarate by complex II also introduces reducing equivalents into the respiratory
chain.

The TCA cycle is essential not just for its role in the production of substrates
for aerobic respiration, but also because several of the cycle intermediates serve as
precursors for key biosynthetic pathways (6). The genes for all the enzymes
involved in the TCA cycle have been identified in the E. coli genome (7) so this

particular bacterium is capable of completing the full cycle when grown under fully



aerobic conditions. However, there exist a number of prokaryotic and eukaryotic
species that do not express a full complement of TCA cycle enzymes suggesting that

some variability in the cycle can exist (8).

1.1.3 The Chemiosmotic Theory and Oxidative Phosphorylation

The usefulness of ATP stems directly from the ability of the cell to maintain a
high ATP:ADP ratio, far away from equilibrium concentrations (9). Yet, how the
energy in reducing substrates like NADH could be harnessed for use in the synthesis
of ATP was unclear until the seminal work by Peter Mitchell, who first proposed his
chemiosmotic theory in 1961 (10), for which he eventually won the Nobel Prize.

According to the chemiosmotic theory, the intermediate that links the high-
energy products of cellular metabolism with ATP synthesis is the proton motive
force (pmf, Ap), an electrochemical potential across the membrane. As electrons
pass through the mitochondrial respiratory chain, the redox potential of the
electron decreases, and some of that energy is coupled to the translocation of
protons against their concentration gradient. This maintains a proton
electrochemical gradient across the highly impermeable membrane, with protons
extruded into the positive P-side of the membrane (the intermembrane space in
mitochondria) and negative on the N-side of the membrane (mitochondrial matrix).
In turn, the pmf is a potential energy well that is used to drive the oxidative
phosphorylation of ADP to ATP by the ATP synthase, the major source of ATP
production within the cell. In addition to its usefulness in oxidative phosphorylation,

the pmf is also consumed in the transportation of some molecules across the



membrane and the powering of bacterial flagella. At 25 °C, the following equation is
used to calculate the magnitude of the Ap:

Ap(mV) = Ay + 59ApH (9)
From this equation, it is useful to recognize that the pmf arises from two
components: a transmembrane electric potential, Ay, and a proton gradient, ApH. In
most mitochondrial and bacterial membranes, the major component of the pmf
derives from Ay, whereas in plant thylakoid membranes, which harvest solar

energy, ApH is the major contributing factor (9).

1.2 The Mitochondrial Respiratory Chain

The canonical mitochondrial respiratory chain is comprised of five protein
complexes, denoted complex [-V (Figure 1.2). Complex [ (NADH:ubiquinone
oxidoreductase) harnesses the reducing power of NADH and funnels those electrons
into the membrane-soluble quinone(Q)-pool. Complex II oxidizes succinate and
transfers those electrons into the Q-pool. In mitochondria, the predominant quinone
species is ubiquinone. Reduced UQH: diffuses into complex III (bc; complex)
whereupon it gets oxidized, passing its electrons onto soluble cytochrome c.
Cytochrome c diffuses through the intermembrane space and donates electrons to
complex IV (cytochrome c oxidase). Assuming a lack of short circuits in the electron
transport chain, the final fate of all electrons is the terminal reduction of Oz to H20
by Complex IV. The activities of complex I, IlIl, and IV are coupled to proton
translocation from the N-side to the P-side of the inner membrane, while complex II

activity is non-electrogenic. Once-extruded protons are returned into the



mitochondrial matrix, down their electrochemical and concentration gradients
through complex V (ATP synthase), thus driving the synthesis of ATP from ADP and
inorganic phosphate. A review of the mitochondrial respiratory complexes follows
in this section while an in-depth review of complex II is presented later in this

chapter.

1.2.1 Redox Cofactors in the Respiratory Chain

The electron transport chain depends on the ability of the electron to travel
across large distances, on the atomic scale, in order to couple the multiple active-
sites within each respiratory protein. Nature has solved this dilemma by evolving
electron transfer relays, which allow for efficient electron transfer through proteins.
As long as each node along the relay is within 14A of the next, electrons are capable
of tunneling through proteins on a physiologically-relevant timescale (11). Bridging
the length of the mitochondrial respiratory chain, redox-active prosthetic groups
include flavin cofactors, iron-sulfur [Fe-S] clusters, hemes, and copper atoms (9).
Importantly, when 2e- acceptors such as flavin cofactors and UQ must interact with
le acceptors, the reaction proceeds via a semiquinone radical intermediate, unless
a mechanism allows otherwise.

Flavin cofactors, which act as 2e- acceptors, are found in proteins as either
flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD) (Figure 1.3). In
mammals, flavin cofactors are synthesized directly from dietary riboflavin within
the mitochondrial matrix (12, 13). The biosynthesis of FMN from riboflavin is a one

step process, catalyzed by riboflavin kinase. FMN can be further converted to FAD



by the catalytic action of FAD synthetase. The mitochondrial localization of the FAD
biosynthesis enzymes suggests that a system must exist for the import and export of
flavins. In yeast, the Flx1p protein is an inner membrane transporter that has been
implicated in flavin homeostasis (14). The specific function of Flx1lp is still
controversial, but evidence suggests that it may only operate as a FAD exporter (15,
16); if so, the mechanism for riboflavin import is still unknown. Many prokaryotes,
including E. coli, do not require an external source of riboflavin, since they are
capable of de novo synthesis of riboflavin from guanosine 5’-triphosphate and D-
ribulose-5-phosphate (17).

Although certain rare forms can exist (18), [Fe-S] clusters in the
mitochondrial respiratory chain are only present as [2Fe-2S], [3Fe-4S], and [4Fe-4S]
forms; and all are 1le- acceptors. Bacteria contain three [Fe-S] cluster biosynthesis
pathways - the Nif, Isc, and Suf systems (19) - that are homologous to the systems
utilized by mitochondria. These systems consist of two components: a cysteine
desulfurase, which uses cysteine as the sulfur source, and a protein scaffold, which
facilitates the assembly of sulfur with iron, to form the [Fe-S] clusters before
delivering them to the appropriate apoproteins (19).

Of all the redox cofactors, hemes, which act as 1e- acceptors, have the most
structural diversity. Heme biosynthesis is a very complex and energy intensive
process. In mammals, the biosynthetic pathway begins with the condensation of
succinyl-CoA and glycine (20), while in E. coli the building blocks are glutamate
molecules (21). The eukaryotic and prokaryotic pathways converge at the level of 5-

amino-levulinate (5-ALA), whereupon the rest of the biosynthetic pathway is



conserved. Through a series of six enzymatic reactions, eight molecules of 5-ALA are
utilized to generate the porphyrin ring system wherein ferrochelatase inserts the
iron atom to form protoheme IX (22). In eukaryotic cells, the synthesis of 5-ALA and
the last three steps of protoheme IX biosynthesis are catalyzed in the mitochondria,
while the other intermediate steps occur in the cytosol (20). Different types of heme
can be synthesized directly from protoheme IX, or in some cases from intermediates
from the biosynthesis pathway (23).

The major types of heme found in respiratory enzymes are shown in Figure
1.4. The simplest form of heme is the b-type heme, which is simply protoheme IX.
Heme c is similar in structure to heme b, but the porphyrin ring is covalently
attached to the protein backbone through two conserved cysteine residues. Other
types of hemes are classified based on additional modifications to the porphyrin
ring. Mitochondrial respiratory chains contain only b-type, c-type, and a-type hemes
while prokaryotic respiratory chains are more diverse and may also contain o-type
or d-type hemes. The reason for all the different modifications to the heme is
unclear, but may involve control of redox potential, as electron-donating and
electron-withdrawing groups conjugated to the porphyrin ring can have substantial
effects on heme potential (24).

Protein-bound Cu can exist as either a single Cu ion, or as a dimeric Cu-Cu
cofactor, but both are 1le- acceptors. Molybdenum-containing cofactors can also be
incorporated into redox enzymes; molybdoenzymes are more common in
prokaryotic respiratory chains where the ion is typically coordinated by a complex

molybdopterin ring system (25).
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1.2.2 Complex I

Mitochondrial complex I, or NADH dehydrogenase, is a massive protein
complex comprising at least 40 individual subunits (26, 27), of which 14 are
considered essential core subunits; the core subunits are sufficient for the redox and
proton pumping activity and homologs can be found in many bacterial species (28).
Until recently, the only structural data available were generated by electron
microscopy, which revealed the overall architecture of complex I as L-shaped (29-
32). The protein has a long membrane domain to which at one end is attached a
soluble peripheral stalk that projects into the mitochondrial matrix. Of the 14 core
subunits, seven are located in the peripheral arm while the remaining seven are
found in the membrane arm. A number of X-ray crystal structures are now available
for complex I (33-35), although most are incomplete. Amazingly, the most recent
structure available reveals the full, intact complex I from Thermus thermophilus,
which contains the 14 core subunits and one additional subunit (34).

[t is at complex [ where reducing equivalents from NADH are fed directly into
the electron transport chain. A representation of the catalytic mechanism of
complex I is shown in Figure 1.5. The oxidation of NADH occurs at the tip of the
peripheral stalk at an active-site FMN cofactor, which liberates two electrons onto
the FMN. These electrons must then sequentially tunnel through eight conserved
[Fe-S] clusters: two [2Fe-2S] clusters and six [4Fe-4S] clusters, located in the
peripheral arm. Finally, two electrons are used to reduce UQ at a quinol-binding site

(Q-site) near the membrane interface. The low midpoint potential of the
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NAD*/NADH couple (En,7 = -320 mV) combined with the relatively high potential of
the UQ/UQH: couple (Em7 = +90 mV) means that electrons span a 410 mV drop in
potential energy as they pass through the enzyme. The redox energy is coupled to
proton-pumping activity in the membrane domain that pumps protons with a
stoichiometry of 4H* /2e- (36). Despite the large AEn between NADH and UQ,
complex [ activity is fully reversible under the right conditions, where the pmf is
utilized to produce NADH (known as reverse electron transport) (37, 38).

The high-resolution crystal structures reveal interesting details about
electron transfer through complex I. Firstly, of the eight conserved [Fe-S] clusters,
only seven of them lie in the main path from FMN to UQ. One of the [2Fe-2S]
clusters, N1a, sits off of the direct circuit, but adjacent to the FMN. Its location
suggests that it may accept an electron from the reduced FMN and transfer it to the
first of the other seven [Fe-S] clusters in the chain. The function of cluster N1la is
unclear, but its presence may allow the reduced FMN to transfer both of its
electrons into the [Fe-S] chain in a single, concerted reaction (39). This should
reduce the occupancy of electrons at the FMN, thus preventing the undesirable
short-circuit reduction of molecular oxygen to superoxide (40).

The second curiosity that arose from the structure is the position of the last
[Fe-S] cluster in the chain, denoted cluster N2, approximately 20-25A above the
membrane interface (34). This suggests that the UQ must come out of the membrane
somewhat, since 14 A is the upper limit for physiologically-relevant electron

transfer (11). Residues around cluster N2 have been implicated in UQ binding (41),
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and a large hydrophobic patch between the membrane domain and the putative Q-
site may facilitate the diffusion of UQ up to cluster N2 (34).

Given the most recent structural data (34), the mechanism of how the redox
activity of the enzyme is coupled to its proton-pumping activity is just now reaching
clarity. Three of the core membrane subunits are homologous to a family of
antiporters (42). These antiporter-like subunits are linked to the Q-site and to each
other by a 60 A-long amphipathic helix. It is possible that conformational changes
associated with the binding and reduction of UQ may be communicated via the
amphipathic helix to helices within the antiporter-like subunits, resulting in the
translocation of three protons (34, 43). The fourth proton is likely translocated

directly at the Q-site (44).

1.2.3 Complex III

Complex III, also known as the cytochrome bci complex, accepts electrons
from the reduced Q-pool and transfers them to the soluble cytochrome c protein.
Complex III may contain up to 11 subunits (45), of which three are essential
catalytic subunits that are found conserved in bacteria: cyt b, cyt c;, and the Rieske
iron-sulfur protein (46). Numerous high-resolution structures exist for bc:
complexes from both mitochondrial and bacterial origins (45, 47-49). In many
structures, the complex appears as a dimer, which is believed to be the functional
unit (45, 48, 50, 51).

The catalytic mechanism, known as the Q-cycle (52-54), describes an electron

transfer pathway that is bifurcated into a high-potential chain, which includes the
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[2Fe-2S] cluster within the Rieske iron-sulfur protein and a heme c; within the cyt c:
subunit, and a low potential-chain comprised of two hemes, heme by, and heme by,
coordinated by the cyt b subunit (Figure 1.6). UQH? binds to the enzymes at the Q.-
site, located on the P-side of the membrane. The two electrons liberated by the
oxidation of UQH? are separated into the two branches: one e- is transferred to the
[2Fe-2S] cluster in the high-potential chain and the other e to heme by, in the low-
potential chain, although whether this occurs sequentially, or through a concerted
reaction is still controversial (55-57). Thermodynamically, electron transfer to the
high-potential chain is energetically favorable while electron transfer to the low-
potential chain is not; thus, electron transfer to the [2Fe-2S] cluster provides the
driving force for electron transfer to heme b; (50).

Through a significant conformational change of the Rieske protein (47),
electrons at the [2Fe-2S] cluster are passed to heme c; and ultimately reduce the
soluble electron carrier, cytochrome ¢, which dissociates from the complex upon
reduction. The domain movement of the Rieske protein may serve to inhibit
undesirable short-circuit reactions; the physical separation between the [2Fe-2S]
cluster and the ubisemiquinone (USQ) at the Qo-site prevents the unwanted
scenario where two electrons enter the high-potential chain (57). Electrons in the
low-potential chain tunnel from heme b; to heme by and finally to the Q;-site on the
N-side of the membrane, where a UQ gets reduced to a stable USQ intermediate
(hence the term, Q-cycle) (58). Since two electrons are required to reduce the UQ at
the Qj-site, and only a single electron is entered into the low-potential chain with

each UQH; oxidation at the Q.-site, two molecules of UQH2 must be oxidized at the
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Qo-site for every UQ reduced at the Q;-site. This is the basis for the translocation of
protons in complex III, as the two Q-sites are on opposing sides of the membrane;
the reaction at the Q,-site releases protons to the P-side, while the reaction at the Q;-
site consumes protons from the N-side, constituting a typical Mitchellian redox loop
(59). The net reaction is

QH2 + 2 cyt ¢ (oxidized) + 2H* (N-side) = Q + 2 cyt ¢ (reduced) + 4H* (P-side)

and the proton pumping stoichiometry is 1H* /e (9).

1.2.4 Complex IV

Complex IV, or cytochrome c oxidase (Cc0), is the last enzyme in the electron
transport chain and it catalyzes the terminal reduction of 0. Mammalian CcO
comprises 13 subunits (60) of which only two are essential for enzyme catalysis;
denoted subunit I and subunit II; these catalytic subunits are very well conserved in
bacterial CcOs (61, 62). As with complex IlII, X-ray structures are available for CcOs
from both eukaryotic and prokaryotic sources (60, 63, 64).

A schematic of complex IV function is shown in Figure 1.7. Electrons are
introduced into complex IV by the soluble cytochrome ¢ reduced by complex III;
cytochrome c transiently docks to the P-side of the enzyme while it donates its
electron into complex IV (65). The first entry point for electrons into CcO is a
dimeric copper center, Cua, located in subunit II. The electrons are then transferred
to subunit I, to a heme a cofactor, and eventually to the binuclear center, the
catalytic site comprised of a heme a3 and a single Cug. Oz binds to the heme a3z and

through a complicated, but well-described reaction sequence (66) is reduced to
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water, in the process consuming four electrons and four protons (from the N-side of
the membrane). Since four electrons are required for the full reduction of O, four
molecules of cytochrome ¢ must sequentially bind and donate electrons into CcO
during each reaction cycle.

Certain steps in the reaction cycle are coupled to the pumping of protons,
such that the complete reduction of Oz results in four protons pumped to the P-side
of the membrane (67). The net reaction catalyzed by complex IV is thus:

4 cyt c (reduced) + 8H* (N-side) + 02 = 4 cyt ¢ (oxidized) + 4H* (P-side) + 2H20

for a proton pumping stoichiometry of 1 H* /e". Overall, the net H* /e ratio is 2, as
the electrons and the protons used for the reduction of O originate from opposing
sides of the membrane (9). Note that the imbalance in protons here (eight in, four
out) cancels out the perceived imbalance in the complex III reaction described in the
previous section (two in, four out).

Two main channels consisting of water molecules and protonatable amino
acid side chains, termed the D-pathway and the K-pathway, are proposed to play a
role in the transfer of protons from the N-side of the membrane to the binuclear
center for both proton pumping and the reduction of Oz (68). The pathway for
proton extrusion to the P-side of the membrane is more ambiguous, but is thought

to follow a path above the propionates of hemes a and a3z (69-71).

1.2.5 Complex V
Complex V, or the FoF1-ATP synthase, is a remarkable nano-motor that is well

conserved throughout all kingdoms of life (9). Using an elegant rotary mechanism
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(Figure 1.8), this large enzyme is able to synthesize ATP by utilizing the pmf
generated by the other respiratory complexes. Alternatively, in the absence of pmf
and the abundance of ATP, the ATP synthase can work in reverse, hydrolysing the
ATP to generate a proton gradient (72). Although an X-ray structure of the complete
enzyme is unavailable, crystallographic and electron microscopic information for
many of the individual parts are available (73-80). The simplest form of the enzyme
is the bacterial model; for example, the E. coli homolog consists of eight distinct
subunits in varying stoichiometries. In contrast, in bovine mitochondria, up to 13
different subunits have been identified (81), however, the overall architecture is
similar. We will restrict discussion to the core subunits found in the E. coli enzyme,
which are all conserved in the mitochondrial enzyme.

The FoF1-ATP synthase is arranged as two domains: the soluble F1 domain
and the membrane-intrinsic Fo domain. The F; domain is the site of ATP
synthesis/hydrolysis and is comprised of five distinct subunits in the stoichiometry
(aB)zyde. The Fo domain contains the proton translocation machinery and is
assembled from the three remaining subunits, with a preferred stoichiometry of
abzcio, although the exact number of c-subunits may vary (82). The a- and (-
subunits are arranged in an alternating, hexameric ring where each aff dimer lies
within a three-fold axis of symmetry. Each of3 dimer contains an active-site for ATP
synthesis. The §-subunit associates with the of ring and along with the b-subunits,
forms the stator, which links the ring in Fi to the stationary a-subunit in the Fo
domain. The e-subunit binds to the §-subunit and acts as a natural inhibitor to

rotation. The c-subunits circularize and also form a rotary motor, but one that spans
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the membrane. Together, the a- and c-subunits form the unit that translocates
protons across the membrane. The y-subunit lies in the middle of the F; ring and
forms the spinning rotor that is driven by rotation of the c-ring (81).

A “Brownian ratchet” model has been offered to explain how the
translocation of protons can drive rotation of the c-ring (83, 84). The model
proposes a pair of “half-channels” in subunit a, which juxtapose against the c-ring.
Protons must enter one half-channel on the P-side of the membrane, and bind to a
protonation site on one of the c subunits. That proton can only access the other exit
channel on the N-side of the membrane through a complete 360° rotation of the c-
ring, thus generating the required torque to drive the y-rotor.

ATP synthesis at the catalytic site in F; occurs through an “alternating
binding sites mechanism” (85). Each aff dimer in the F; ring contains a non-
equivalent catalytic site, due to the asymmetry of the y-rotor in the center. Each
catalytic site has a different affinity for the substrates and products at any one time,
such that when one site is open and able to bind ADP and inorganic phosphate,
another has closed around the bound substrates, while the third has just released
the newly formed ATP molecule. Thus, rotation of the c-ring drives rotation of the y-
rotor within the F; ring. A 360° rotation of the rotor forces each active-site to cycle
through the three different conformations, resulting in the production of three ATP
molecules (86). When working in reverse, it is ATP hydrolysis by the F; catalytic
sites that drives rotation of the y subunit (87), which causes the c-ring to turn in

reverse, driving proton translocation.
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While the E. coli ATP synthase optimally assembles with 10 c-subunits, that
number can vary depending on the species (79, 82, 88, 89). As each c-subunit binds a
single proton, the number of c-subunits will determine the H* /ATP ratio. For
example, since three ATP molecules are synthesized per complete rotation of the c-

ring, in E. coli, the H* /ATP ratio is 3.3.

1.3 Respiration in E. coli
1.3.1 Diversity of the E. coli Respiratory Chain

Compared to the mitochondrial respiratory chain, cellular respiration in E.
coli is simple. Under certain aerobic growth conditions, the E. coli respiratory chain
can resemble a truncated form of the mitochondrial respiratory chain, consisting of
NADH dehydrogenase, SQR, quinol boz-oxidase, and a FoF1-ATP synthase, which are
homologous to complexes I, II, IV, and V, respectively (9). E. coli lack protein
homologs of complex III or soluble cytochrome c.

As a facultative anaerobe, E. coli can grow via fermentation pathways in the
absence of a suitable terminal electron acceptor (90); however, that pathway will
not be discussed further. E. coli can respire on a multitude of substrates in addition
to oxygen, such as nitrate, nitrite, fumarate, trimethylamine N-oxide (TMAO), and
dimethylsulfoxide (DMSO). Its respiratory chain has a modular design, consisting of
a primary dehydrogenase and a terminal reductase, linked together by the lipid-
soluble Q-pool (Figure 1.9). The diversity in the respiratory chain derives from the
large number of dehydrogenases (15) and reductases (10) encoded by the E. coli

genome (91).
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The energy available under anoxic conditions is considerably less than
during aerobic growth. Thus, while aerobic growth can sustain the pmf through the
proton pumping activities of NADH dehydrogenase and quinol bosz-oxidase, the
oxidoreductases expressed during anaerobic growth can only translocate protons
using Mitchellian redox loops (91) (Figure 1.10).

Additional diversity is present at the level of the Q-pool. Whereas
mitochondria only utilize ubiquinone, E. coli is capable of synthesizing three types of
quinones: UQ (Ewm7 = +110 mV), menaquinone (MQ, Em7; = -80 mV), and
demethylmenaquinone (DMQ, En,7 = +40 mV) (92). UQ, a benzoquinone, is the major
component of the Q-pool under aerobic conditions while the Ilatter two
napthoquinones are synthesized under anaerobic growth conditions. However, the

method by which the composition of the Q-pool is controlled is unknown (93).

1.3.2 Regulation of Gene Expression during Aerobic and Anaerobic Growth

The exact composition of the respiratory chain is under the control of gene
expression, based on the availability of terminal electron acceptors (94). The
expression of the terminal reductase is selected for the substrate with the highest
redox potential; thus, respiration on Oz (Ewm7 = +820 mV) is the most preferred,
while in anoxic conditions, respiration on nitrate (Em7 = +420 mV) is optimal. The
presence of Oz and nitrate will suppress the expression of all other terminal
reductases (94). While the expression of the dehydrogenases can also be responsive
to the presence of Oz and nitrate, other factors such as metabolic needs of the cell

appear to be more determinant (95). The regulation of gene expression in the
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respiratory chain is under the control of several global regulators, which act in
concert to optimize the constituents of the respiratory chain for the environmental
conditions.

The fumarate nitrate reductase regulator (Fnr) protein is a constitutively-
expressed transcriptional regulator of anaerobic gene expression (96, 97).
Depending on the gene loci, Fnr can act as either a transcriptional activator or
repressor (98, 99). Generally, genes associated with anaerobic respiration are
activated by Fnr, while genes linked with aerobic respiration are repressed (94).
The active form that is able to bind to DNA is dimeric, with each monomer
containing a single [4Fe-4S] cluster (100). The presence of 02 causes spontaneous
collapse of the [4Fe-4S] cluster to a [2Fe-2S] cluster and dissociation of the dimer
into inactive Fnr monomers (97). If Oz persists in the environment, the [2Fe-2S]
cluster is eventually lost, forming apo-Fnr (100), which given time can re-acquire a
[4Fe-4S] cluster (100). Thus, the three forms of the enzyme are in a constant state of
equilibrium, while the concentrations of each form are a function of the intracellular
Oz concentration (101).

Another level of gene expression arises from the ArcAB two-component
regulatory system. The ArcB sensor recognizes the aeration state of the cell, and in
response regulates the phosphorylation state of ArcA. Like Fnr, ArcA-P induces
expression of genes linked with anaerobic respiration and represses those linked
with aerobic respiration (94). In contrast to Fnr, ArcB does not respond to O:
concentrations. Instead, the regulation of the ArcB appears to be at the level of the

Q-pool, and specifically, its redox state. Both MQH; and UQ levels have been shown
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to affect the stability of a disulfide bond within ArcB that is critical for its kinase
activity (102, 103).

The nitrate-responsive regulatory mechanism stems from two homologous
two-component systems, NarXL and NarQP. NarL/NarP are the response regulators
that once phosphorylated, bind DNA to activate expression of genes associated with
nitrate respiration and suppress the genes of the other terminal reductases (104).
As opposed to ArcB, NarX/NarQ responds directly to nitrate concentrations through
direct binding of the molecule, which stimulates their kinase activities (105).

Another important two-component regulatory system is the DcuRS system.
Similar to the two-component systems discussed above, DcuS in the membrane
responds to Cs-dicarboxylates in the environment, such as succinate and fumarate,
and phosphorylates the response regulator, DcuR (106, 107). DcuR-P is mostly

responsible for inducing transcription of genes related to fumarate metabolism.

1.4 Complex II

Mitochondrial complex II (succinate:quinone oxidoreductase, SQR; succinate
dehydrogenase, Sdh) directly links the TCA cycle with the mitochondrial respiratory
chain through the oxidation of succinate to fumarate in the mitochondrial matrix,
liberating two electrons that are transferred directly into the lipid-soluble Q-pool.
Since the redox potential of the succinate/fumarate couple (Em7 = +30 mV) and the
UQ/UQH: couple (Ew7 = +110 mV) are relatively close, the transfer of electrons from
succinate to UQ is not energetic enough to support the translocation of protons

across the membrane (91). As predicted from the thermodynamics, the redox
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activity of complex II is non-electrogenic; the oxidation of succinate, which releases
two protons, and the reduction of UQ, which consumes two protons, both occur on
the matrix side of the membrane (or in the case of bacteria, on the cytoplasmic side).

Mitochondrial complex II is a heterotetrameric protein: SdhA, which refers to
the large, soluble catalytic subunit, SdhB, the electron transfer subunit, containing
three distinct [Fe-S] clusters; and SdhC and SdhD, which together form a membrane
anchor subunit that binds a single b heme (Figure 1.11). Due to the high overall
sequence and structure similarities, the ease of genetic manipulation, and the ability
to overexpress very large quantities of enzyme (108), E. coli SQR is an excellent
model system to study structure-function relationships in mitochondrial complex IL.
The following sections examine the function of complex II, with particular emphasis

on E. coli SQR.

1.4.1 Complex II Genetics

The E. coli genome contains two operons, both around 3.2kb in length -
sdhCDAB and frdABCD - that encode the distinct complex II paralogs SQR and
quinol:fumarate oxidoreductase (QFR; fumarate reductase, Frd), respectively. The
sdhCDAB operon is centered at 16.29 min on the chromosome while the frdABCD
operon is centered at 94.37 min (7).

While the function of E. coli SQR is the aerobic conversion of succinate to
fumarate, E. coli QFR catalyzes the anaerobic, terminal reduction of fumarate to
succinate, using reduced MQHz: as the electron donor. Interestingly, the two paralogs

are similar enough that their catalytic profiles are identical. In other words, SQR can
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function as a MQH:-dependent fumarate reductase and QFR can catalyze the
succinate-dependent reduction of UQ (109, 110). Moreover, given the proper
enzyme expression, either enzyme can complement an E. coli strain deleted in the
other (108).

The control of SQR expression is regulated by Fnr and the ArcAB system,
which suppresses gene expression at the sdh promoter during anaerobiosis (111,
112). Expression of QFR at the frd promoter is induced by the anaerobic regulator
Fnr and is suppressed by the presence of nitrate (113). Thus, in wild-type E. coli, the
regulatory systems ensure that SQR and QFR expression do not overlap.

The E. coli DcuRS two-component regulatory system is important in both
aerobic and anaerobic growth. During aerobic growth on succinate, DcuR up-
regulates expression of DctA (114), a Cs-dicarboxylate symporter that utilizes the H*
gradient to import succinate into the cell (115). During anaerobic growth on
fumarate, DcuR enhances expression of QFR (107); the expression of other Cs-
dicarboxylate transporters is also increased. DcuA and DcuB are succinate:fumarate
antiporters, while DcuC operates as a succinate efflux pump (116, 117). DcuA is
constitutively expressed (118) while DcuB expression is induced by both Fnr and
DcuR (107, 118). DcuC is only expressed anaerobically, under the control of Fnr
(117,119).

In humans, the genes that encode the four structural subunits of complex I,
SDHA, SDHB, SDHC, and SDHD are all nuclearly encoded (on chromosomes 5p15,
1p36.1-p35, 1923.3, and 11qg23, respectively), in contrast to the other mitochondrial

respiratory complexes, which all have at least one subunit encoded by the
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mitochondrial genome. The promoter regions of the SDH genes have been found to
contain binding sequences for the nuclear respiratory factors, NRF-1 and NRF-2

(120-122).

1.4.2 Structural Similarity Between Complex II and the E. coli Homologs

Sequence identity between mitochondrial complex Il and E. coli SQR is
roughly 50% identity between the hydrophilic SdhAB dimers, but is slightly less
than 20% identity in the SdhCD membrane domains (123). High-resolution X-ray
crystal structures are available for E. coli SQR, as well as porcine and avian complex
Il (123-125). A comparison of the E. coli and pig enzymes reveals a root-mean-
square-deviation (rmsd) of 1.0A over 541 of 613 Cq atoms in SdhA and an rmsd of
0.8A over 214 of 249 C, atoms in SdhB (123). As may be expected from the low
sequence identity, structural similarity within the membrane domains is also much
lower. In SAhC, an rmsd of 1.3A over 76 of 138 Cy atoms is observed and an rmsd of
1.7A over 79 of 102 Cy atoms in SdhD (123). A representative alignment of porcine
complex Il and E. coli SQR is shown in Figure 1.12.

The crystal structure of E. coli QFR was the first one published for a complex
II homolog (126). The overall architecture of QFR is very similar to SQR. In
comparison with the structure of E. coli SQR, the FrdAB and SdhAB catalytic dimers
share considerable structural similarity. In contrast, the membrane domains are
very different: two striking differences are immediately noticeable. First, the Q-sites
are not conserved, and QFR does not bind a heme within its transmembrane domain

(125, 126).
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1.4.3 Classification of complex Il homologs

Among different complex II homologs, the subunit and cofactor compositions
can be highly variable. While the catalytic dimer, SdhAB, is very well conserved
across the three kingdoms of life, the same cannot be said about the membrane
domains. Based on these differences, a classification scheme was developed to

encompass all the complex II variants (127, 128):

1) Type A: two membrane anchor subunits; two hemes

2) Type B: one membrane anchor subunit; two hemes

3) Type C: two membrane anchor subunits; a single heme

4) Type D: two membrane anchor subunits; no heme

5) Type E: two radically different membrane anchor subunits,

denoted SAhE and SdhF; no heme
Mitochondrial complex II and E. coli SQR fall into the Type C class of enzymes while
E. coli QFR is a Type D enzyme. Type A enzymes include ‘classical’ SQRs in archaeal
organisms (129) and the crystal structure of a Type A SQR, from Thermus
thermophilus, was recently published (130). Type B SQRs are more extensive and
are typically found in gram-positive bacteria and e-proteobacteria (128). Examples
here are the SQR from Bacillus subtilis (131) and the QFR from Wolinella
succinogenes; the X-ray structure is available for the latter (132). Examples of Type E

enzymes are the ‘non-classical’ SQRs found in archaea (129).
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1.4.4 Assembly of Complex II

In E. coli, newly translated SQR must be targeted to the bacterial inner
membrane. Although not essential, the insertion of SQR is enhanced by the signal
recognition particle (SRP) (133). SRP binds to the hydrophobic targeting sequences
in transmembrane proteins, co-translationally, and directs them to the inner
membrane for insertion either by the SecYEG translocon, or by the insertase YidC, in
a Sec-independent manner (134). In eukaryotes, since the four complex II structural
genes are all nuclear encoded, newly-translated polypeptides must contain a leader
signal peptide that ensures proper targeting to the mitochondria (135).

Unlike for many of the E. coli molyboenzymes, such as nitrate reductase,
TMAO reductase, DMSO reductase, and formate dehydrogenase, a dedicated
chaperone has never been identified for SQR (136-139). This is not the case for
mitochondrial complex II, where two specific maturation proteins have been
identified.

A SDHAF1 (succinate dehydrogenase assembly factor 1) gene mutation was
identified in a patient with reduced complex II activity, but normal activity in the
rest of the respiratory chain. A deletion of the homologous gene in Saccharomyces
cerevisiae confirmed aberrant expression of complex II, exclusively (140). The exact
function of SDHAF1 is still unknown, but the protein contains a LYR-motif that is
common in other proteins associated with [Fe-S] metabolism (141-143). Therefore,
it is postulated that SDHAF1 aids in the insertion of the [Fe-S] clusters into SdhB

(140).
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SDHAFZ mutants in yeast are also complex II deficient, and show decreased
levels of all four SDH subunits (144). The active site in SdhA contains a FAD cofactor
that is covalently linked to a conserved histidine. The covalent bond is critical for
enzyme function (145, 146). It was shown that the absence of SDHAF2 activity
resulted in the complete loss of covalently-bound FAD in SdhA; however, other
flavoproteins were not affected in a similar manner (144). This suggests that
SDHAF?2 has a direct role in the flavination of complex IL.

Neither SDHAF1 nor SDHAF2 are conserved in E. coli. Prior to the discovery
of SDHAF2, it was believed that the formation of the covalent bond to the FAD was
autocatalyzed (147, 148). As no chaperone has yet been identified, this may still be
the case for E. coli SQR.

In general, little is known about the mechanism of heme insertion into
proteins, except for the c-type cytochromes, which have their own well-
characterized maturation machinery (149, 150). How the heme is inserted into E.
coli SQR, whether co-translationally or post-translationally, and how b-type hemes
are selected for, is unknown. Free heme is toxic to the cell, as it can generate
harmful reactive oxygen species (ROS) (151). Therefore, newly synthesized heme
molecules must be sequestered prior to insertion into apoproteins. While numerous
heme carrier proteins have been identified, the role, if any, that these proteins play
in the insertion process is unclear (152).

Nevertheless, our understanding of the cytochrome maturation process is
slowly advancing. The assembly of cytochrome c oxidase is dependent on the Surfl

protein (153), which has the capability to bind a-type hemes (154). Surfl homologs
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have been identified in humans, yeast, and some bacteria (153, 155, 156). In
addition, the CbaX protein in T. thermophilus was associated with heme a insertion
into the basz-oxidase in this organism, although it does not show any sequence
similarity to Surfl (157) Recently, it was proposed that in the eukaryotic cytosol,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) could mediate the insertion
of heme b into inducible nitric oxide synthase (158). The mechanism by which these
three proteins are able to promote heme insertion has yet to be established, but as
evidence mounts for protein-mediated heme insertion into proteins, it is
increasingly unlikely that the insertion of the heme b into E. coli SQR occurs

spontaneously.

1.4.5 SdhA - the Large Catalytic Subunit

The sequence and structure of SdhA are well conserved within the complex II
family of proteins, including E. coli SQR and QFR (127). The two major domains in
SdhA are a FAD-binding domain and a capping domain. In E. coli SQR, substrate
binding occurs at the interface of the two domains at a highly conserved
dicarboxylate-binding site comprised of SdhAH242, SdhAT254, SdhAE255, SdhAH354, and
SdhAR3%99 (159, 160). In addition to succinate and fumarate, a number of other
dicarboxylates are able to bind here, such as oxaloacetate, malonate, and malate,
which act as competitive inhibitors of the enzyme (161-163). SQR isolated from E.
coli is typically found tightly associated with oxaloacetate, and must first be
“activated” (the oxaloacetate must be removed) in order to achieve optimal catalytic

efficiency (164).
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Adjacent to the dicarboxylate-binding site is the covalently-bound 8a-N3-
hystidyl-FAD (165) that accepts the two electrons derived by the oxidation of
succinate. During catalysis, a fairly stable flavosemiquinone (FSQ) intermediate is
formed (Kswab = 1) (166). The covalent linkage (to SdhAH45) is believed to raise the
midpoint potential of the FAD cofactor which is -138mV at pH 8.0 (Ew,7 =-90mV in E.
coli QFR, Em7 = -79mV in bovine complex II) (166-168), as non-covalently linked
FAD in Shewanella frigidimarina QFR has a much lower potential (Em7 = -156mV).
Mutation of the residue equivalent to SdhAH4> in other complex II homologs
abolishes the covalent linkage; this results in a drop in FAD redox potential and a
corresponding loss of succinate oxidation catalytic activity (but retained some
fumarate reductase activity) (145, 146). Still, the redox potential of the FAD does not
seem to be the only variable that affects directionality of the reaction at the FAD, as
long range coloumbic effects from residues near the FAD are also thought to
contribute (166). Interestingly, protein film voltammetry experiments have found
that the rate of fumarate reduction at the FAD is inhibited when the driving force is
very high (about -85 mV at pH 7.5) - a so-called ‘tunnel diode effect’ - but only in E.
coli SQR and not QFR (169-171). The cause of this effect has yet to be elucidated.

The interconversion of succinate and fumarate is believed to proceed
through a twisted transition-state intermediate. Crystal structures in which SdhA
have fumarate bound to the active-site indicate the molecule is held in a non-planar
orientation (159, 172). This is a result of steric constraints within the active-site and
may be induced by closure of the capping domain, which shifts the conformation of

the carboxylate-binding site, notably SdhAT254, which is believed to drive much of
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the twisting (173). As well, closing of the capping domain may also prevent
undesirable side reactions at the active-site, such as the genesis of superoxide. In
addition to steric considerations, catalysis is aided by polarization of the double
bond in the fumarate molecule due to the vast hydrogen-bonding network provided
by the enzyme around the C4-carboxylate (159). Succinate oxidation proceeds
through hydride transfer from the C2 carbon to the N5 position of the FAD. The
second proton is transferred to a conserved SdhAR?86 adjacent, possibly via a water
molecule (159, 160). 3-nitropropionate, which binds near the FAD, can irreversibly
inhibit SdhA activity, likely due to the formation of a cyclic adduct with the
conserved SdhAR?86 (123, 174).

In mitochondrial complex II, SdhA is subject to post-translational
modification. Sites for acetylation (175) as well as phosphorylation (176) have been
identified, both of which can modulate the physiological activity of the enzyme.
Acetylation of SdhA reduces the activity of the enzyme, possibly by restricting
substrate access (175). Interestingly, the phosphorylation state of SdhA could affect
whether the enzyme worked better as a succinate dehydrogenase or a fumarate
reductase (176). Phosphorylation of complex II decreased its SQR activity while
increasing its QFR activity, while the reverse was true in the dephosphorylated

enzyme (176).

1.4.6 SdhB - the Electron Transfer Subunit
The SdhB polypeptide coordinates a chain of three [Fe-S] clusters that serve

to shuttle the electrons from the active-site FAD to the Q-site located within the



31

transmembrane domain. As each [Fe-S] cluster is a single electron acceptor, the two
electrons from the FAD must tunnel individually along each node in the relay. Each
[Fe-S] is structurally and spectroscopically distinct. Nearest to SdhA is a [2Fe-2S]
cluster (FS1, Eny7 = +10 mV), followed by a [4Fe-4S] cluster (FS2, En7 = -175 mV)
and finally a [3Fe-4S] cluster (FS3, Em7 = +65 mV) (177). While the structure and
cofactor composition of SdhB is well conserved among complex II homologs, the
midpoint potentials of the [Fe-S] clusters can be quite variable (178).

In E. coli SQR, FS1 is coordinated by three cysteines and an aspartate:
SdhB¢55, SdhBC0, SdhBC75, and SdhBP¢3 (125). The three Cys residues are conserved
within all SdhB homologs, but the residue in the Asp position shows much more
variability, as in human complex Il and E. coli QFR, that ligand is a Cys (127). FS2 is
coordinated by a ferredoxin-like domain, characterized by three Cys ligands within a
CysXXCyxXXCys motif and the fourth Cys ligand at another position within the
polypeptide. The four ligands to FS2 are SdhB¢149, SdhB¢152, SdhBC¢155, and SdhBC216
(125). A similar cysteine motif is observed with the ligands to FS3, although only
three Cys ligands are required for the [3Fe-4S] cluster: these are SdhB¢159, SdhBC206,
and SdhB¢212 (125). Presumably, when FS3 evolved, the fourth Cys ligand was lost
and in E. coli, an isoleucine (SdhB2%9) is present at that position. In E. coli QFR, the
[3Fe-4S] cluster can be converted to a [4Fe-4S] cluster by introducing a Cys ligand in
the appropriate position (179). However, attempts at a similar cluster conversion in
SQR were unsuccessful, as an E. coli SdhB'20°C mutant retains the [3Fe-4S] cluster

(our data, unpublished), and likewise in B. subtilis SQR containing a SdhBS215C
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mutation (180). Coincidentally, some type E SQRs in archaea contain a second [4Fe-
4S] cluster instead of the [3Fe-4S] (181).

Of particular interest is the [4Fe-4S] cluster, which to date, is always found
with a significantly lower midpoint potential relative to the other two centers (178).
In SQR, the surrounding polypeptide can exert considerable influence on the redox
potential of the iron sulfur clusters (182, 183). The presence of a low potential
center in the middle of an electron transfer relay is quite common in other
oxidoreductases and is found in, for example, E. coli nitrate reductase, QFR, and
DMSO reductase (184-186).

It seems that highly endergonic electron tunneling steps within the electron
transfer relay are permitted as long as the overall reaction catalyzed by the protein
is exergonic. The function of such a low potential cluster is unclear, since according
to Page et al.,, even the most endergonic electron transfer steps occur on a faster
timescale than most catalytic reactions, so long as the distances between cofactors
are kept below 14A (11). Nature may have evolved these low potential [Fe-S]
clusters as rate-limiters, ensuring that electrons don’t build up at the ends of the
electron transfer relays. However, the experimental evidence on whether the
midpoint potentials are important in determining catalytic turnover rates is
inconsistent (167, 182, 187, 188). Protein film voltammetry studies by Hudson et al.
have suggested that varying the potential of FS2 in E. coli QFR does not have an
effect on the reduction of fumarate at the FAD (167). In contrast, Cheng et al
showed that when the potential of FS2 is decreased in E. coli SQR, by mutating the

nearby residue SdhB!'50, significant decreases in physiological activity can be
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observed (182). The effect of reducing the potential of the [4Fe-4S] cluster in E. coli

SQR on empirically measured electron transfer rates is the subject of Chapter 5.

1.4.7 SAhCD - the Hydrophobic Membrane Anchor Subunits

As mentioned earlier, the transmembrane domains of complex II homologs
can be very diverse; they may contain one or two subunits and coordinate zero, one,
or two hemes. The transmembrane domains of E. coli SQR and QFR, as well as
mammalian complex II, have the same overall architecture consisting of two
hydrophobic subunits, a total of six transmembrane helices, and a core four-helix
bundle (123-126).

The most significant difference between E. coli SQR and QFR is the presence
of a b heme (bss6) sandwiched between the two membrane subunits in SQR, which is
lacking in QFR. In E. coli SQR, the heme is bis-His coordinated (Em,7 = +36 mV) (189);
one histidine from each membrane subunit provides the fifth and sixth ligands to
the heme iron - SdhCH8 and SdhDH71, The heme is also found in mitochondrial
complex II, however, its redox potential is much lower (En7 = -185 mV) (190),
rendering it resistant to succinate-dependent reduction (191). The two heme
ligands are conserved across all type D SQRs, except in the yeast S. cerevisiae SQR
where a cysteine replaces one of the histidines as a heme ligand (192). The lack of
bis-His coordination of the heme in yeast SQR suggests that it may be an outlier
amongst the mitochondrial complex II family of enzymes. In fact, it has been
recently submitted that S. cerevisiae SQR does not really bind any heme at all (193),

in spite of previous reports to the contrary (194).
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Also associated with the heme in E. coli SQR is a cardiolipin molecule that
associates between the two membrane subunits, just beneath the heme pocket
(125). The presence of a lipid group here may stabilize the membrane domain as the
acyl chains are in close contact with both membrane subunits. However, the
cardiolipin here may not be necessary, and could likely be replaced by any lipid, as
later structures of the enzyme did not show clear electron density in that region
(195). As well, in the structure of porcine complex II, cardiolipin was not identified
and a phosphatidylethanolamine was modeled in that site instead (124).

The quinone-binding site in E. coli SQR is located at the junction between
SdhB, SdhC, and SdhD, just below the cytoplasmic face of the membrane. Despite the
low sequence identity in the membrane domains of mitochondrial complex Il and E.
coli SQR, all the key residues that form the Q-site are very well conserved. The Q-
site is fairly polar and many of the residues surrounding the Q-site are able to
hydrogen bond to the head of the UQ: SdhBW164, SdhBH207, Sdh(C527, SdhCR31, SdhDP82,
and SdhDP83 (196). In Chapter 2, | examine the role that some of these residues have
in the binding and protonation of the UQ. The Q-site in E. coli SQR is not conserved
in the QFR enzyme; although in QFR, the Q-site also consists of residues from FrdB,
FrdC, and FrdD, its spatial orientation lies in a slightly different area of the protein,
compared to the Q-site in SQR (126). Despite the differences, Q-sites in both SQR
and QFR are able to catalyze the reduction of UQ or the oxidation of MQH; (109).

A number of inhibitors are able to competitively inhibit Q-binding to varying
degrees in E. coli SQR and QFR. These include carboxin, 2-thenoyltrifluoroacetone

(TTFA), pentachlorophenol (PCP), dinitrophenol (DNP) derivatives, atpenin AS5,
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carboxanilides, and 2-n-heptyl 4-hydroxyquinoline (HOQNO) (197-201). Many of
these have different affinities for SQR and QFR, reflecting the preferential binding
for either UQ or MQ in these enzymes, respectively (109). Due to the varied shapes
of the UQ and MQ head groups, it is highly likely that each type of quinone binds to
the Q-site in a slightly different orientation; structural evidence suggests that the Q-
site can support quinone binding at various depths (195, 197).

Another difference between the Q-sites of SQR and QFR is the stabilization of
a semiquinone intermediate. A USQ can be detected by EPR in E. coli SQR, as we will
see in Chapter 2, and also in Paracoccus denitrificans SQR (202). In contrast, a
menasemiquinone EPR signal cannot be detected in wild-type E. coli QFR,
suggesting that the intermediate in this enzyme is highly unstable (198, 203).

As E. coli SQR activity is non-electrogenic (91), protons consumed in the
reduction of UQ must originate from the cytoplasmic face of the membrane. An
ordered water channel that spans the cytoplasm and the Q-site was revealed in the
X-ray structure of the enzyme and it is also conserved in the structures of the
mitochondrial enzymes (124, 125). Disruption of the channel negatively affected
quinone reduction rates, bolstering the hypothesis that it functions as the supplier
of protons to the Q-site (204).

In the di-heme containing complex II homologs, B. subtilis SQR and W.
succinogenes QFR, the quinone-binding site is located on the opposite side of the
membrane as the hydrophilic subunits, distal to the [3Fe-4S] cluster, and denoted as
a Qp-site (as opposed to the Qp-sites mentioned above, proximal to FS3) (205, 206).

In these enzymes, the hemes certainly lie within the direct pathway of electron
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transfer from one active-site to the other. The presence of two active-sites on
opposing sides of the membrane should generate or consume Ap, depending on the
direction of catalysis. Indeed, the Bacillus enzyme catalyzes the pmf-coupled
reduction of menaquinone by succinate (207). However, the activity of W.
succinogenes QFR does not appear to be electrogenic, which led to the proposal of
the “E-pathway hypothesis”, where the transfer of electrons across the two hemes is
coupled to the transfer of two protons in the same direction, in order to compensate
for the charge transfer (206, 208).

The question of whether the type C and type D complex IIs might have a Qp-
site has been controversial. Particularly, two putative Q-sites were observed in the
crystal structures of E. coli QFR, which bound two MQ molecules; in addition the
structure of porcine Complex Il revealed two TTFA binding sites (124, 126). A Qp-
site in E. coli QFR would be especially puzzling, since the lack of a prosthetic group
in the membrane domain prohibits electron tunneling to the Qp-site on a
physiological timescale, rendering it redox-inert. However, MQ could not be seen
bound at the Qp-site in later X-ray structures, and more recent analysis of the Qp-site
indicates that only a single redox-active, dissociable Q-site exists in E. coli QFR (198,
209). In porcine complex II, the TTFA molecule in the Qp-site is only weakly bound,
as suggested by the electron density (124). Furthermore, to date, no evidence for a
Qp-site has been provided by any of the X-ray structures of E. coli SQR or chicken
complex II (123, 183, 195, 197). Collectively, structural and kinetic experiments

support the presence of only a single Qp-site in E. coli SQR (109, 210).
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When the structure of E. coli SQR was elucidated, the position of the heme off
the main electron transfer pathway was very curious (125). At least one function of
the heme appears to be structural, as SQR could not properly assemble in a heme-
deficient strain of E. coli (211, 212). The distances between cofactors suggest that
electrons should be able to tunnel directly from the FAD to the UQ, through the [Fe-
S] chain, bypassing the heme altogether. However, pulse radiolysis experiments
have indicated that the electrons can quickly equilibrate between the heme, [3Fe-
4S] cluster, and the Q-site (213). As E. coli QFR can catalyze succinate-dependent
reduction of UQ, the role of the heme in catalysis is unclear. A popular theory for the
function of the heme is in the suppression of ROS. By acting as an electron sink, the
heme may reduce the lifetime of the USQ intermediate. Alternatively, the high
potential of the heme in E. coli SQR could also be drawing electrons away from the
FAD, as compared to E. coli QFR, the electron distribution at the FAD is significantly
lower in SQR (125). In both cases, the reduction of highly reactive FSQ intermediates
should decrease the number of auto-oxidative reactions with molecular oxygen to
form superoxide. The role of the heme is a central theme of this thesis, and will be

examined in Chapters 3 and 4.

1.5 Reactive Oxygen Species in the Mitochondrial Respiratory Chain

Since mitochondria are the primary consumers of Oz in the cell, they are also
the primary producers of ROS. The majority of ROS produced by mitochondria
originates from the respiratory chain and are in the form of superoxide (0O2*-), which

can dismutate to hydrogen peroxide (H202). H202 can potentially convert into the
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highly reactive and highly destructive hydroxyl radical (*OH) (214). ROS can be
destructive, readily causing oxidative damage to cellular components such as
proteins, lipids, and DNA, and may be one of the driving forces behind the aging
process (215, 216). The Em7 for the 02/02*- couple is -160 mV; however, at
physiological O; concentrations in the mitochondria, that redox potential can
increase into the 100-200 mV range (217). Thus, under some conditions, the
production of superoxide can be energetically favourable.

Theoretically, any short circuit along the electron transport chain can result
in the reduction of 02 to 02*. However, most cofactors are shielded from molecular
oxygen by the protein milieu; thus, most ROS production arises from solvent-
exposed active-sites. There are two major sources of O:* in the mitochondria:
complex I and complex III. Within complex I, Oz* is produced primarily when O
reacts with the fully reduced form of the FMN cofactor (218). Since Oz*- production
depends on the concentration of reduced FMN, maximal O2* generation at this site
occurs when the NADH/NAD* ratio is very high and when Ap is large. Indeed, a
correlation can be observed between high membrane potential and ROS production
(219, 220). During reverse electron transport through complex I, a secondary source
of Oz is activated, likely at the Q-site (221). O;* is also produced at the level of
complex III, likely through the Q,-site, and more so when the Q;-site is inhibited
(222, 223). However, the amount of Oz* produced by complex III is much lower than
that produced by complex I (217).

Although not a major source of ROS, complex II is also capable of producing

O2*. It has been shown that E. coli SQR and QFR are both potential sources of ROS
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(224). QFR produces much higher levels of ROS than SQR, likely because it normally
operates under anaerobic conditions (225). Messner and Imlay came to the
conclusion that in SQR and QFR, the primary site of O;*- was the FAD (224). In
contrast, a separate study by Zhao et al. indicated that the Q-site in E. coli SQR, and
not the FAD, could be the major site of ROS production and importantly, mutations
at the Q-site in E. coli SQR can significantly increase the yield of O2*- (226). Similar
results were obtained in S. cerevisiae SQR (227, 228) and Caenorhabditis elegans SQR
(229, 230). Most likely, ROS production can arise from either site, as was suggested

in Ascaris suum complex Il where both sites contribute to ROS generation (231).

1.6 Human Diseases Associated with Complex II Dysfunction

Since complex II lies at such a critical junction between metabolism and
respiration, complex II dysfunction has predictably been implicated in a number of
human diseases, although the clinical spectrum of disease is quite varied.
Highlighting the importance of complex II activity, homozygous knockouts of the
SDHD gene in mice are embryonic lethal (232).

Mutations in SdhA have been linked to Leigh syndrome, a progressive
neurodegenerative disease (233-235). Leigh syndrome is associated with general
dysfunction of mitochondrial energy conservation, as defects in numerous other
mitochondrial proteins can also lead to the identical disease state (236, 237, 237,
238). Curiously, mutations in the other complex II structural genes have never been

identified in Leigh syndrome patients.
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Mutations in complex II have also been associated with a variety of tumor
diseases; the most common of these is hereditary paraganglioma, benign tumors of
the head and neck; pheochromocytoma, tumors originating from the adrenal
medulla; and extra-adrenal paragangliomas that can be found anywhere along the
sympathetic nervous system (239). More recently, complex Il mutations were also
identified in patients with Cowden syndrome (240), gastrointestinal stromal tumors
(241, 242), renal cell carcinoma (243-245), and thyroid cancer (246), although these
incidences are much more rare.

The link between complex II dysfunction and
paraganglioma/pheochromocytoma was first identified as a mutation in SDHD
(247). Since then, over 300 unique mutations have been identified in complex II-
related genes, including genes for the other three complex Il subunits as well as in
the assembly factor genes, SDHAF1 and SDHAFZ (for a full listing of mutations, see
the TCA Cycle Gene Mutation Database (248)). Patients harboring mutations in
SDHD, SDHB, and to some extent, SDHC, are much more prone to developing
paraganglioma (248). Why paraganglioma-causing mutations in SDHA are so rare is
currently unknown. Only a single case of paraganglioma caused by a mutation in
SDHA has ever been documented (249). Paragangliomas generally arise from loss of
heterozygosity, and it may be the case that cells are not viable if a complete loss of
SdhA activity occurs (239). Recently, it was reported that SdhA was a vital
component of a mitochondrial ATP-sensitive potassium channel (250). However, it

is not known if this channel is an essential component of the mitochondria.
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The mechanism by which complex II dysfunction can lead to tumorigenesis
likely involves hypoxia-inducible factor-la (HIF-1a). HIF-1a is a transcriptional
activator that regulates genes associated with the cellular response to hypoxic
conditions, such as those relating to glucose homeostasis, and angiogenesis (251).
Intracellular levels of HIF-la are controlled by HIF-prolyl hydroxlases, which
hydroxylate HIF-1a, thus marking it for rapid degradation, in an Oz-dependent
reaction that concomitantly oxidizes a-ketoglutarate to succinate (252). It is known
that both succinate and fumarate are capable of inhibiting the activity of HIF-prolyl
hydroxlases (253, 254). High levels of succinate can result in stabilization of HIF-1a,
which can translocate into the nucleus and stimulate cell proliferation. Alternatively,
ROS can also increase the stability of HIF-la, possibly by inhibition of the
hydroxylases (255). Thus, mutations in complex II that either cause a loss of
catalytic activity, or increase the production of ROS can both contribute to the
formation of tumors.

Pheochromocytoma formation is also a symptom in a subset of patients with
von Hippel-Lindau (VHL) disease (256). Tumors associated with VHL disease and
complex II dysfunction show similar transcriptional profiles (257). Notably, the VHL
protein also regulates the degredation of HIF-1la (251), further implicating this
pathway in complex II-associated tumorigenesis.

Although not as common as those discussed above, decreased Complex II
activity has also been shown in a number of other mitochondria-associated diseases

such as progressive myopathy (258), encephalopyopathy (140, 259), isolated
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cardiomyopathy (260), optic atrophy (261), ataxia (262), and Kearns-Sayre

syndrome (263).
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indicated. Cluster N7 is not conserved in all Complex I structures and is too
far from the electron transfer relay for competent electron transfer.
Conformational changes associated with Q binding and reduction are
translated to the three antiporter-like subunits by the amphipathic helix in

magenta. This figure was adapted from Sazanov et al. (34).
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Figure 1.6: The Q-cycle mechanism in Complex IIIl. Two successive
turnovers of UQH: at the Qo-site introduce two electrons into the high-
potential chain and two electrons into the low-potential chain. The low-
potential chain terminates with the reduction of a single UQ at the Q;-site,
while the two electrons in the high-potential chain are used to reduce two
molecules of soluble cytochrome c. The localization of the two Q-sites on
opposite sides of the membrane allow pmf generation by a redox loop

mechanism. This figure was adapted from Crofts et al. (264).
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Figure 1.7: Schematic of complex IV catalysis. Electrons flow from
cytochrome c to the binuclear center where oxygen is reduced to water. Two
putative water channels mediate proton uptake from the N-side of the

membrane.
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Figure 1.8: Schematic of the rotary mechanism of the FiFo-ATPase.
Proton flow back into the N-side of the membrane drives rotation of the c-
ring, which is coupled to rotation of the af-hexamer, the site of ATP

synthesis. This figure was adapted from ref. (265).
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Figure 1.9: The modular design of the E. coli respiratory chain. The

substrates on the left are oxidized by the appropriate dehydrogenases while

reductases catalyze the terminal reduction of the substrates on the left. The

three types of quinones that carry electrons between dehydrogenases and

reductases are shown. In E. coli, n = 8 but the length of the isoprenoid

sidechain can vary depending on the organism.
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Figure 1.10: Proton translocation by the E. coli respiratory chain using a
redox loop mechanism. In this example, the primary dehydrogenase is
formate dehydrogenase, while nitrate reductase catalyzes the terminal
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Figure 1.11: Arrangement of redox cofactors in complex II. The distances
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Figure 1.12: Superimposition of the structures of porcine complex II
and E. coli SQR. PDB structures 1Z0Y (124) and 1NEK (125) were used,
respectively. While the SdhAB subunits and redox cofactors align very well,
larger divergence in structure is seen in the membrane domains. The two

structures were aligned in Pymol, over all backbone atoms.
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Chapter 2: The Quinone Binding Site in
Escherichia coli Succinate Dehydrogenase
is Required for Electron Transfer to the

Heme b*

*A version of this chapter has been published. Tran, Q. M., Rothery, R. A., Maklashina,

E., Cecchini, G., and Weiner, ]. H. (2006) ] Biol Chem 281, 32310-32317.
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2.1 Introduction

Escherichia coli SQR is responsible for the oxidation of succinate to fumarate
coupled with quinone reduction during aerobic growth. The electrons from
succinate oxidation are ultimately transferred via the [3Fe-4S] cluster to reduce a
bound ubiquinone (UQ) at the Qy -site. Still, the electron transfer pathway through
the enzyme is highly ambiguous. Limitations in electron tunneling efficiency dictate
that electrons must travel in a non-deviant path from the FAD to the [3Fe-4S] cluster
through each of the other [Fe-S] clusters. The edge-to-edge distances from the [3Fe-
4S] cluster to the Qp-site and the conjugated porphyrin ring of the heme are 6.8 and
13.1 A, respectively. These distances are well within the limit for effective electron
tunneling of 14 A (1), and it is unknown what role the heme may have in the
electron transfer pathway, as electrons are fully capable of traveling directly to a UQ
bound at the Q,-site. It has been determined that the heme performs a structural
role in stabilizing the holoenzyme (2), but the question of it participating in the
electron transfer pathway has not been adequately addressed. It should be noted
that using pulse radiolysis it has been suggested that the heme can participate in
fast electron equilibration between the [3Fe-4S] cluster and quinone in the E.
coli SQR (3). It is notable that in other members of the complex Il superfamily, there
may be no heme present (E. coli menaquinol:fumarate oxidoreductase), and in
others there are two hemes present (Bacillus subtilis SQR and Wolinella
succinogenes menaquinol: fumarate oxidoreductase) (4). In the case ofB.

subtilis SQR, it has been demonstrated that both hemes undergo redox cycling
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during enzyme turnover (5). However, the structure of the B. subtilis SQR membrane
domain is radically different compared with the E. coli SQR.

In mitochondrial Complex II, mutations in residues at and around the heme
cofactor, as well as those surrounding the Q-site, have been implicated in human
disease and oxygen hypersensitivity in Caenorhabditis elegans (6-8). Individuals
with hereditary paragangliomas as well as pheochromocytomas tend to also have
mutations in key conserved residues in these areas of their Complex II (9, 10). That
these residues are often conserved between the human and E. coli enzymes is a
testament to the usefulness of the latter as a model system to mimic disease-
associated mutations.

In this study, we have examined the role of the heme within E. coli SQR. We
demonstrate that it undergoes succinate-dependent reduction. However, optimal
heme reduction by succinate requires the presence of a fully functional Qp-site.
Mutations to Q-site residues SdhC527, SdhCR31, SdhDP82, and SdhDY83 impair electron
transfer to the heme. Additionally, we show that enzyme turnover and subsequent
quinone reduction likely involve a radical semiquinone (SQ) species. These studies
are a key step in the elucidation of the electron transfer mechanisms between key

areas within the membrane domain of Complex II.

2.2 Materials and Methods
Bacterial Strains and Plasmids—Expression of wild-type and mutant SAhCDAB was
carried out using theE. colistrain DW35 ((AfrdABCD, sdhC:kan), laboratory

collection) as the host that has been previously described (11). Wild-type SdhCDAB
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was expressed from plasmid pFAS (prrosdhC*D*A*B*) under the control of the
fumarate reductase promoter (12). All cloning procedures were performed in TG1
cells (K12, A(lacproAB),supE, thi, hsd A5 F'[traD36 proA*B*lacld lacZ AM15])

(Amersham Biosciences).

Site-directed Mutagenesis of Q-site Mutants—The 3.7-kb Sphl/Kpnl fragment of pFAS
was excised and placed into vector pTZ18R [AmpRlacZ'] (Pharmacia), and this
construct was used as a template for the mutagenesis reaction. Mutants were
created with the QuikChange site-directed mutagenesis kit from Stratagene using
20-mer oligos as the mutagenic primers. All mutants were verified by sequencing
(DNA core facility, University of Alberta). Mutagenized fragments were subcloned
back into pFAS and transformed into E. coli DW35 for expression. All cloning
procedures were performed in accordance with methods described in Sambrook

and Russell (13).

Growth Conditions—E. coli DW35 expressing the appropriate SdhCDAB enzymes
from recombinant plasmids were grown under microaerobic conditions. A 25 ml
culture of Terrific Broth containing 100 pug ml-* ampicillin, 100 pg ml-! streptomycin,
and 50 pg ml-! kanamycin was grown overnight under standard aerobic conditions.
This was used to inoculate 2-liter cultures (in 4-liter Erlenmeyer flasks), which were
then grown overnight at 37 °C with moderate shaking, each with antibiotics

identical to those of the inoculum. The cells were harvested and washed once in 100
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mM MOPS/ 5 mM EDTA, pH 7, buffer before freezing in liquid nitrogen and storing

at-70 °C.

Growth Studies—The ability of mutant SQR to support growth in the presence of
succinate was determined by growing E. coli DW35 expressing each of the mutants
in minimal medium containing 20 mM succinate at 37 °C and monitoring cell
turbidity with a Klett-Summerson spectrophotometer (red filter number 66).
Growth studies were also done in glycerol-fumarate minimal medium as previously

described (14).

Preparation of Membranes—Cells were lysed by two passages through a French
press at 15,000 psi. The bacterial inner membrane fraction was concentrated by
subjecting the cell lysate to a low speed centrifugation at 15,000 x g followed by
high speed centrifugation steps at 150,000 x g as previously described (15). A 52%
sucrose gradient was used to separate the inner membrane from the outer
membrane, and following this step the E. coli SQR within the membranes was
activated with 1 mM malonate at 30 °C for 20 min to release an oxaloacetate
molecule bound to the active site FAD (16). Final membrane preparations were

aliquotted into 300 pl batches, frozen in liquid nitrogen, and stored at -70 °C.

Analytical Methods—Protein concentrations were determined by a modified Lowry
assay (17), and SdhCDAB concentration was determined through a covalently bound

flavin assay (18).
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Measurement of Enzyme Activity—Enzyme activity was assayed in 100 mM MOPS/ 5

mM EDTA, pH 7, degassed buffer at 23 °C.

Succinate-Qo Assay—This assay was performed anaerobically using a combination of
20 mM glucose in the buffer and the addition of 25 units of glucose oxidase/catalase
(Sigma) as an oxygen scavenger. The absorbance decrease at 410 nm was measured

in the presence of 10 mM succinate and 0.7 mM Qo (€410 = 0.73 mM-! cm™1).

Plumbagin-Fumarate Assay—This assay was performed, as described (19),
anaerobically in the presence of 10 mM fumarate and 0.35 mM plumbagin (5-
hydroxy-2-methyl-naphthalene-1,4-dione) (€419 = 2.81 mM-1 cm). A combination
of 20 mM glucose in the assay buffer and 25 units of glucose oxidase/catalase was

used as well.

PMS-MTT Assay—The ability of the enzyme to pass electrons from succinate to 3-
(4,5-dimethylthiazolyl-2-)2,5,di-phenyltetrazolium bromide was assayed as
previously described (20) by monitoring the absorbance increase at 570 nm in the
presence of 4 mM succinate, 0.75 mM phenazine methosulfate, and 0.075 mM 3-
(4,5-dimethylthiazolyl-2-)2,5,di-phenyltetrazolium bromide (€570 = 17 mM-1 cm-1).
All spectroscopic measurements were performed with a Hewlett Packard 8453 UV-

VIS diode array spectrophotometer.
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Heme Reduction Assay—The ability of the heme to be reduced in the presence of
succinate was monitored spectrophotometrically. Membrane vesicles were injected
into a cuvette containing degassed 100 mM MOPS/ 5 mM EDTA/ 20 mM glucose
buffer to a final concentration of 0.5 mg ml-1. 25 units of glucose oxidase/catalase
were added to ensure a totally anaerobic solution. The absorbance of the heme at
560 nm was monitored using a three-point drop method with the data points at 500
and 575 nm. A base-line absorbance reading was established for 30 s prior to the
addition of succinate into the cuvette to a final concentration of 8.7 mM. All readings
were performed with a Hewlett Packard 8453 UV-VIS diode array

spectrophotometer.

EPR Spectroscopy—In preliminary studies of “as is” air-oxidized membranes,
samples containing 180 pl of membrane vesicles in 100 mM MOPS/ 5 mM EDTA, pH
7, of roughly 30 mg ml-! protein were prepared. To simulate turnover conditions, 30
ul of 150 mM succinate was added to 150 pl of the same membranes and incubated
at 23 °C for 30 s prior to freezing. For potentiometric titrations, membrane vesicles
were prepared in 100 mM Tricine/ 5 mM EDTA buffer, pH 8, at a protein
concentration of ~20 mg ml-1. Titrations were carried out in an anaerobic vessel at
25 °C as previously described (14). The following redox dyes were added to a final
concentration of 25 uM: dichlorophenolindophenol, 1,2-naphthoquinone, toluylene
blue, phenazine methosulfate, thionine, methylene blue, resurufin,
indigotrisulfonate, indigocarmine, anthroquinone-2-sulfonic acid, and neutral red.

EPR spectra were recorded using a Bruker ESP300E spectrometer equipped with a
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Bruker liquid nitrogen-evaporating cryostat at 150 K, 20-milliwatt microwave
power at 9.43 GHz, and a modulation amplitude of 2Gyp. All spectra reported are the

average of five scans.

2.3 Results

Mutagenesis of Q-site Residues—Site-directed mutants of several conserved residues
within the membrane intrinsic domain of E. coli SQR were generated. Based upon
the x-ray structure, the chosen residues are all located around the Qp-site. SdhCS%7
was mutated to an Ala residue; SdhCR31 and SdhDP82 were both mutated to Leu.
SdhDY83 was mutated to Phe, Ala, and Lys. All mutants and wild-type enzymes were
expressed in E. coli DW35, which contains a deletion in the frdABCD operon and an
inactivated sdhCDAB operon to eliminate any chromosomally encoded enzyme
contributing to the activity. The chosen residues are located directly within
hydrogen bonding distance of the bound quinone molecule. SdhC5%7 is a candidate
for hydrogen bonding to the 04 atom of UQ, while SdhDY®83 lies on the opposite side,
acts as a ligand for the O1 atom, and has been postulated to act as a proton donor
during quinone reduction. SdhDP82 lies in close proximity to UQ as well and could
potentially interact directly with the quinone or act through its interaction with
SdhDY83, SdhCR31 is also a major structural component of the quinone binding site as
it lies equidistant between the heme and the UQ; additionally, this residue has been

proposed to act as a modulator of the pK, of the side chain OH of SdhDY83 (21).
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Characterization of Enzyme Activities Is Shown in Table 2.1—To ensure that loss of
activity was not a result of breakdown of the enzyme, SDS-PAGE was performed on
all membrane preparations (data not shown). This indicated that the wild-type as
well as all the mutant enzymes were equally overexpressed to very high levels,
whereas assembly and membrane targeting were unaffected. These results were
verified by use of a covalently bound flavin assay to determine the exact
concentration of SQR within the bacterial membrane. PMS-MTT (phenazine
methosulfate-3-(4,5-dimethylthiazolyl-2-)2,5,diphenyltetrazolium bromide) assay
results, which measure the functionality of the SdhAB dimer, were unchanged
between the wild-type and mutant enzymes (data not shown). The
succinate/Qo reductase assay monitors the physiological activity of SQR, and all of
the mutants showed drastically reduced activity compared with the wild-type. As
mutants of residues SdhC527, SdhCR31, and SdhDP82 were unable to reduce the UQ
analog Qo, measurement of the enzyme K, for Qo was not possible. Mutants of
SdhDY83 were also defective in their ability to reduce Qo, although there was
retention of 15-28% of wild-type activity. When SdhDY83 was mutated to an Ala or
Lys, the Knfor Qowas elevated as well, whereas a Phe substitution showed
a Ky, similar to wild-type. SQR is capable of operating in the reverse direction as a
fumarate reductase, and this can be monitored by the plumbagin/fumarate assay.
These mutations had different effects on the ability of the enzyme to oxidize
reduced plumbagin, a menaquinol analog. The SdhCS27A mutant only reduced
plumbagin oxidation by 33% in contrast to its severe effect on Qo reduction (Table

2.1). Mutation of SdhDY®3 resulted in an elevated K, for plumbagin, and the loss of
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the ability to oxidize reduced plumbagin was similar to the effect seen on
Qo reduction. The SdhCR31L and SdhDP82L mutants were severely affected in their
ability to oxidize reduced plumbagin, similar to the effect seen with
succinate/Qo activity. These results confirm that SdhCR31 and SdhDP82 are integral to
the quinone chemistry of the enzyme in both the forward and reverse direction,
whereas SdhCS?7 is more essential for quinone reduction than for menaquinol
oxidation and SdhDY83 probably is more essential for quinone binding rather than
being a direct participant in the chemistry of the Qp.site.

The ability to complement growth of E. coli DW35 on aerobic minimal
medium supplemented with succinate as the sole carbon source is a simple measure
of in vivo functionality of the enzyme. Figure 2.2 shows aerobic growth curves for
cultures complemented with plasmids expressing each of the mutants. Cells
harboring the wild-type enzyme on pFAS plasmid grew with a doubling time of 2.0
h. Mirroring the physiological activity of succinate oxidation, cells harboring
plasmids expressing SdhCS274, SdhCR31L, and SdhDP82L mutants failed to grow.
Despite the significant loss of physiological activity in vitro, the SdhDY83F, SdhDY834,
and SdhDY83K mutants were still able to grow on succinate-supplemented minimal
medium with doubling times of 2.7, 2.0, and 2.2 h, respectively. That we did not
observe a more significant difference in growth rates given the wide range of
enzymatic activities can be attributed to the high degree of enzyme expression from
the pFAS plasmid.

The ability of the mutant SQR to complement growth in E. coli DW35 in

anaerobic glycerol-fumarate minimal medium was also examined. None of the
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mutants was able to support growth, whereas E. coli DW35 harboring the wild-type
plasmid could (Figure 2.3). E. coli SQR is a very poor fumarate reductase, and when
this activity is impaired the enzyme can no longer support growth on glycerol-

fumarate medium despite the high expression levels.

Impairment of the Q Binding Site Disrupts Heme Reduction—The redox state of the
heme can be measured spectrophotometrically at 560 nm. In this way, it is possible
to observe whether the b-type heme sandwiched between the membrane subunits
participates in the electron transfer relay. Heme reduction was monitored following
the addition of 10 mM succinate. The rate of reduced heme appearance as well as
the amount of reduced heme were compared between the mutants and the wild-
type. In Figure 2.4, heme reduction curves are shown for the wild-type and the
mutants. Experiments were also performed in the presence of 0.35
mM pentachlorophenol, a potent Q-site inhibitor (22). To compare the different
spectra, traces are normalized to the total amount of dithionite-reducible heme in
each sample.

In the wild-type enzyme, the addition of succinate results in an immediate,
rapid increase in reduced heme, whereas this rate is reduced in the mutants. The
Sdh(Cs27A, SdhCR31L, and SdhDP82L mutants had greatly reduced rates of heme
reduction compared with the wild-type. Mutations of SdhDY83 also had a significant
effect on heme reduction rates, although the effect was not as large as for the other
mutations. Not only did these mutations in the Q-site perturb the rate at which

electrons reach the heme, they also had an effect on the extent of heme reduction
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once equilibrium was reached. There was a slight decrease in total heme reduction
when SdhDP82 and SdhDY®3 were mutated, but a very noticeable decrease was
observed in the SdhCS27 and SdhCR31 mutants. When comparing heme reduction in
the Q-site mutants to heme reduction in the presence of pentachlorophenol, the
results are strikingly similar. Traces in the presence of inhibitor are nearly identical
in shape to those of the Q-site mutants and indicate a reduced rate and extent of
heme reduction. These data suggest that impairment of the Q-site is directly

responsible for the impediment to heme reduction.

EPR Spectroscopy of Mutant SQR—To determine whether the effects on heme
reduction could be related to defective quinone reduction, we examined membranes
enriched for wild-type or mutant enzyme using EPR and focused on the SQ radical
intermediate. An SQ radical signal has been previously identified in E. coli fumarate
reductase as well as preparations of submitochondrial particles (23). An SQ
intermediate has yet to be confirmed in E. coli SQR, although an SQ has been
detected by EPR in eukaryotic membrane preparations (24) as well as in Paracoccus
denitrificans (25).

We were able to visualize a radical signal at g = 2.005 in the membranes expressing
wild-type SAhCDAB in both “as is” air-oxidized membranes as well as a significantly
larger signal under turnover conditions (Figure 2.5). Neither signal was present in
the background E. coli DW35 membranes. Under turnover conditions, the EPR line
shape is slightly altered with wings characteristic of a FAD radical (26). A

conventional potentiometric redox titration on E. coli DW35 membranes expressing
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wild-type SAdhCDAB identifies two radical species within the sample (Figure 2.6).
These species can be effectively resolved along the potential domain into a high
potential species, which we identify as the SQ signal, and a low potential species, due
to a radical at the FAD cofactor in SdhA. The low potential signal was highly
attenuated in membranes not activated with malonate or membranes containing
oxaloacetate, which when bound to the active site can interact directly with the FAD
(data not shown). Curve fitting of this FAD signal reveals a midpoint potential of -
148 mV at pH 8.0 for the two-electron reduction of FAD to FADH;. This is in
reasonable agreement with the parameters previously reported by us (26). The
higher potential SQ signal has a midpoint potential of 60 mV at pH 8.0. Both
the En1(SQ/Q) and Em2(QH2/SQ) transitions had equivalent values, which equates to
33% of the quinone being EPR visible (Kstag ~1.0). That the SQ signal has a smaller
amplitude than the flavin signal is likely due to a lower occupancy at the Qp-site (UQ
concentration dependent) compared with the FAD site (covalently bound flavin). It
is likely that the growth conditions used resulted in a larger concentration of
menaquinone compared with UQ in the membrane preparations used.

In contrast to the wild-type enzyme, when redox titrations were performed
on the Q-site mutants by EPR, each of these mutants retained the FAD radical signal
whereas they all lacked the SQ signal (Table 2.1). The FAD signal appears at the
same midpoint potential as that seen in the wild-type, yet no other signal is
observed at any other potential. Representative redox titrations for the SdhC5274 and

SdhDY&¥F mutants are shown in Figure 2.7.
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2.4 Discussion

E. coli SQR shares significant sequence and structural similarity with its
mitochondrial ortholog. Although most of the similarity is found within the two
membrane-extrinsic subunits, there are significant portions within the membrane
domain that contain a number of very highly conserved residues, mainly
surrounding the heme moiety and the Qp-site. In this study, we mutated several
conserved residues within the Q-site that are poised in prime positions for a direct
interaction with the bound substrate according to the high-resolution crystal
structure (21).

We investigated the possible roles of residues SdhC527, SdhCR31, SdhDP82, and
SdhDY83, We found that each mutant, although expressed to equivalent levels
compared with wild-type enzyme, had a serious defect in the ability to reduce UQ.
Mutations in the three former residues resulted in enzymes inactive in quinone
reduction, whereas mutations of SdhDY®3 led to active enzymes although with
significantly reduced physiological activities. This highlights the critical importance
of these residues in defining the binding pocket and/or the mechanism of quinone
reduction. SdhCS27, SdhCR31, and SdhDP82 have structural significance within the Q,-
site as their side chains are in positions able to hydrogen bond to the UQ. The loss of
physiological activity associated with these mutants may be caused by loss of
quinone binding. SdhC%27 and SdhCR3! have previously been identified as key
residues within the Q-site (27), and SdhDY®3 has been suggested to play an active
role in reduction of the quinone as a possible proton donor due to its close

proximity to the O1 oxygen of UQ (21). The results in this communication, however,
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suggest that SdhDY#3 plays a more important role in binding of the quinone and is
not essential for protonation of the quinone. Removal of the OH side chain in the
SdhDY8¥F mutant resulted in an 85% loss in activity but the K for Qo was not
altered. Mutation of SAdhDY®3 to either Ala or Lys reduced activity ~75% and
additionally had an effect on quinone binding as evidenced by the increase in K, for
Qo. This would suggest that SdhDY83 plays a role in defining the proper architecture
and orientation of the quinone in the binding site but is not essential for protonation
of the quinone. Rather, another amino acid residue and/or water molecule may be
the direct proton donor (28).

The mutations in these residues also had an effect on activity when the
enzyme acted as a fumarate reductase. Mutants defective in Qo reduction also had
corresponding decreases in their plumbagin/fumarate activities, suggesting that
both quinone reduction and oxidation occur at the same site within the enzyme.
SdhCs27 did not have as great an effect on plumbagin oxidation as was seen on
Qo reduction. The differences in structure between UQ and menaquinol may cause
the molecules to bind and interact with different residues within the Q-site, so
differences in activity in either direction can be expected. This result is consistent
with recent observations with E. coli fumarate reductase where a slightly different
orientation for menaquinone and UQ have been shown for the Qp-site in that SQR
paralog (29).

It was not anticipated that mutations made to the Q-site would have effects
on electron transfer to the heme. Electrons at the [3Fe-4S] cluster face a bifurcating

pathway to either the heme or the Q-site and would be expected to tunnel to both
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sites given the distances involved. Indeed, it has been proposed that the heme
serves as an electron sink such that electrons are donated to the heme first, and
when both the [3Fe-4S] and the heme are reduced, this would allow for the
concomitant two-electron reduction of the bound quinone (28). In this mechanism,
the heme would hold an electron until the [3Fe-4S] cluster was reduced, thus
preventing formation of an SQ radical that could interact with oxidants in the native,
aerobic environment in which the enzyme operates in vivo, in such a way as to
prevent production of high amounts of reactive oxygen species resulting in
oxidative stress that has been shown to be harmful to cells (30). Although such a
hypothesis may be appealing, the results here do not indicate that this is the
preferred mechanism.

The results presented here indicate that the quinone, not the heme, likely
receives the first electron from the [3Fe-4S] cluster, although rapid electron
equilibration between the heme and quinone cannot be ruled out (3). When we
disrupt the Q-site through mutation, we observe that the rate of electron transfer to
the heme is decreased. We conclude that a functional Q-site is required for optimal
heme reduction. Electron tunneling rates can be affected by distances between, as
well as midpoint potentials of, each cofactor, although the effect of the latter may be
minimal (7). In the case of E. coli SQR, the heme is only slightly closer, edge-to-edge,
to the [3Fe-4S] compared with the bound quinone. However, the midpoint potential
of the UQ pair is significantly higher than the midpoint potential of the heme (Ewnzs =
-15 mV), suggesting that the quinone may be the preferred receptor of the electron

from the [3Fe-4S]. Our results show that in the absence of a functional Q-site, there
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is still a slow leakage of electrons to the heme but compared with the wild-type
enzyme the rate is radically slower. This low rate of electron transfer is surprising
considering the close distance between these two centers. This distance between
the [3Fe-4S] and the heme should lend itself to fast redox equilibrium regardless of
the state of the Q-site, but given that the opposite is observed, perhaps a gating
mechanism may be in place to prevent the electrons from tunneling directly to the
heme from the [3Fe-4S] cluster. A potential candidate here is residue SdhBH207,
which lies directly between the cluster and the heme. Its electron density in the
crystal structure suggests a mobile side chain that could modulate electron flow
between these redox centers (28). SdhBH207 js in direct proximity to the [3Fe-4S]
cluster, the bound UQ, and a heme b propionate. Any hydrogen-bonding network in
this vicinity would rely heavily on this residue, and an empty Q-site may disrupt this
network.

Using potentiometric methods in combination with EPR spectroscopy, we
have demonstrated for the first time the presence of a ubisemiquinone intermediate
bound to the Qp-site of E. coli SQR. This SQ signal can be convincingly separated
from any interfering FAD radical along the potential domain. Given the stability of
the SQ, it is likely that regular turnover of the enzyme occurs through this radical
intermediate. A ubisemiquinone has also been demonstrated inE. coli
menaquinol:fumarate oxidoreductase, but only in a site-specific mutant (FrdC-
E29L) (29). It is perhaps notable that it is the wild-type form of E. coli SQR in which
the SQ is observed. Moreover, all the mutants studied here lacked the SQ signal as

only the FAD radical was observed in the EPR experiments. There is a correlation
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between loss of enzyme activity and lack of a ubisemiquinone intermediate. This
effect may be due to either the inability to bind quinone or a decrease in the stability
of the radical. The latter may be the case in the SdhDY83 mutants that knock out the
radical signal but retain some activity. In this instance, the stability of the quinone
may be so reduced that little or no EPR signal may be detected.

We propose a mechanism in which electrons derived from succinate
oxidation at the FAD tunnel along the [Fe-S] relay until the [3Fe-4S] cluster. These
electrons are subsequently transferred to an awaiting UQ molecule nested within
the Q-site, although there is a small possibility that this electron may tunnel to the
heme instead. Following the first single electron reduction step, a semiquinone
radical species is formed that may be stabilized by any number of the residues that
were discussed in this report. The free electron of the SQ may then tunnel back and
forth between the heme and the quinone in equilibrium prior to a second electron
arriving from the [3Fe-4S] cluster to provide full reduction of the UQ to UQH:. In this
way, the heme cofactor may still behave as an electron sink, but its role is to prevent
the interaction of the SQ with molecular oxygen by providing a more suitable
oxidizing agent. Mutations that create anomalies in the Q-site or around the heme
will surely impair these processes and are likely to result in an increase in the levels
of reactive oxygen species generated by the enzyme as well as have functional
consequences on enzyme activity. Although the root cause of many of the Complex
[I-associated diseases remains a mystery, the fact that many of these mutations are

found in the same areas as described in this study may again suggest that disruption



101

of enzymatic activity and possible reactive oxygen species production could be the

key to understanding these disease states.

2.5 Addendum

A fact that was never published but is included in Appendix A (Figure A.1), is
that when exogenous Qo is added to succinate-reduced Q-site mutants, the heme is
instantly and fully oxidized, and remains in that state. The effect is dependent on Q-
binding, as it is not seen in a double Q-site mutant. This is extremely puzzling since
under these conditions, the enzyme should be maximally reduced because electrons
cannot leave the system through the Q-site; in that case, the redox state of each
cofactor should depend on their individual redox potentials relative to the
succinate/fumarate couple. A possible explanation for the surprising result is that
the binding of UQ to the enzyme elicits a decrease in the midpoint potential of the
heme, such that succinate can no longer reduce it. If this were true, Q-site mutants
that bind the endogenous UQ weakly, but were unable to reduce it to UQH2, would
demonstrate lower heme reduction rates and reduction levels upon the addition of
succinate, as I showed. Once saturating exogenous UQ is added to the system, all
available sites would then bind UQ, preventing heme reduction. This might also
explain why the pre-steady state MHQ experiments could not detect reduced heme
in wild-type SQR until after the initial turnover of the endogenous UQ - the potential
is too low. Such a mechanism might be useful under conditions where there is very

little UQ available. In such an instance, the heme would be reduced and primed for
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the instant that UQ diffuses into the active site. Once UQ enters the Q-site, the drop

in heme potential drives the fast reduction of UQ to the ubisemiquinone form.



2.5 Tables and Figures

103

Succinate/

Qo turnover Plumbagin/fumarate Km plumbagin
Mutant (x10°min™)  Km Qo (mM) turnover (x10° min™) (uM) SQ signal
DW35 0 n.d 0 n.d No
SdhCDAB 26 +2 0.24 + 0.01 16 + 1 80 + 1 Yes
SdhC***DAB 1.1£0.1 n.d 10.6 + 0.8 80+ 2 No
Sdhcb™''DAB 0.6 +0.1 n.d 1.0+0.1 53 +2 No
SdhcDP*?AB 0.5+ 0.1 n.d 23+03 81+ 1 No
SdhcDY*FAB 39+03 0.28 + 0.01 49+06 260+ 6 No
SdhcDY***AB 72+0.6 0.93 +0.03 8.8+0.7 283+4 No
SdhcD"*aAB 6.7+0.5 0.57 + 0.04 6.8+0.7 134 +2 No

Table 1: Characterization of SAhCDAB activities in the different mutant

SQR.

Catalytic turnover and K, of Qo reduction and plumbagin oxidation were

measured in membranes prepared from E. coli DW35 harboring plasmid

pFAS expressing each of the succinate dehydrogenase mutants. The final

column denotes whether an EPR-visible ubisemiquinone radical was

observed in the membranes. A loss of the SQ signal indicates the enzyme has

lost the ability to bind quinone or the stability of the bound radical

intermediate has been greatly diminished. ND - not detectable.
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[3Fe-4S]

Ubiquinone

Ser-C27

Figure 2.1: Crystal structure ofE. coli SQR, centered around the
heme. Several key residues studied around the Q-site and heme are shown.
The side chains of these residues are all directed toward the bound

ubiquinone and may act as potential ligands (PDB: 1NEK (21)).
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Figure 2.2: Aerobic growth of E. coliDW35 cells harboring plasmids

expressing wild-type and mutant SQR on minimal medium

supplemented with succinate. (®) DW35 host; (¢) SAhCDAB; (®) SdhCS274,

(#), SdhCR31L; (4) SAhDP82L; (0) SAhDYS3F; ( A ), SAhDY834; () SAhDYS3K,
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Figure 2.3: Anaerobic growth of E. coli DW35 cells harboring plasmids

expressing wild-type and mutant SQR on minimal medium

supplemented with glycerol-fumarate. (®) DW35 host; (¢) SdhCDAB; (®)

SdhCs274; (), SAhCR31L; (a) SAhDPs2L; (o) SAhDYESF; (&), SAhDYess; (o)

SdhDY83K,
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Figure 2.4: Heme reduction assays in the presence of succinate. 8.7
mM succinate was added to membrane vesicles of 0.5 mg ml! protein at the
30 s time point. An increase in Aseo denotes reduced heme. Curves are
normalized to total amount of dithionite-reducible heme signal.i,
SdhCDAB, ii, SdhCS274, jii, SAhCR31L, jy, SAhDP82L, v, SAhDY83F, vi, SAdhDY834, vij,

SdhDY83K yjji, SdAhCDAB + 0.35 mM pentachlorophenol, ix, DW35 host.



108

A
—— —SdhCDAB
—DW35
B /\/,
—SdhCDAB
—DW35
2.025 2.015 2.005 1.995 1.985
g-value

Figure 2.5: EPR spectra of wild-type SdhCDAB and background in air-
oxidized membranes (4A) and under turnover conditions (B) in the
presence of 25 mM succinate. The g = 2.005 radical signal is only observed
in membranes containing wild-type SQR. The amplitude of the signal is

greatly increased in the presence of succinate.



109

110

~-~ O
o O

Signal height

S
O

-10
400  -300  -200  -100 0 100 200

E, (mV)

Figure 2.6: Potentiometric titration curves of the g= 2.005 radical
signal in wild-type SdhCDAB membrane vesicles at pH 8.0. Two different
radical species are observed. The FAD radical signal appears at lower
potentials (Emg = -148 mV), and the ubisemiquinone radical signal appears
at higher potentials (Emg = 60 mV). Peak-trough differentials were plotted as

a function of Ey. Signal heights are normalized to 100%.
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Figure 2.7: Potentiometric titrations of the g = 2.005 signal as a function
of Ex in mutant SdAhCDAB membrane vesicles at pH 8.0. 4, redox titration
of SAhCS27A membranes. B, redox titration of SdhDY83F membranes. The low
potential FAD radical signal is maintained, but the ubisemiquinone signal is

abolished.



111

2.7 References

1.

Page, C. C., Moser, C. C, Chen, X,, and Dutton, P. L. (1999) Natural engineering
principles of electron tunnelling in biological oxidation-reduction, Nature 402,
47-52.

Nakamura, K., Yamaki, M., Sarada, M., Nakayama, S., Vibat, C. R., Gennis, R. B,
Nakayashiki, T., Inokuchi, H., Kojima, S., and Kita, K. (1996) Two hydrophobic
subunits are essential for the heme b ligation and functional assembly of
complex II (succinate-ubiquinone oxidoreductase) from Escherichia coli, | Biol
Chem 271,521-527.

Anderson, R. F,, Hille, R,, Shinde, S. S., and Cecchini, G. (2005) Electron transfer
within complex II. Succinate:ubiquinone oxidoreductase of Escherichia coli, |
Biol Chem 280, 33331-33337.

Hagerhall, C., and Hederstedyt, L. (1996) A structural model for the membrane-
integral domain of succinate: quinone oxidoreductases, FEBS Lett 389, 25-31.
Matsson, M., Tolstoy, D., Aasa, R., and Hederstedt, L. (2000) The distal heme
center in Bacillus subtilis succinate:quinone reductase is crucial for electron
transfer to menaquinone, Biochemistry 39, 8617-8624.

Hartman, P. S,, Ishii, N., Kayser, E. B., Morgan, P. G., and Sedensky, M. M. (2001)
Mitochondrial mutations differentially affect aging, mutability and anesthetic
sensitivity in Caenorhabditis elegans, Mech Ageing Dev 122, 1187-1201.

[shii, N., Fujii, M., Hartman, P. S., Tsuda, M., Yasuda, K, Senoo-Matsuda, N,
Yanase, S., Ayusawa, D. and Suzuki, K. (1998) A mutation in succinate
dehydrogenase cytochrome b causes oxidative stress and ageing in nematodes,
Nature 394, 694-697.

Senoo-Matsuda, N., Yasuda, K., Tsuda, M., Ohkubo, T., Yoshimura, S., Nakazawa,
H., Hartman, P. S., and Ishii, N. (2001) A defect in the cytochrome b large
subunit in complex II causes both superoxide anion overproduction and
abnormal energy metabolism in Caenorhabditis elegans, | Biol Chem 276,

41553-41558.



10.

11.

12.

13.

14.

15.

16.

17.

18.

112

Baysal, B. E., Ferrell, R. E., Willett-Brozick, J. E., Lawrence, E. C., Myssiorek, D.,
Bosch, A, van der Mey, A. Taschner, P. E., Rubinstein, W. S., Myers, E. N,,
Richard, C. W. r., Cornelisse, C. |., Devilee, P., and Devlin, B. (2000) Mutations in
SDHD, a mitochondrial complex II gene, in hereditary paraganglioma, Science
287,848-851.

Niemann, S., and Muller, U. (2000) Mutations in SDHC cause autosomal
dominant paraganglioma, type 3, Nat Genet 26, 268-270.

Westenberg, D. ]., Gunsalus, R. P., Ackrell, B. A, Sices, H., and Cecchini, G. (1993)
Escherichia coli fumarate reductase frdC and frdD mutants. Identification of
amino acid residues involved in catalytic activity with quinones, | Biol Chem
268,815-822.

Maklashina, E., Berthold, D. A,, and Cecchini, G. (1998) Anaerobic expression of
Escherichia coli succinate dehydrogenase: functional replacement of fumarate
reductase in the respiratory chain during anaerobic growth, J Bacteriol 180,
5989-5996.

Sambrook, J., and Russell, D. W. (2001) Molecular Cloning: A Laboratory
Manual, 3rd Edition, 1.32-1.170, A8.40-A8.51.

Rothery, R. A, and Weiner, J. H. (1996) Interaction of an engineered [3Fe-4S]
cluster with a menaquinol binding site of Escherichia coli DMSO reductase,
Biochemistry 35, 3247-3257.

Rothery, R. A,, Blasco, F., and Weiner, ]. H. (2001) Electron transfer from heme
by to the [3Fe-4S] cluster of Escherichia coli nitrate reductase A (NarGHI),
Biochemistry 40, 5260-5268.

Ackrell, B. A, Kearney, E. B., and Mayr, M. (1974) Role 3f oxalacetate in the
regulation of mammalian succinate dehydrogenase, | Biol Chem 249, 2021-
2027.

Markwell, M. A., Haas, S. M., Bieber, L. L, and Tolbert, N. E. (1978) A
modification of the Lowry procedure to simplify protein determination in
membrane and lipoprotein samples, Anal Biochem 87, 206-210.

Singer, T. P., Salach, ], Hemmerich, P., and Ehrenberg, A. (1971) Flavin
peptides, Methods Enzymol 18, 416-427.



19.

20.

21.

22.

23.

24.

25.

26.

27.

113

Rothery, R. A.,, and Weiner, ]. H. (1998) Interaction of a menaquinol binding site
with the [3Fe-4S] cluster of Escherichia coli fumarate reductase, Eur | Biochem
254,588-595.

Kita, K., Vibat, C. R.,, Meinhardt, S., Guest, ]. R., and Gennis, R. B. (1989) One-step
purification from Escherichia coli of complex II (succinate: ubiquinone
oxidoreductase) associated with succinate-reducible cytochrome bsss, | Biol
Chem 264,2672-2677.

Yankovskaya, V., Horsefield, R, Tornroth, S., Luna-Chavez, C., Miyoshi, H.,,
Leger, C., Byrne, B., Cecchini, G., and Iwata, S. (2003) Architecture of succinate
dehydrogenase and reactive oxygen species generation, Science 299, 700-704.
Maklashina, E., and Cecchini, G. (1999) Comparison of catalytic activity and
inhibitors of quinone reactions of succinate dehydrogenase (Succinate-
ubiquinone oxidoreductase) and fumarate reductase (Menaquinol-fumarate
oxidoreductase) from Escherichia coli, Arch Biochem Biophys 369, 223-232.
Hagerhall, C., Magnitsky, S., Sled, V. D., Schroder, I, Gunsalus, R. P., Cecchini, G.,
and Ohnishi, T. (1999) An Escherichia coli mutant quinol:fumarate reductase
contains an EPR-detectable semiquinone stabilized at the proximal quinone-
binding site, ] Biol Chem 274, 26157-26164.

Ruzicka, F.]., Beinert, H., Schepler, K. L., Dunham, W. R, and Sands, R. H. (1975)
Interaction of ubisemiquinone with a paramagnetic component in heart tissue,
Proc Natl Acad Sci US A 72, 2886-2890.

Hung, S. C., Grant, C. V., Peloquin, J. M., Waldeck, A. R,, Brit, R. D, and Chan, S. L.
(2000) ESEEM studies of succinate:ubiquinone reductase from Paracoccus
denitrificans, ] Biol Inorg Chem 5, 593-602.

Maklashina, E., Iverson, T. M., Sher, Y., Kotlyar, V., Andrell, J., Mirza, O., Hudson,
J. M., Armstrong, F. A, Rothery, R. A, Weiner, ]. H.,, and Cecchini, G. (2006)
Fumarate reductase and succinate oxidase activity of Escherichia coli complex
II homologs are perturbed differently by mutation of the flavin binding
domain, / Biol Chem 281, 11357-11365.

Yang, X, Yu, L, He, D, and Yu, C. A. (1998) The quinone-binding site in

succinate-ubiquinone reductase from Escherichia coli. Quinone-binding



28.

29.

30.

114

domain and amino acid residues involved in quinone binding, / Biol Chem 273,
31916-31923.

Horsefield, R., Yankovskaya, V., Sexton, G., Whittingham, W., Shiomi, K., Omura,
S., Byrne, B., Cecchini, G., and Iwata, S. (2006) Structural and computational
analysis of the quinone-binding site of complex II (succinate-ubiquinone
oxidoreductase): a mechanism of electron transfer and proton conduction
during ubiquinone reduction, J Biol Chem 281, 7309-7316.

Maklashina, E., Hellwig, P., Rothery, R. A, Kotlyar, V., Sher, Y., Weiner, |. H., and
Cecchini, G. (2006) Differences in protonation of ubiquinone and menaquinone
in fumarate reductase from Escherichia coli, | Biol Chem 281, 26655-26664.
Finkel, T., and Holbrook, N. J. (2000) Oxidants, oxidative stress and the biology
of ageing, Nature 408, 239-247.



115

Chapter 3: Escherichia coli Succinate
Dehydrogenase Variants Lacking the

Heme b*

*A version of this chapter has been published. Tran, Q. M., Rothery, R. A., Maklashina,

E., Cecchini, G., and Weiner, ]. H. (2007) Proc Natl Acad Sci US A 104, 18007-18012.
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3.1 Introduction

E. coli SQR has a b-type heme within the membrane domain that is essentially
identical to that found in the eukaryotic enzyme. The role of this heme has been the
focus of great debate. Although it is redox-active (1), it is not known whether it is
essential for enzyme catalysis. This ambiguity stems from the fact that the heme
does not lie on the FAD-[Fe-S] relay connecting succinate oxidation with the site of
ubiquinone binding (the Q-site) within the membrane-intrinsic domain of the
enzyme. Inspection of the structure (Figure 3.1), however, reveals that the heme

lies 13.1 A (edge to edge) from the [3Fe-4S] cluster and 6.5 A from the ubiquinone

that cocrystallized with the enzyme (2). These distances are short enough for rapid
electron transfer among the [3Fe-4S] cluster, the bound ubiquinone, and the heme.
Interestingly, the E. coli QFR and SQR share much of the same catalytic and
structural properties (3-5), but QFR lacks heme. Thus, determining the role of the
heme of SQR would be an important step in gaining a complete understanding of its
structure and function.

Previous experiments to create a heme-free SQR by expressing the enzyme in
a hemA E. coli-deletion strain, which is unable to synthesize heme, failed as a result
of improper enzyme assembly, prompting the hypothesis that the heme is necessary
for proper subunit formation and integration (6). In addition, further attempts to
remove the heme by site-directed mutagenesis proved to be ineffective (7, 8). Here
we successfully created a heme-free mutant of E. coli SQR, which retains catalytic

activity and many wild-type properties.
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3.2 Materials and Methods

Bacterial strains and plasmids - E. coli strains DW35 (AfrdABCD, sdhC::kan) (9) and
SASX41B (HfrP0O2A hemA41 metB1 relA1) (10) were used for overexpression of
SdhCDAB from the plasmid pFAS (prrosdhC*D*A*B*) as described in ref. (11).E.
coli TG1 cells (K12, A(lac-proAB), supE, thi, hsd A5
F'[traD36 proA*B*lacld lacZ AM15]) (Amersham Biosciences) were used for all
cloning protocols. Site-directed mutagenesis methods were performed as described

in ref. (1).

Cell growth and preparation of membrane vesicles - DW35 cells expressing the
appropriate enzymes were grown in batch cultures in Terrific Broth under
microaerobic conditions and harvested as described in ref. (1). SASX41B cells were
grown anaerobically in glycerol-fumarate minimal medium (12) in 19-liter carboys
(from a 250 mL Luria-Bertani broth innoculum supplemented with 50 pg mL-1 5-
aminolevulinic acid) (13) at 37 °C for 30 h. Further, 100 pg mL-! ampicillin was
routinely used in all cell cultures. Additionally, 100 pug mL-1 streptomycin and 50 pg
mL-1 kanamycin were added to all DW35 cultures. Growth studies were performed
in Klett flasks containing minimal medium supplemented with 20 mM succinate (1).

PMSF was added to a final concentration of 0.2 mM before cell lysis by
French Press. Membranes were isolated by differential centrifugation (1). Activation
of the SQR enzyme required a 20-min incubation at 30 °C with 1 mM malonate, and

100 mM Mops/ 5 mM EDTA was used ubiquitously as the buffer system. A modified
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Lowry assay (14) was used to determine the protein concentration in the membrane

vesicles.

SDS-PAGE - Protein samples were run on a 12.5% polyacrylamide gel. After a 5-min
incubation at 70 °C, 45 pg of protein were loaded onto each lane. Low-molecular-
mass markers were obtained from Bio-Rad and Invitrogen. All gels were stained

with Coomassie brilliant blue.

Enzyme activity, quantitation, and ROS generation - Both the succinate:Qo and
plumbagin (5-hydroxy-methyl-napthalene-1,4-dione):fumarate assays have been
described before (1). SQR-enriched membranes were added to an oxygen-depleted
cuvette containing the appropriate substrates to initiate the reaction. The Q-
reductase and PES assays also have been described (5). All membranes were
incubated with 1 mM malonate to remove the oxaloacetate inhibitor bound to the
active-site FAD.

The measurement of superoxide production was performed with a standard
cytochrome c reduction assay (15).

The protoheme IX content of cytochrome b was determined by the pyridine
hemochromogen difference spectra (dithionite-reduced minus ferricyanide-
oxidized) (€°°8->40 = 23.98 mM-1.cm1) as described in ref. (16). Quantitation of
covalently-bound flavin in Sdh-enriched membranes was performed as described

previously (17).



119

Purification of SQR - Membranes were solubilized with 1% Thesit (C12Eo; Anatrace),
and the extract was bound to a DEAE fast-flow anion exchange resin as described in
ref. (18), with the exception that the initial buffer was 10 mM K-P; (pH 7.5). The
anion exchange resin containing the bound enzyme was collected on a small filter,

washed with 75 mM Nac(l, and eluted with 300 mM NacCl.

UV-VIS and EPR spectroscopy - Reduced minus oxidized spectra of the membranes
were performed at a protein concentration of 0.5 mg mL-1. Excess dithionite was
added to the cuvette to reduce the sample before obtaining a sample spectrum. A
Hewlett Packard 8453 UV-VIS diode array spectrophotometer was used to perform
all spectral readings.

To generate oxidized samples for EPR analysis, 170 puL of membranes were
placed into a standard EPR tube, to which DCPIP was added to a final concentration
of 0.8 mM before freezing. Potentiometric titrations were performed as reported
(1). [Fe-S] cluster and heme spectra were recorded by using a Bruker Elexsys E500
EPR spectrophotometer equipped with an Oxford Instruments ESR900 flowing
helium cryostat. All EPR experiments were performed at pH 7.0. EPR conditions
were 9 K, 20 mW at 9.38 GHz, 10 Gpp.

Studies done on the flavosemiquinone and ubisemiquinone radicals were
performed by using a Bruker ESP300E spectrometer equipped with a Bruker liquid
nitrogen evaporating cryostat at 150 K. EPR conditions were 150 K, 20 mW at 9.47

mW, 2 Gpp.
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3.3 Results

Mutations of heme ligands result in fully assembled heme-free SQR - The x-ray
structure (2) of the E. coli SQR reveals that the heme b, as in the mammalian
enzyme, is coordinated by two conserved His residues, one from each of the two
membrane-bound subunits (Figure 3.1). A previous mutation of one of the heme
ligands, SdhCH84L, does not result in a loss of the heme possibly because of the close
proximity of SAdhCH39, which is able to function as a surrogate ligand (7). Also, the
SdhDH71Q mutation results in the conversion of the low-spin hexacoordinated heme
into a high-spin pentacoordinated heme, as observed by EPR (7). We generated
SdhDH71Y and SdhCH84Y mutants, each of which we hypothesized would eliminate the
heme and introduce a hydrogen bond bridging the Tyr side chain and the imidazole
of the corresponding histidine on the opposite subunit.

E. coli cells containing overexpressed SdhDH71Y or Sdh(CH84Y SQR were dark
brown in color, whereas cells containing overexpressed wild-type SQR are brown
with a slightly red hue. SDS-PAGE indicates that subunit assembly is unaffected by
our mutations to the heme ligands (Figure 3.2). After cell lysis, all four subunits of
the SdhDH71Y and SdhCH84Y mutants were clearly visible on SDS-PAGE. The
concentration of SQR in membrane samples can be assayed by estimating the
amount of covalent-linked flavin (18). Membranes containing overexpressed wild-
type, SdhDH71Y, and SdhCH84Y SQR contain 3.1, 1.0, and 2.4 nmol of SQR per mg of
membrane protein, respectively. Based on the amounts of SQR assembled into the
cytoplasmic membrane and our SDS-PAGE analyses (Figure 3.2), it is clear that

these mutations do not significantly alter the structural characteristics of the SdhCD
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membrane domain, although mutating the SdhDH71 ligand has a more pronounced
effect on the stability of the enzyme. Although the loss of the heme cofactor leads to
increased instability of the enzyme, both mutant membrane subunits are still

capable of properly anchoring the soluble SdhAB dimer to the membrane.

UV-VIS and EPR spectroscopies confirm the loss of the heme cofactor - Dithionite-
reduced minus “as is” air-oxidized absorbance spectra of membranes enriched in
mutant SQR indicate a substantial lack of heme absorbance (Figure 3.3A). Spectra
of membranes enriched in wild-type SQR exhibit a strong Soret absorbance at 427
nm, a broad B-absorbance with maximum at 530 nm, and considerable a-
absorbance at 559 nm. In the DW35 host membranes, the observed absorbances
arise from the hemes of the bos- and bd-oxidases (19), and there is a noticeable shift
in the absorbance maxima in these membranes. The heme absorption spectra of
both the SAdhDH71Y and SdhCH84Y mutants are greatly diminished in the amplitude of
the Soret absorbance as well as a-absorbance, compared with the wild-type SQR. In
fact, the amplitudes of these absorbances are lower than those found in spectra of
the DW35 host strain. The likely explanation for this finding is that the contribution
from the spectrum of the heme from the oxidase is diluted out of the membranes by
the overexpression of the heme-free SQR. Further confirmation of the loss of
the b heme through measurement of the protoheme IX content was determined by
the pyridine hemochromogen difference spectra (Table 3.1). Both SQR Tyr mutants
contained only background amounts of b heme produced by the bo3- and bd-

oxidases present in the host strain DW35.
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EPR spectroscopy was used to verify the cofactor composition in the mutant
enzymes (Figure 3.3). For the EPR experiments, membranes enriched in SQR were
fully oxidized with 0.8 mM 2,6-dichlorophenolindophenol (DCPIP) to conditions
where only the [3Fe-4S] cluster and heme are EPR-visible. The signal arising from
the [3Fe-4S] cluster in the SdhB subunit appears as a peak at g = 2.02 (Figure 3.3B),
with a broad trough immediately upfield. This signal is easily detected in
membranes enriched in wild-type SQR, but is lacking in the DW35 host membranes.
EPR spectra of membranes containing SdhDH71Y or SdhCH84Y SQR exhibited a [3Fe-
4S] cluster spectrum identical to that of wild-type membranes. The amount of
enzyme assembled in the mutants' membranes reflected by the [3Fe-4S] cluster and
FAD levels was, however, reduced by approximately one third, compared with wild-
type enzyme. These results affirm the conclusion that enzyme assembly has been
largely unaffected by the mutation.

The heme in E. coli SQR is EPR-detectable and has a characteristically high
anisotropic low-spin spectrum with a g, of 3.66 (Figure 3.3C) (20). This signal is
obviously absent in membranes enriched in the mutant SQR, as well as in
membranes of the DW35 host strain. The signal atg = 3.36 is found in all of the
membrane preparations and can be assigned to the heme bssg of cytochrome bd
21.

Another EPR signal detectable in DW35 membranes is contributed by the
pentacoordinated high-spin hemes of bos- (22) and bd-oxidase (21). Previous
studies of an SdhDH71Q mutant indicated that a high-spin pentacoordinate heme can

be incorporated into SQR (7), and it was necessary to eliminate this possibility for
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our SdhCH84Y and SdhDH71Y mutants. A sharp peak is observed atg = 6.01 in DW35
membranes, corresponding to the presence of high-spin hemes (Figure 3.3D). In
wild-type SQR-enriched membranes, this signal is diminished because the
cytochrome oxidase concentration is diluted by SQR overexpression. A similar
pattern was recorded in both of the mutants. Any conversion from low- to high-spin
heme is easily detected by EPR (7), but here such a conversion is clearly absent.
Taken together the optical and EPR data unambiguously indicate that both of our
mutations have eliminated the heme from its regular position within the membrane
domain.

Evidence of a competent Q-site is provided by the presence of a
ubisemiquinone (USQ) radical observed by EPR. Wild-type SQR cycles through a
semiquinone intermediate (En7= +100 mV) at the Q-site, which is detectable by
potentiometric titration of the g= 2.005 signal in SQR-containing membranes (1). As
the redox titration of SdhDH7Y membranes indicates (Figure 3.4), both the
flavosemiquinone (FSQ) and USQ radicals, which are found in the wild-type SQR, are
preserved in the mutant SQR at the appropriate midpoint potentials. Titrations of
SdhCH84Y-enriched membranes are similar (data not shown). The Kstag of the USQ
radical in wild-type SQR has a value of %1 (1), and this value is unperturbed in either

of the mutants.

Heme-free SQR variants retain physiological activity — The physiological activities of
the mutant SQR were characterized by a spectrophotometric assay (Table 3.1).

When using Qo as a substrate, the turnover rates for the heme-free SQR decreased to
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~50-60% of that of the wild type, but the K for Qo in the mutants was within the
range of that found with wild-type SQR. By using Qi as a substrate, the mutant
enzymes show an even better retention of activity compared with wild type (Table
3.1). The succinate:Qi-reductase activity, when described as a ratio to the
nonphysiological succinate:phenazine ethosulfate (PES) activity, is unity in the wild-
type enzyme, whereas there is only a 6% and 30% loss in activity in the SdhDH71Y
and SdhCH84Y samples, respectively. The K, values for Q1 were only slightly elevated.
During catalysis of the reverse reaction by using reduced plumbagin as a
menaquinol analog, the heme-free mutants lost *50% of wild-type turnover, similar
to the effect observed on succinate:Qo reductase activity, which suggests that the
absence of heme affects both processes similarly. The similarities in K for both
ubiquinone and menaquinol in the wild-type and mutant enzymes suggest that the
loss of the heme does not result in major changes in the structural components of
the Q-site.

The in vivo functionality of the enzyme was determined by monitoring
aerobic growth of E. coli DW35 harboring plasmids expressing SQR in succinate-
supplemented minimal medium. Either the SdhCH84Y or SdhDH71Y mutant was
competent in sustaining growth under these conditions because it had a similar

doubling time (*2 h) as the wild-type SQR-expressing cells (data not shown).

Heme-free SQR enzymes are highly sensitive to detergent — Although the lack of heme
cofactor does not appear to have serious effects on catalytic activity in the native

membrane, the same cannot be said for the enzyme in the presence of detergent.
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Normally, wild-type SQR can tolerate detergent extraction and ion exchange
chromatography while remaining highly active (2). However, in the case of the
SdhCH84YDAB or SdhCDH71YAB mutant, incubation of these SQR-enriched membranes
with low Thesit (C12E9) concentrations, below the critical micellar concentration of
0.1 mM, results in a dramatic loss of succinate:Qi-reductase activity (ICso of
0.0005% or =20 pM) (Figure 3.5). Moreover, after the addition of other detergents
commonly used for extraction (Triton X-100 or dodecylmaltoside) at concentrations
of 0.01%, the wild-type SQR is unaffected, whereas both heme-free SQR lose nearly
all physiological activity (data not shown). The sensitivity of the mutant enzymes to
low levels of detergent (Figure 3.5) is consistent with some disruption of the
structural integrity of the enzyme because there also is a time-dependent loss of
succinate oxidase activity in the PES reaction as well as the Qi-reductase activity
(data not shown). This finding is consistent with the known sensitivity of the SdhAB
enzyme to air or temperature when removed from the SdhCD subunits (7). Standard
purification of detergent-solubilized mutant SQR (17) was attempted by anion
exchange chromatography, but was unsuccessful. In contrast to wild type, the
mutant SQR eluted with a significant depletion of SdhCD (data not shown),
indicative of dissociation of SdhAB from the membrane anchor. Unfortunately, the
detergent sensitivity of the mutant SQR precludes any isolation of the intact
complex. Indeed, the effect of detergent confirms the role of the heme in providing

structural stability for the enzyme.
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Loss of the heme does not affect reactive oxygen species (ROS) production - It has
been proposed that the heme acts as an electron sink during enzyme turnover to
prevent prolonged exposure of the USQ or FSQ radicals to oxidants in the cellular
environment (2). In support of this hypothesis, the E. coli paralog, QFR, which lacks
heme, generates 20-fold more ROS than SQR during aerobic succinate oxidation
(15). Therefore, we assayed the production of superoxide radicals by our heme-free
SQR mutants during catalytic turnover (Figure 3.6). The rate of ROS production by
both the SdhCH84Y and SdhDH71Y mutants were reduced by 60%, compared with the
wild-type enzyme. This finding correlates well with the physiological rate of
succinate/Qo turnover, which also was halved in the mutants. As such, it does not

appear that the heme is acting to suppress ROS production in the wild-type SQR.

Expression of the heme-free mutants in a heme-deficient E. coli strain - It may be
possible that a minute amount of heme, below our detection limits, may have been
inserted into some of the heme-free mutant SQR, and this small subset of heme-
containing enzyme was responsible for some of the wild-type characteristics
observed herein. To ensure that this notion was not the case, the SdhDH71Y mutant
was expressed in theE. colistrain, SASX41B, which is incapable of heme
biosynthesis in the absence of the heme precursor, 5-aminolevulinic acid. Wild-type
or heme-containing mutants of SQR do not assemble in this strain (7). Conversely,
expression of the SdhDH71Y mutant was capable in the SASX41B strain (Figure 3.2),
and enzyme assembly did not appear to be affected. However, when expressed in

the SASX41B strain, the SdhDH71Y enzyme appeared to have a non-stoichiometric
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ratio of the SdhA and SdhB subunits, which was not observed in the DW35 strain.
Nevertheless, the SAdhDH71Y from both E. coli strains had similar kinetic properties

with respect to the ubiquinone activity (Table 3.1).

3.4 Discussion

Oyedotun et al. (23) reported that mutation of the axial ligands of the heme in
Saccharomyces cerevisiae complex Il had minimal consequences on enzyme activity
and quinone function. The results of these studies, however, showed that some
fumarate-oxidizable heme was still retained in all of their mutants. In contrast, the
two mutant SQR we have presented here unmistakably lack the heme as verified by
convincing spectroscopic and EPR techniques. Considering that a large cofactor was
removed from the interior of the protein, the removal of the heme from the E. coli
SQR did not have a substantial effect on the enzyme's function. In addition to the
heme ligands, the heme in the native enzyme must undoubtedly contact the protein
component of the enzyme at multiple points within the membrane core. It will be
interesting to see whether the loss of the heme has left a void in the intersubunit
space or the membrane domain has shifted to compensate. The presence of a
functional Q-site and the stability of the USQ would suggest that the protein
backbone has not been greatly impacted. Because the heme propionates are

positioned ~7 A from the Q-site, changes in the protein structure around the heme

should manifest as disruptions in Q-binding, and this effect is not observed in the

membrane-bound enzyme.
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The instability of the heme-free SQR in the presence of detergents
emphasizes a structural role of the heme in the enzyme. Also, the disparity in the
stoichiometry of SdhA and SdhB in the SdhDH71Y mutant when expressed in the
heme-deficient E. colistrain SASX41B suggests that the enzyme may be more
susceptible to proteolysis when the enzyme assembles in an environment
completely devoid of heme. In DW35 cells, the heme may transiently associate with
the hydrophobic SdhCD dimer in the mutant SQR during the initial stages of
assembly and membrane integration before it is eventually lost, thereby stabilizing
the membrane-intrinsic components before assembly of the final complex. In the
absence of heme in the SASX41B cells, abnormal assembly or a loose association
between subunits may increase the sensitivity of SdhA to proteolytic cleavage, and
thus we may be observing some partially assembled enzyme within the membrane.
This finding indicates a structural role for the heme not only in the holoenzyme, but
also during the early phases of assembly, consistent with previous notions (6). The
presence of a significant quantity of intact, fully functional SdhDH71Y enzyme, even in
the SASX41B cells, suggests that insertion of the heme into the membrane domain of
the wild-type protein may not necessarily precede formation of the fully folded
apoenzyme, but the presence of heme may enhance the efficacy of folding.

We have shown that the heme is not an essential component of the catalytic
mechanism, which is extraordinary given that the heme cofactor is conserved from
prokaryotes to eukaryotes. However, E. coli QFR can carry out the same reaction in
the absence of the heme. In addition, the heme b in mitochondrial complex II has

been shown to be resistant to reduction by succinate (24), which is likely a
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consequence of its low midpoint potential (Em7= -185 mV in the mammalian,
compared with E7 = +35 mV in the bacterial enzyme). In light of our results, it is
entirely plausible that mammalian complex II may not rely on electron transfer
through the heme at all.

Despite our observation that heme-free SQR is catalytically functional both in
vitro and in vivo, the heme is clearly redox-active in the wild-type enzyme (1). The
heme does not seem to have a role in reducing ROS production either. The lack of
heme cofactor does not have an impact on the midpoint potential of nearby redox
centers ([3Fe-4S] or quinone) (data not shown), and this notion can be rejected as
the cause for the modest drop in activity observed here. It has been previously
determined that the rate of electron transfer between the Q-site and the heme can
be considered very fast (25). In a model where the electrons from the [3Fe-4S]
cluster reduce the bound ubiquinone directly, the heme may act to lower the
thermodynamic barrier of electron transfer from the [3Fe-4S] by delocalizing the
negative charge on the USQ, thus increasing the transfer rate of the second electron,
which is likely coupled to the protonation of the quinone. It is difficult to surmise
whether such a rate increase could result in the magnitude of changes observed
herein because the kinetics of quinone reduction occur on a millisecond timescale,
whereas electron transfer rates through the enzyme occur on a microsecond
timescale (26). However, when electron transfer rates are lowered by modulating
the midpoint potential of the [Fe-S] clusters, a significant effect is seen on the

quinone-reduction kinetics (27).



130

In summary, the results reported here propose a function for the heme in E.
coli SQR in maintaining a high rate of catalysis, in addition to its structural purpose,
while excluding its absolute requirement in the catalytic mechanism, as well as its

role in ROS suppression.
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3.5 Tables and Figures
Succinate/
Qo Plumbagin/ K heme b

turnover, Km Qo, Km Q1, fumarate Plumbagin, protein,
Host/Enzyme sl mM Q1/PES uM turnover, st mM nmol mg-!
DW35/SdhCDAB 37 0.20 1.01 2.5 30 0.13 4.1
DW35/SdhCH8+YDAB 22 0.71 0.7 8 16 0.10 0.5
DW35/SdhCDH71YAB 18 0.31 0.94 10 16 0.11 0.6
SASX41B/SdhCDH471YAB 18 0.27 n.d. n.d. n.d. n.d. n.d.
DW35/pBR322* n.d. n.d. n.d. n.d. n.d. n.d. 0.6

Table 3.1: Physiological activity

reduction and menaquinol oxidation in membranes enriched in SQR.

and K. determinations of ubiquinol

*DW35/pBR322 is the host strain, which does not contain either SdAhCDAB or

FrdABCD so that it shows no activity for either succinate-ubiquinone

reductase activity or menaquinol-fumarate oxidase activity. It has normal

levels for bo- and bd-oxidases.

n.d., not determined.
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Figure 3.1: Close-up view of the membrane domain of SAhCDAB. The two

His axial heme ligands are indicated (PDB: 1NEK (2)).
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Figure 3.2: Expression of wild-type and E. coli SQR mutants. SDS-PAGE
analysis of SQR-enriched membranes. Lane 1, low-molecular-mass markers
(Bio-Rad); lane 2, DW35 membranes; lane 3, DW35/SdhCDAB membranes;
lane 4, DW35/SdhDH71Y membranes; lane 5, SASX41B/SdhDH71Y membranes;
lane 6, DW35/SdhCH84Y membranes. Finally, 45 pg of protein were loaded in

each lane.
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Figure 3.3: Biophysical analysis of SQR-enriched DW35 membranes. (4)
Dithionite reduced minus air-oxidized absorbance spectra. (B) [Fe-S] cluster
EPR spectra. (C) Low-spin heme EPR spectra. (D) High-spin heme EPR
spectra. Spectra inBare normalized for FAD content, and spectra

in C and D are normalized to a protein concentration of 30 mg ml-1.
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Figure 3.5: Effect of thesit on succinate:Qi-reductase activity. Membranes
were incubated for 5 min at 30 °C in the reaction medium with indicated
thesit concentrations before initiation of the reaction. Filled diamonds,

SdhCDAB; filled squares, SdhDH71Y; open circles, SdhCH84Y,
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Figure 3.6: Analysis of superoxide radical production rates in DW35
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Chapter 4: The Heme Binding Pocket of
Escherichia coli Succinate Dehydrogenase
Enables Out of Plane Distortions of the

Heme b*

*This work was a collaboration with Carmen Fong, Richard A. Rothery, Elena

Maklashina, Gary Cecchini, and Joel H. Weiner.
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4.1 Introduction

During aerobic metabolism, Escherichia coli SQR catalyzes the
oxidation of succinate to fumarate and ultimately transfers the chemical
energy to the ubiquinone pool to be used in the terminal reduction of oxygen
by cytochrome oxidase. Located within the membrane, sandwiched between
the SdhC and SdhD subunits is a bis-histidine-coordinated b-type heme. The
heme is evolutionarily conserved in all eukaryotic Complex Il enzymes but it
does not lie in the direct pathway of the electron transfer relay between the
FAD and Q-site.

While the heme undergoes redox cycling in the presence of succinate
and quinones, this redox activity does not appear to be essential for enzyme
function as in the last chapter, a heme-free mutant retains a significant
amount of catalytic activity and is capable of supporting the growth of E. coli
on succinate (1). Although it is clear that the heme is necessary to stabilize
the structure of the isolated SQR enzyme (I, 2) the exact function of this
heme cofactor in electron transfer remains to be determined.

The mitochondrial respiratory chain is a significant source of free
radicals but the contribution of Complex II to the overall generation of
reactive oxygen species (ROS) is relatively minor. Through an auto-oxidative
process, E. coli SQR normally produces low quantities of ROS in the form of
superoxide (3), however, mutations around the Q-site in E. coli SQR (and also
Saccharomyces cerevisiae complex II) can lead to an increased rate of

superoxide production (4, 5). It has been suggested that the heme is
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behaving as an electron buffer to prevent the production of ROS from a Q-
site-stabilized ubisemiquinone (6) but experimental evidence for this is
lacking.

The redox potential (Es,7) of the heme in E. coli SQR is +20 mV. This is
in stark contrast to published values for the heme in bovine Complex II,
which has an En7 of -185 mV (7). It is for this reason that the heme in
mammalian Complex II cannot be reduced in the presence of succinate (7)
but the heme of E. coli SQR can be reduced by succinate and oxidized by
ubiquinone (8, 9).

Given the apparent non-essential role of the heme on the
succinate:ubiquinone oxidoreductase activity of E. coli SQR, coupled with its
absolute conservation in all related succinate dehydrogenases, we have
tested the hypothesis that the heme redox state may regulate enzyme
activity. In order to examine possible effects of a changing redox state of the
heme, we used a directed mutagenesis approach to modulate heme midpoint

potential and evaluated the consequences on enzyme function.

4.2 Materials and methods

Site-directed mutagenesis - The EcoRI/BamHI fragment of the pFAS plasmid
(9) containing the sdhCDAB operon was subcloned into the cloning vector
pTZ18R ((AmpR, lacZ’), GE Healthcare). This plasmid was used as a template
for site-directed mutagenesis to introduce the required single mutations

according to the QuikChange procedure (Stratagene). The mutagenic
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oligonucleotides (Integrated DNA Technologies) used in the PCR reactions
are listed in Appendix B (Table B.1). All mutations were confirmed by DNA
sequencing (DNA Core Facility, Department of Biochemistry, University of
Alberta). In order to create the double mutants, the Kpnl-BamHI fragment of
the plasmid bearing the SdhCV87P mutation was cut out and reinserted into
the plasmid containing the appropriate second mutation. Once all
mutagenesis was complete, the EcoRI-Sphl fragment was then subcloned
back into pFAS and transformed into E. coli strain DW35 (AfrdABCD,
sdhC::kan), a strain that does not synthesize any wild type SQR or QFR (10).
All genetic manipulations were done in the E. coli strain TG1 ((hsdA5 thi

A(lac-proAB) F'[traD36 proAB+laclq lacZAM15]), Amersham Biosciences)).

Isolation of crude membranes - E. coli DW35 expressing SQR mutant proteins
was grown in terrific broth media overnight for 16-18 hours using a 1:100
starter inoculum as reported previously (8). After harvesting, cells were
lysed by multiple passes through an Avestin Emulsiflex in the presence of 20
uM PMSF. The bacterial inner membrane fraction was isolated using
differential centrifugation as previously described (8). During the procedure,
membranes were incubated at 30 2C for 15 minutes with 1 mM malonate to
remove oxaloacetate bound at the FAD site of SQR. All cells and membrane

isolations were maintained in 100 mM MOPS/5 mM EDTA buffers.
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Protein quantitation - To assess the overall expression and assembly of
SdhCDAB, all membrane samples were examined after electrophoresis on a
12.5% SDS-PAGE gel (1). 45 pg of membranes were loaded alongside a low
molecular weight ladder (Bio-Rad) and stained with Coomassie blue. Protein
was quantitated using the Lowry assay (11) and SQR levels quantitated by

measuring covalent-flavin (12).

Enzyme activity assays - The succinate/Qo and plumbagin/fumarate assays
were performed as described previously (8). In order to calculate kcar and K
values, the Qo or plumbagin concentration was varied from 0.07 mM to 0.3
mM and data was plotted to an Eadie-Hofstee graph. The succinate PMS-MTT

assay was performed as before (13).

UV-VIS and electron paramagnetic resonance (EPR) spectroscopy - Reduced
minus oxidized absorbance spectra were recorded on a Hewlett Packard
8453 UV-VIS diode array spectrophotometer. Membranes were diluted to a
protein concentration of 0.5 mg mL-! in degassed 100 mM MOPS/5 mM EDTA
buffer (pH 7.0). Samples were reduced with either excess sodium dithionite,
or 9 mM sodium succinate.

Potentiometric titrations were performed as previously described (8).
Protein concentrations within the EPR samples varied from 20-30 mg mL-.
Oxidized membrane samples were made by adding DCPIP to a final

concentration of 0.8 mM (). All samples were made using standard 3 mm
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diameter quartz EPR tubes and stored in liquid nitrogen until analyzed. EPR
spectroscopy was performed on either a Bruker Elexsys E500 or Bruker
ESP300E EPR Spectrophotometer, each equipped with an Oxford
Instruments ESR900 flowing helium cryostat. Both [3Fe-4S] and heme b EPR

spectra were recorded at 12 K, 20 mW at 9.47 GHz, 10 Gpy.

Measurement of reactive oxygen species — A cytochrome c reduction assay was
used to quantitate the production of superoxide during enzyme turnover (3).
A disc assay was used to measure the susceptibility of E. coli to oxidative
stress. Agar overlays of the appropriate E. coli culture were made. 0.7 cm-
wide discs of Whatman no.1 filter paper were placed atop the overlays and 3
ul of a 0.5 mM or 0.25 mM solution of methyl viologen were added to the
center of each disc. The plates were incubated overnight at 37°C and the
diameter of the resulting zone of inhibition was measured along two

orthogonal axes.

4.3 Results and Discussion

Selection of residues to mutate - Using site-directed mutagenesis, we
attempted to modulate the redox potential of the heme by changing residues
within its second coordination sphere. We selected residues in the immediate
vicinity of the heme (within 5 A of the heme edge) using the x-ray structure
(PDB code: 1INEK) (6) as a guide, and focused mainly on residues with

sidechains pointed directly at the heme (Figure 4.1). When measuring
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effects on catalytic activity, we concentrated on mutations to non-conserved
amino acids located away from the propionates and the Q-site, in order to

avoid effects unrelated to the heme potential (Table 4.1).

Expression and membrane assembly of mutant enzymes - The mutations
introduced into the SdhCD membrane domain chosen for study did not have
a detrimental effect on the expression and assembly of the enzyme as
determined by SDS-PAGE analysis of crude membranes over-expressing each
of the mutant proteins (Appendix B - Figure B.1). The covalent-flavin assay
was used to quantify the amount of SdhA in each sample; levels of FAD varied
between 1.5-2.5 nmol FAD mg-! total protein and correlated well with SdhA
levels seen on the SDS-PAGE gel. All of the mutant SQR proteins were
expressed at similar levels to wild-type SQR.

A PMS-MTT assay was performed which measures non-physiological
succinate oxidation activity of the enzyme. This assay requires only a
functional SdhAB dimer and thus it is a measure of overall expression and
insertion into the membrane. As shown in Table 4.1, the PMS-MTT activity
of the mutant enzymes was similar to that of wild-type SQR, although the
SdhDA235, Sdh(CV87P, and SdhCH30G mutant proteins had somewhat lower
activity. Thus, mutations in the membrane domain did not significantly alter

the ability of the enzyme to oxidize succinate to fumarate.
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Determination of the midpoint potential of heme b in mutant SQR - Using a
combination of redox potentiometry and EPR spectroscopy, we determined
the midpoint potential of the heme in all SQR mutant enzymes (Table 4.1).
We also measured the midpoint potential of the [3Fe-4S] (FS3) cluster, which
should be unaffected by mutations in the transmembrane domain. The
midpoint potential of the [3Fe-4S] cluster was not significantly altered in any
of the SQR mutants (E;7 = +60 mV). In wild-type E. coli SQR, the midpoint
potential of the heme is +20 mV. Using only site-directed mutagenesis, we
were successful in generating mutant enzymes with a wide range of heme
potentials, from +20 mV down to -80 mV. All the mutant enzymes exhibited a
low spin EPR spectrum and therefore remained hexa-coordinate. The
location of the mutated residue relative to the heme did not appear to be a
relevant factor as sites on either face of the heme, top or bottom, were all
capable of eliciting a change in redox potential. In some cases, a single amino
acid residue difference was enough to drop the redox potential of the heme
by as much as 75 mV and a combination of the SdhCF38P and SdhCV87D
mutations had a cumulative effect, resulting in a 100 mV change.

As expected, the introduction of an Asp residue into the low dielectric
environment of the heme resulted in drops of 20-60 mV in the heme
potential depending on the position of the mutation. Negatively charged
amino acids are expected to stabilize the oxidized form of the heme, which is
cationic. This is consistent with results in synthetic heme protein maquettes

in which the addition or subtraction of a single charged amino acid in the
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vicinity of a bis-His coordinated heme yielded a change in heme redox
chemistry of approximately 50 mV (14).

Interestingly, none of the mutations resulted in an increase in heme
potential, which might be expected when the heme microenvironment is
more hydrophobic (as in the SdhC™7! or SdhCH30A4 mutants). In these cases,
the lower dielectric within the protein milieu might be expected to raise the
En of the heme through stabilization of the electronically neutral ferrous
heme state. Instead, the redox potential of the heme dropped 40-70 mV in
these mutants. This highlights the inherent unpredictability in these types of
experiments. In these cases, the counterintuitive result may be due to
increased solvent exposure of the heme (in the x-ray structures, SdhCH30
appears to shield the heme cofactor from nearby water molecules) or
differential packing against the hydrophobic core, which may instead
stabilize the oxidized form of the heme (14).

In contrast to the soluble domains of E. coli SQR and eukaryotic
Complex II, the membrane domains share very low sequence identity, and
the few conserved sequences are confined to key areas of the enzyme near
the Q-site and heme propionates. Despite the fact that both share the same
core 4-helix bundle-type structure, the individual residues along those
helices are quite varied. However, the locations in three-dimensional space of
key backbone a-carbons are well conserved even though the overall
membrane domains have slight structural differences (15). Due to the bis-

histidine coordination and common architecture conserved in both E. coli
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and eukaryotic enzymes, the amino acids and their side chains immediately
near the heme align quite well when comparing the structures of E. coli SQR
to avian (16) or porcine Complex II (15) (PDB codes 1Z0Y and 2H88,
respectively).

A comparison of residues immediately next to the heme cofactor
indicate that the heme binding pocket in the eukaryotic Complex II is much
more polar than in E. coli SQR (15). Many of the nonpolar residues that we
chose to mutate have a polar counterpart in pig Complex II (Table 4.1). As
we have shown, individual amino acid mutations in E. coli SQR can drop the
redox potential of the heme by up to 70 mV. Given the cumulative nature of
these amino acid replacements, the increased dielectric environment is likely
a major cause of the large 200 mV difference between the midpoint potential
of the heme in mitochondrial Complex Il and E. coli SQR.

Considering the unusually high midpoint potential of the heme in E.
coli compared to the eukaryotic counterpart, it may simply be a case that in
the E. coli enzyme, the heme-binding pocket has evolved to maximize the En
of the heme. If the enzyme has actively selected for a high potential heme this
may indicate some as yet unknown function. If the role of the heme is purely
to maintain structure then the redox potential of the heme is a meaningless
quality. In the mitochondrial Complex II, the redox potential of the heme may
have been selected to be very low, but alternatively, the absence of selection
may have caused the potential to drift down to the current value (En,7 = -185

mV) which is not much higher than the potential of bis-imidazole-ligated
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heme b in solution (Emgs = -235 mV) (17). Since the heme in mitochondrial
complex II is not reducible by succinate, whereas it is in E. coli SQR, this
implies that if a function exists for the heme in the E. coli enzyme, this

function has been lost in the mitochondrial enzymes.

Visible spectroscopy of heme b in mutant SQR enzymes — An analysis of each of
our mutants using room temperature visible absorption spectroscopy shows
that all the membrane samples exhibit typical heme absorption spectra with
Soret maxima at 410 nm and 427 nm in the oxidized and reduced states,
respectively (data not shown). Normal (- and a- band absorbance maxima at
542 nm and 560 nm were also observed. This suggests that the heme
environment is not dramatically altered as a result of the mutations. When
succinate instead of dithionite was used to reduce the heme, the levels of
reduced heme reflected the EPR-determined midpoint potential. In the
SdhCF38P /SdhCV87D double mutant with the lowest redox potential, succinate-
reducible heme is only approximately 10% of wild-type SQR levels (Appendix

B - Figure B.2).

Catalytic characterization of mutant enzymes — In order to assess the effect of
heme potential on catalytic turnover, we measured the ability of the mutants
to reduce the ubiquinone analogue, Qo, in the presence of excess succinate. As
shown in Table 4.1, all of the mutants were catalytically active. Wild-type

SQR reduces Qo with a Kcat of 43 s1. Given the non-essential role of heme b in
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catalysis, we did not see a correlation between the midpoint potential of the
heme and Q-reductase activity, although most of the mutant proteins had a
reduced capacity to reduce quinol. In most cases, we measured a 10-40%
decrease in the catalytic activity of the enzyme. A complete loss of the heme
only attenuates activity by roughly 50% (1), so the range we observed here is
reasonable. Surprisingly, the SdhCV85T mutant enzyme, which has a heme En,7
of -45 mV (65 mV lower than wild-type SQR), was able to reduce Qo as well, if
not slightly better than wild-type SQR. As well, none of the mutations had a
significant effect on the Ki, for Qo. This suggests that quinol binding is not
affected by any of the mutations, as expected from their substantial distance
from the Q-site. Additionally, there was no correlation between the catalytic
efficiency of the quinol reduction (kcat/Km) and the midpoint potential of the
heme (Table 4.1). Mutant enzymes that had the lowest midpoint potentials
tended to have the lowest catalytic efficiencies but this relationship was not

absolute.

Fumarate reductase activity of mutant SQR enzymes - E. coli SQR is able to
catalyze the reverse reaction, fumarate reduction, when supplied with a
source of reducing equivalents. We measured the ability of the mutant
enzymes to catalyze the reduction of fumarate with the quinone analogue
plumbagin, and similar to the forward reaction, little correlation was
observed between En and activity (Table 4.1). In all mutant enzymes that we

tested, plumbagin oxidation rates were directly proportional to Qo reduction
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rates. Thus, we have shown that in vitro, the midpoint potential of the E. coli
SQR heme does not have a definitive effect on the ability of the enzyme to
reduce quinol or oxidize quinone substrates, although most of our mutations
had some minor negative effects on enzyme turnover and catalytic efficiency.
This may suggest that the high midpoint potential of the heme could be

optimal for the function of the E. coli enzyme.

Reactive oxygen production in vitro - We examined the effect of lower heme
midpoint potential on the production of ROS. E. coli SQR is known to produce
ROS in the form of superoxide primarily from the FAD binding site (3) and we
measured the production of superoxide during enzyme turnover using a
cytochrome c reduction assay (Table 1). Wild-type SQR produces superoxide
at a rate of approximately 2 s-1. All of the mutant enzymes tested produced
superoxide at a rate equivalent to wild-type SQR when normalized to
catalytic turnover and this amounts to approximately 5% the rate of Qo
reduction. Thus, lowering the redox potential of the heme has no appreciable

effect on the production of ROS in this enzyme.

Reactive oxygen production in vivo - We determined whether these mutants
could be producing increased levels of superoxide in vivo by examining the
sensitivity to paraquat, which redox cycles within the cell to generate ROS. E.
coli expressing SQR mutants that produce enhanced levels of ROS should be

especially vulnerable to paraquat-induced oxidative stress. Disc assays were
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performed on DW35 cells expressing wild-type as well as mutant SQR (Table
4.1). When 1.5 pmol of paraquat were added to the 0.6 cm filter discs, the
zone of inhibition around the cells expressing wild-type SQR was 1.7 cm?.
The corresponding zones of inhibition surrounding the DW35 cells
expressing the mutant SQR enzymes were in every case smaller when
compared to those cells expressing wild-type SQR. Paraquat sensitivity was
not enhanced in any of the mutants tested and similar results were obtained
when 0.75 pmol of paraquat were used (not shown). These results mirror the
in vitro results: superoxide production was not increased as the redox
potential of the heme was decreased.

It has been suggested that the FAD is the major site of superoxide
production in SQR (3). The high potential of the heme may allow it to draw
electrons away from the FAD. By lowering the potential of the heme, this
would cause electrons to linger at the FAD, increasing ROS production.
Alternatively, the heme may act as an electron sink to prevent the formation
of ROS via the stable ubisemiquinone intermediate. In this case, we should
expect that a reduced capacity for electrons would increase the lifetime of the
ubisemiquinone intermediate and thus increase the production of superoxide
from the Q-site. However, we have yet to find any evidence that changes to
the physical properties of the heme can lead to an increased production of
superoxide, either in vivo or in vitro. At this point, we can effectively rule out
the possibility that the heme is actively involved in ROS suppression in this

enzyme.
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EPR characterization of heme b in mutant SQR enzymes - The b heme of E. coli
SQR is a highly anisotropic low spin (HALS)-type characterized by an EPR
signal with a large g, feature (g.>3) (18). The HALS signal is a result of strain
on the heme iron, due to the near perpendicular orientation of the imidazole
sidechains belonging to the two histidine ligands (19, 20). In wild-type SQR,
the EPR lineshape of the ferric heme consists of two components that likely
arise from two distinct conformations of the heme (Figure 4.2). The
heterogeneous signal observed is a combination of a sharp peak at g,=3.66
and a broad signal centered at g,=3.55. Due to the high g anisotropy of these
HALS-type hemes, gx and gy values are difficult to measure.

The SdhDV1°P mutation resulted in the most dramatic change in the
EPR lineshape of the heme. Here, we observed the appearance of a new
rhombic species at g=3.00 in addition to the regular signal in the g=3.5-3.6
range (Figure 4.3) and these two signals both titrate to the same midpoint
potential (Table 4.1). Given the low g anisotropy of this new species, this
signal likely arises from a subpopulation of the enzyme in which the two
histidine ligands are coplanar. The addition of an Asp residue in this position
likely disrupts the normal orientation of the nearby SdhDH7! ligand during
assembly of the heme, leading to the incorporation of other rotamers of the
imidazole sidechain.

In these experiments and others (21), we observed mutant SQR

enzymes that appear to shift the equilibrium towards one of the two
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conformational states that exist in wild-type SQR (Figure 4.3). Our results
suggest that the different EPR signals are a likely consequence of out-of-plane
distortions of the porphyrin ring. The ferrous form of the heme cofactor
tends to adopt a more planar conformation but in the ferric form, the pyrrole
(Fe-N) bonds are shorter due to the smaller Fe(IIl) ionic radius (22, 23), and
it is common for the porphyrin ring to distort out of plane (24). Distortion of
the heme away from planarity is energetically unfavorable in Fe-porphyrins,
and is heavily influenced by the surrounding protein milieu (25, 26).
Out-of-plane distortions of the porphyrin ring are normally dependent
on hydrogen bonding with the heme propionates and van der Waals contacts
with the porphyrin ring. In model heme systems, possible distortions include
saddled, ruffled, domed, waved, and propellering conformations (27, 28),
although it is the two former configurations that are most commonly
observed. Our data suggest that a saddled porphyrin ring is the origin of one
of the observed EPR lineshapes, while the other is due to a more planar
orientation of the porphyrin. This is consistent with more recent crystal
structures of the E. coli SQR, which modeled the heme in a more saddled
conformation (29). This is in contrast to the initial 1INEK structure which
modeled the heme in a near planar conformation (6). Thus, there is evidence
that the heme in E. coli SQR can exist in both states. The differences in
conformation amongst the various SQR structures may represent varying

oxidation states of the protein crystal.
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An examination of the hydrogen-bonding network around the heme
propionates reveals some interesting results. SdhCHo1, SdhBH207, and SdhDR20
form a hydrogen bonding network with the propionate distal to the Q-site.
SdhDQ78 and SdhCR3! are hydrogen bonded to the proximal propionate
(Figure 4.4). In the 2ZWDV x-ray structure containing the saddled heme, the
pyrrole ring associated with the distal propionate is shifted towards SdhDR20
while the proximal pyrrole ring contorts in the opposite direction, towards
SdhDR31 Along the pseudo two-fold axis of the heme, SdhDR20 and SdhCR3!
are in equivalent positions, as are SdhCH°1 and SdhDQ’8. These residues
surrounding the heme propionates are generally well conserved among
different Complex Il homologs.

Mutations around the heme propionates show an interesting pattern.
The SAhDR20L and SdhCR31Lmutations result in a shift towards the broad EPR
spectrum at g,=3.55 (En,7 = -25 mV and +15 mV, respectively), although the
effect is not as pronounced in the SdhDR20L mutant. Conversely, the SdhCHO1L
and SAdhDQ78L mutations (Ew,7 = -30 mV and +8 mV (21), respectively) both
cause a shift towards the sharp species at g,=3.66 (Figure 4.3). The mutation
of any one of these “girder” residues is likely to cause the heme propionate to
shift towards the remaining residue, resulting in the equilibrium shift
towards planarity or distortion. For example, in the case of the SdhCH91L
mutation, the distal propionate will shift towards SdhDR20, and vice versa.
The pattern of symmetry in mutations to the hydrogen bonding network of

the propionates strongly suggests that one of the species seen by EPR is the
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heme in a saddled conformation, as this distortion is characterized by the
same two-fold symmetry. The crystal structure of the SdhBH207T was recently
elucidated (30) and shows the distal propionate shifted towards SdhDR20.
This is the same configuration that is expected in the SdhCH?1L mutation and
consistently, both the SdhCH?1L mutant and SdhBH207T mutant (En,7 = +20mV
(30)) exhibit the same sharp EPR spectra. Additionally, in the SdhBH207T
mutant, the heme in that crystal structure has been modeled as less distorted
than in the 2WDV structure, which shows the most heme distortion. This
suggests that the sharp EPR species may represent a relatively more planar
conformation.

Mutations to amino acids packed against the face of the porphyrin ring
can also shift the equilibrium between the saddled and planar conformations
(Figure 4.5). SAhCH30 is in close van der Waals distance (~3.5 A) to the top,
distal pyrrole ring of the heme (we refer to the propionate end as the top of
the heme). In all the crystal structures, this pyrrole ring appears to be most
distorted from planarity, and the position of SdhCH3? suggests that this
residue strongly contributes to the out-of-plane distortion of that ring. We
expect the loss of this residue will relieve the protein influence and cause a
more planar orientation of the porphyrin molecule. When we mutated
SdhCH30we noted a shift in equilibrium towards the sharp EPR species. The
SdhCV87D mutation also results in the observation of the sharp species. This
residue is located at a farther distance from the heme (9 A) but the Asp

residue here likely interacts with the nearby SdhCH3? residue, pulling it away
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from the heme, and leading to increased planarity in the porphyrin ring.
Considering these results and the SdhBH207T crystallographic data, we can
confidently assign the sharp EPR species as originating from a more planar
conformation of the heme, whereas the broad component of the lineshape is
derived from a more saddled distortion.

Interestingly, mutations along the bottom edge of the heme are also
able to elicit the same spectroscopic shifts as those along the top edge of the
heme (Figure 4.5). Here, the SdhDA235 mutation gives rise to a broad signal,
however, the g, value is shifted upfield to g=3.40. This shift is likely a result of
interactions between the serine hydroxyl and the nearby heme ligand,
SdhDH71, which may reduce the angle of the two histidine ligands away from
perpendicularity. SdhCV85 lies at an equidistant position on the opposing side
of the bottom, distal pyrrole ring as SdhDA23 and we can observe a similar
symmetry in the EPR spectra as with the mutations around the heme
propionates. In a saddled conformation, the distal, bottom pyrrole ring would
be displaced away from planarity towards Sdh¢8>. The introduction of a
polar Ser or Thr juxtaposed with the relatively hydrophobic pyrrole ring
should displace the ring away from the hydroxyl. Thus, the SdhC'85T mutation
should increase planarity (sharp EPR species) while the SdhDA?35 mutation
should decrease planarity (broad EPR species). Our results are consistent
with this. Unexpectedly, when an Asp residue is mutated into either of the

two positions, we did not see a change in the EPR spectroscopic
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characteristics of the heme. Here, the increased length of the Asp sidechain
may leave the carboxyl in a position too far to interact with the pyrrole ring.

SdhCT37 is situated next to the proximal, bottom pyrrole ring, but its
hydroxyl group is pointed away from the heme and as such the dipole here
may not be interacting directly with the porphyrin ring. The Sdh(CT37!
mutation introduces a much bulkier sidechain at this position, which would
force the proximal, bottom pyrrole ring away for steric reasons, favoring a
more saddled porphyrin conformation. Hence, we observe the broad EPR
species in this mutant (g,=3.55).

Of note, mutations associated with increased planarity of the
porphyrin molecule are also associated with lower midpoint potentials. This
trend does not hold when considering mutations around the propionates but
this is likely due to unpredictable changes in the hydrogen-bonding network.
Distorted porphyrin systems result in decreased electron density at the heme
iron and an increase in redox potential (31). Taken together, there is strong,

consistent support for saddled distortions in the E. coli SQR heme.

4.4 Summary

We made mutations in E. coli SQR that modulated the midpoint
potential of the heme by nearly 100 mV and assessed the effect on the
catalytic ability of the enzyme. We could not observe a correlation between
heme En and catalytic activity, although many of our mutants had 10-40%

reduced activity compared to wild-type SQR. In addition, we did not find
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evidence that the heme is involved in the suppression of ROS, either in vitro
or in vivo.

Studies have shown that in the c-type cytochromes, out-of-plane
distortions can be conserved among protein homologs across different
organisms (28). The conservation of what is an energetically unfavorable
process suggests some purpose for such higher order structures. Here, an
examination of the biophysical data may indicate that in the ferric state, the
heme cofactor in wild-type SQR exists in a heterogenous population of
saddled and planar conformations. The relevance of this is unclear as yet, but
the saddling of the heme likely contributes to its high midpoint potential in
this particular Complex Il homolog.

A shift in conformation between the oxidized and reduced heme
implies that redox-linked conformational changes may be a possible
mechanism to regulate enzyme activity. Already, it has been demonstrated
that other cytochromes are capable of large scale, conformational changes
associated with the redox state of their heme cofactors (32, 33). Assuming
that the ferrous heme adopts a nearly planar conformation, the shift between
a saddled and planar state during redox cycling could be communicated
throughout the structure of the membrane domain, given the face of the
heme is in van der Waals contact with a large portion of the transmembrane
helices. As well, the heme propionates are hydrogen bonded to key residues
that constitute the Q-site and minor changes here could impact the enzyme

affinity for the ubiquinone pool. The subtle effects on enzyme activity that we
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observed when we reduced the capacity of the heme to be accept electrons
could indicate a fine-tuning of enzyme activity as a function of heme redox
potential. If the heme is acting as a molecular sensor of the redox state of the
quinone pool, a redox-induced conformational change could provide a

possible mechanism.
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4.5 Tables and Figures

Mutant Emzheme b Eq7[3Fe-4S] ko Qo(s?)  Kea/KnQox10°M™s™  PMS-MTT(s") k., PB(s) Disc Assays (cm?) ROS production (s™)

SdhCDAB 20 60 42.9+0.4 0.29 £ 0.06 19.9+0.2 396+15 173 20+04
D-v19D 2 55 30.0+3.3 0.23+0.03 23.2+0.8 n.d. n.d. n.d.
D-A23D -5 40 357+13 0.26 £0.01 20.9+0.7 n.d. n.d. n.d.
C-F38D -10 50 38.1+£2.6 0.28 £ 0.04 209+0.6 357+1.1 119 1.2+04
C-v8sD -13 55 14.8+0.4 0.29£0.05 11404 n.d. n.d. n.d.
C-T371 -22 50 303+2.2 0.22 £0.02 16.5+0.7 29.2+15 n.d. n.d.
C-F38S -25 40 37.3+4.7 0.24 +0.06 20.4+0.8 n.d. 131 1.6+0.1

C-H30A/C-V87D -30 45 29.7+3.1 0.17 £0.03 21.2+04 n.d. n.d. n.d.
D-A23S -40 60 27.1+£2.0 0.16 £ 0.02 11.0+03 279%1.1 n.d. n.d.
C-v87D -43 35 341+1.8 0.20+£0.03 229+0.8 n.d. n.d. n.d.
C-v8sT -45 60 484+1.1 0.36 £ 0.02 26.2+1.5 542+1.8 n.d. 28+03
C-H30G -50 45 27.9+2.0 0.22+0.03 129+0.2 n.d. 1.17 0.8+0.1
C-H30A -54 53 324+33 0.21+0.03 176+04 298+1.2 n.d. n.d.
C-H30s -62 40 353+2.0 0.21+£0.04 21.5+0.9 n.d. n.d. n.d.

C-F38D/C-V87D -80 60 13317 0.05+0.01 159+0.2 216+10 1.61 08+0.1

Table 4.1: Redox characteristics, physiological and non-physiological
activities and ROS assays of wild-type and mutant SQR. Turnover
numbers have all been normalized to FAD content. Activity data were
averaged from at least three independent measurements.

n.d. - not determined
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Figure 4.1: Residues selected for mutation. Residues which result in the
shift towards the “sharp” EPR spectrum when mutated are colored in yellow
while positions causing a shift towards the the “broad” EPR spectrum are
colored in blue. Residues which, when mutated, did not result in an altered

EPR spectrum are shown in green (PDB: 1NEK (6)).



165

3.66 3.55

—SdhCDAB
------- SdhC-H30A
- -SdhC-T37I

1700 1800 1900 2000 2100 2200
Field Intensity (Gauss)

Figure 4.2: Ferric heme EPR lineshapes of the two heme conformations.
The signal in wild-type SQR is a mixture of a sharp and broad species,

exemplified in the SdhCH30A and SdhCT37! mutant SQR, respectively.
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Figure 4.3: EPR Spectra of low-spin heme Crude membranes enriched in
wild-type and mutant SQR were oxidized with 0.8 mM DCPIP. Spectra were

recorded at 20 mW at 12 K.
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Figure 4.4: The hydrogen-bonding network around the heme

SdhC-R31

SdhC-H91

SdhD-R20

propionates. The distal propionate is shown on the left while the proximal
propionate is shown on the right. Each propionate is held in position by
residues on either side. Mutation of SdhDR?0and SdhCR3! to a Leu results in
the propionate shifting towards the other “girder” (green arrows). Mutation
of SdhCHTand SdhDQ78 to a Leu causes a shift in the propionate in the other

direction (red arrows).



168

SdhC-V87

SdhD-A23S

SdhC-T37

SdhC-V85

Figure 4.5: Interactions between the heme face and surrounding
residues. Mutations to the residues depicted are able to affect the planarity
of the porphyrin ring. Pyrrole rings are denoted as (1) top, distal (2) top,

proximal (3) bottom, distal (4) bottom, proximal.
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Chapter 5: Empirical Electron Transfer
Rates Through the Electron Transport
Relay of Escherichia coli Succinate

Dehydrogenase’

*This work was a collarboration with Victor Cheng, Sarah Chobot, Marc
Strampraad, Richard A. Rothery, Leslie Dutton, Simon de Vries, and Joel H.

Weiner.
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5.1 Introduction

The electron transport chains in all living organisms rely on the
fundamental ability of electrons to tunnel through various respiratory
complexes, from one prosthetic group to the next, before reducing a terminal
electron acceptor. Each complex contains a simple electron transfer relay
comprised of a series of nodes, insulated from the aqueous phase by the
surrounding protein milieu. Successful electron transfer allows the organism
to harness the reducing power of various metabolic intermediates,
converting that energy into a proton gradient for subsequent use in oxidative
phosphorylation, small molecule transport, or motility in bacteria. However,
the distances between the sequential metal cofactors present a physical
barrier that must be overcome by outer sphere electron transfer (1).

Marcus theory was first proposed in 1953 as a theoretical solution for
electron tunneling in oxidation-reduction reactions (1). Since then, the model
has been refined numerous times (2-5) and the working Duttonian model has
shown itself to be a reasonable estimation of many biologically relevant
electron transfer reactions while considering only four key variables (6-8).
These are the distance between cofactors, the packing density of the
surround protein milieu, the thermodynamic driving force, and the
reorganization energy associated with the electron transfer reaction.

From a technical perspective, Escherichia coli succinate:quinone

oxidoreductase (SQR, succinate dehydrogenase, SdhCDAB) is a very
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appealing model system for the study of electron transfer rates in situ. The
active site flavin adenine dinucleotide (FAD) in SdhA; the three [Fe-S]
clusters in SdhB (FS1, a [2Fe-2S cluster, FS2, a [4Fe-4S] cluster, and FS3, a
[3Fe-4S] cluster); and the b heme sandwiched between SdhC and SdhD in the
membrane, are all spectroscopically distinct in an electron paramagnetic
resonance (EPR) spectrometer and thus, the redox state of each can be
unambiguously determined (9). Very high protein expression levels, which
are a necessity in these types of experiments, are easily achieved (10).

In addition to measuring the kinetics of electron transfer in wild-type
SQR, we seek to compare the wild-type electron tunneling rates to those in
the SdhB!50H mutant SQR, where the midpoint potential (Ew) of FS2 has
decreased from -213 mV to -338 mV (9). Compared to FS1 and FS3, which
have potentials of +15 mV and +55 mV, respectively, the midpoint potential
of FS2 is very low, typical of the “low potential” cluster that is commonly
found in the center of [Fe-S] chains of various redox enzymes (11). Electrons
must tunnel through FS2 on the way from FAD to the Q-site, and the presence
of a highly endergonic electron tunneling reaction may serve as a rate-
limiting step in the electron transfer relay. A “check” in the rate of electron
transfer may reduce the accumulation of electrons at the end of the chain. A
saturation of electrons at the Q-site increases the likelihood of extraneous
electron transfer reactions and short circuits, such as the auto-oxidative

formation of reactive oxygen species (12).
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In this study, a multi-institutional collaboration with Dr. Leslie
Dutton’s laboratory at the University of Pennsylvania as well as Dr. Simon de
Vries’ laboratory at TU Delft in the Netherlands, we sought to use the
technology of microsecond freeze-hyper quenching (MHQ) (13) to

empirically measure electron transfer rates through E. coli SQR.

5.2 Materials and Methods

Bacterial strains and plasmids- Wild-type and mutant SQR proteins were
expressed in E. coli strain DW35 (AfrdABCD, sdhC::kan), and transformed
with plasmid pFAS (10), which contains the full length sdhCDAB operon. The
SdhB"50H mutant was created by site-directed mutagenesis as described in

previous work (9).

Enzyme preparation and purification - E. coli DW35 cells were grown
overnight in TB media as before (14). Upon harvesting, an Avestin Emulsiflex
was used to lyse the cells in the presence of 20 uM PMSF. The protein
enriched inner membrane was isolated by differential centrifugation (14). All
SQR preparations were subjected to an activation step in 1 mM malonate at
30 °C for 20 minutes and 1 mM malonate was kept in the buffer for all
subsequent centrifugation steps. During preparation of the membranes, all
samples were maintained in a 100 mM MOPS/ 5 mM EDTA buffer, pH 7.0.
Prior to the MHQ experiments, the malonate present in the membrane

solutions had to be removed. Two wash steps were performed. Membranes
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were pelleted by ultracentrifugation and resuspended in 200 mM sodium

phosphate buffer, pH 8.0.

Electron transfer simulations — The rates of electron transfer were calculated
from the following equations:

logiok$ = 13-(1.2-0.8p)(R-3.6)-3.1(AG° + A)2 / A

logi0k! =13-(1.2-0.8p)(R-3.6)-3.1(AG° + A)? / A - AG® / 0.06

In these equations, R is the edge to edge distance between the two prosthetic
groups. p is the packing density, which we set to 0.76, the typical value in
proteins. AG® is the thermodynamic driving force, and A is the reorganization
energy, which we set as 0.7 eV (11).

The following midpoint potentials (pH 7.0) were used in the
calculations for wild-type SQR, based on values derived by Cheng et al. (9):
FAD: E1=-79 mV, E>=-295 mV; [2Fe-2S]: +15 mV; [4Fe-4S]: -213 mV; [3Fe-
4S]: +55 mV; Q: E1=+332 mV, E2=-152 mV; b heme: +35 mV. The same values
were used in the calculations for the SdhB!150H mutant except the value of

FS2, which was -338 mV.

Microsecond freeze hyper-quench kinetics - The rapid kinetics experiments
were performed on the unique MHQ machine at TU Delft (13). 250 pL of the
crude membranes (~20 mg mL-1) were reacted with 200 mM succinate or
buffer. All samples were filtered through a 20 pm pore size filter to remove

all solid precipitates. HPLC pumps were used to inject each solution into the
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mixing chamber where the final solution is forced through an orifice. A 20 um
orifice was used for samples at timepoints less than 0.8 ms. For longer
timepoints, a 100 pm orifice was used. The resulting jetstream from the
mixer is sprayed onto the inner surface of a 77 K tungsten-coated rotor
spinning at 6000 rpm where the reaction is quenched. The resulting powder
residue was scraped off and analyzed by EPR or low-temperature UV-VIS
spectroscopy. After spraying, all MHQ samples were maintained in a liquid

nitrogen environment to prevent further reactivity.

UV-VIS Spectroscopy - MHQ samples were diluted in 140 K isopentane and
heme spectra were obtained in an SLM-Aminco DW2000 scanning
spectrophotometer, equipped with a liquid nitrogen cryogenic system, as

described in ref (15).

Electron Paramagnetic Resonance - To analyze the MHQ samples, the powder
was packed into quartz EPR tubes. Among different samples, the density of
the flakes was kept constant as much as possible. [Fe-S] reduction levels
were measured on a Varian E-9 spectrometer equipped with a helium boil-off
cryostat system, consisting of a home-made glass transfer line and quartz
sample holder.

In order to define the redox potentials of the cofactors, redox
potentiometry was performed on membranes suspended in 100 mM HEPES/

5 mM EDTA, pH 8.0, using protocols previously described (9). These samples
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were analyzed in a Bruker Elexsys E500 EPR spectrometer equipped with an
Oxford Instruments ESR900 flowing helium cryostat.

EPR measurements were made at 12 K for FS1, FS3, and heme
measurements; and 40 K for FS2 and FAD measurements. FS1, FS3, heme,
and FAD spectra were acquired at 20 mW microwave power while FS2
measurements were determined at 2 mW. All EPR experiments were
performed using a microwave frequency of 9.38 GHz and 100 kHz

modulation amplitude.

Stopped-flow kinetics - Stopped-flow was performed on a Sequential Bio SX-
17MV stopped flow spectrometer, operated in single-mixing absorbance
mode. The unit was equipped with a 2 mm optical pathlength unit cell with
an associated dead time < 2 ms. SQR-enriched membranes were diluted to 1
mg mL-1 in 100 mM HEPES/ 5 mM EDTA/ 20 mM glucose, pH 8.0. 5 U mL-! of
glucose oxidase (Sigma) were added during the experiments to achieve
anaerobiosis. The membranes were mixed with either the buffer above, or a
buffer solution containing 200 mM succinate. All experiments were carried

out at room temperature.

Curve fitting - The MHQ data were fit to either a single (1) or double (2)
exponential equation:
1) y= Aekt + Yo

2)y = Arekit+ Apek2t 4y
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The stopped-flow data were fit to either the single exponential equation (1)
above or a zero-order rate equation (3):

3)y=-kt+yo
For first-order kinetics, t1,2 = k(In(2)).

For zero-order kinetics, t1/2 = Ymax/2k.

5.3 Results

Electron transfer simulations - Sarah Chobot, in Dr. Leslie Dutton’s lab,
carried out electron transfer simulations for both wild-type SQR and the
SdhB"150H mutant, using midpoint potentials determined at pH 7.0 (9). The
simulation presented in Figure 5.14 follows the path of the two electrons
following succinate oxidation in wild-type SQR as they are passed from the
reduced FADH; to the quinone. According to the simulation, we should
expect sub-microsecond reduction of both FS1 and FS3. Due to the extremely
low midpoint potential of the FS2, it remains oxidized throughout the
timecourse. The heme and FS3 get reduced on a similar timescale. However,
neither FS3 nor the heme gets fully reduced as electrons are shared between
the two prior to reduction of the Q.

Figure 5.1B shows the results of the simulation of electron flow
through the SdhB!50H mutant. Assuming an edge to edge distance of 9.2 A,
measured in the 1NEK x-ray crystal structure (16), the estimated rate of
tunneling from FS1 to FS2 in wild-type SQR is calculated to be 7.1 x 10# s1

(t1/2 = 10 ps). In the mutant, that rate decreases to 1.7 x 103 s'1 (t1/2 = 402 ps)
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a 40-fold difference. This difference is reflected in the simulation. Electron
transfer upstream of FS1 is unaffected by the mutation, as indicated by the
similar, fast reduction of FS1 in both traces. However, due to the lag in
tunneling through FS2 caused by the mutation, all subsequent electron

transfer steps downstream of FS2 suffer a delay in the mutant.

Sample optimization for microsecond freeze hyper-quench experiments - In
order to empirically compare the rates of electron transfer through wild-type
SQR and the SdhB"5H mutant, SQR-enriched membranes were subjected to
MHQ experiments. Steady state kinetic experiments are typically performed
on “activated” enzyme samples. The usual method for activating the enzyme
involves a fifteen minute incubation with 1 mM malonate at 30 °C followed by
a series of washes with malonate-containing buffer which removes the
tightly-bound oxaloacetate inhibitor at the SdhA active site (14). Although a
weaker inhibitor of SQR, the malonate is nonetheless still bound to the active
site and we discovered in our initial MHQ experiments that the dissociation
of malonate and ensuing binding of succinate was fairly slow and interfered
with a proper analysis of the kinetics. Thus, it was useful to perform the MHQ
experiments on membrane samples in the absence of malonate. To solve the
issue, we opted to replace the 100 mM MOPS buffer containing 1 mM
malonate with a 100 mM phosphate buffer. Small negatively charged anions

such as phosphate are also capable of activating SQR (17).
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All MHQ experiments were performed at pH 8.0 to enable accurate
measurement of the true rates of electron transfer through the enzyme. The
driving force for succinate oxidation is greater at higher pH (Eng = -60 mV)
and SQR catalytic activity is optimal at pH 8.0 (18). Potentiometric titrations
indicated the midpoint potentials of FS2 and FS3 did not change between pH
7.0 and pH 8.0. However, the potential of FS1 was pH-dependent, decreasing
from +15 mV at pH 7.0 to -40 mV at pH 8.0. Thus, the reduction of FS1 is
coupled to a protonation event. The ionizable group responsible for this
redox-Bohr effect is unknown but could potentially be SdhBE57 which is the
nearest charged residue to FS1. The lower Eng of FS1 increases the rate of
the limiting step of electron tunneling from FS1 to FS2 as the driving force AG
is less endergonic; at pH 8.0, the rate is calculated as 3.4 x 10° s (t1/2 = 2 ps)
in wild-type SQR and 9.1 x 103 s1 (t1/2 = 76 ps) in the SdhB!150H mutant, which

is still a 40-fold difference between the two.

Determining electron transfer rates through the [Fe-S| relay - In the MHQ
experiments, SQR-enriched membranes were reacted with saturating levels
of succinate. Samples were generated at timepoints ranging from 140 ps to
200 ms. Each MHQ sample was analyzed by EPR spectroscopy to determine
the redox state of each of the three [Fe-S] clusters. The 0% reduction control
was taken as the reduction level in SQR membranes reacted against buffer
alone and 100% reduction controls were made as succinate-reduced SQR

reacted against succinate. The kinetics of electron transfer through FS1 and
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FS3 in wild-type SQR and the SdhB!150H mutant are shown in Figure 5.2. In
both cases, very little reduction of either center was observed in the sub-
millisecond samples. It was not until the 800 ps sample when we began to
see evidence of reduction of FS1. This seems slower than expected and we
attributed this to the requisite dissociation of phosphate from the active site
before succinate can bind and donate electrons into the chain. The solutions
for the best-fit equations are shown in Table 5.1. FS2 reduction was never
observed in any of the MHQ samples.

In both wild-type and the SdhB!50H mutant, we can observe
approximately 50% reduction of FS1 at steady state, since the midpoint
potential of FS1 and the succinate/fumarate couple (Emsg = -29 mV) are
similar at pH 8.0. The kinetics of FS1 reduction in wild-type SQR fit well to a
double exponential rate equation (Figure 5.24). The two phases likely derive
from the initial fast reduction of FS1 by succinate (t1/2 = 3.4 ms), followed by
a slower second phase of reduction as electrons tunnel to FS3 (ti,2 = 81.4
ms). Roughly half of the succinate-reducible population of FS1 is reduced in
each phase.

In contrast, the SdhB150H mutant has a different kinetic profile with
respect to FS1 reduction (Figure 5.2B). The data still conform to a double
exponential fit and both the initial fast reduction phase (t1/2 = 2.6 ms) and the
slower second phase (ti/2 = 226 ms) proceed at similar rates, given the
spread in the data. This is expected since the mutation does not affect the

physical properties of the electron transfer relay upstream of the FS1 cluster.
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The difference in the electron transfer kinetics between wild-type and
mutant SQR are even more pronounced when we consider FS3 reduction. In
wild-type SQR, FS3 reduction is best fit to a double exponential equation
(Figure 5.24). An initial fast reduction of FS3 (t1/2 = 0.28 ms) is expected as
electrons arrive from FS1. At later timepoints, the slow oxidation of FS3 by
ubiquinone becomes an issue and the rate of FS3 reduction (ti/2 = 28.9 ms)
reflects equilibrium with the Q-pool. The apparent ti/2 of FS3 reduction is
approximately 20-30 ms, but the initial, very fast phase of reduction suggests
that in wild-type SQR, electron transfer from FS1 to FS3 is likely to be much
faster than that.

Compared to wild-type SQR, the SdhB!1>0H mutation results in a very
noticeable decrease in the rate of FS3 reduction (Figure 5.2B). In the mutant,
a quick initial phase of reduction is not observed. Instead, only a single phase
is seen. The rate of electron transfer to FS3 in the mutant is closer to the rate
of quinone oxidation, thus FS3 reduction levels are in greater equilibrium
with the Q-pool. The apparent ti/2 of FS3 reduction here is about 88 ms, or
about 4-fold slower than in wild-type SQR.

The MHQ samples were also analyzed for the presence of a radical
signal, arising from the flavosemiquinone intermediate. However, the flavin
radical EPR signal, which is typically observed around g=2.0 (14), could not

be defined with any certainty.
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Stopped-flow was utilized to measure heme reduction rates — During our
preliminary MHQ experiments, we found that the heme was not reduced on
the same timescale as the [Fe-S] clusters. We saw very little reduction of the
heme on the sub-millisecond timescale. Rather, even in samples as late as 25
ms, only very little heme reduction could be observed by low-temperature
UV-VIS spectroscopy (data not shown). Given the relatively slow kinetics of
heme reduction, stopped-flow experiments were more suitable than MHQ to
compare the reduction rates of wild-type SQR to the SdhB!150H mutant.
Stopped-flow experiments indicated that heme reduction in wild-type
SQR began about 5 ms post-reaction with succinate (Figure 5.34) while in
the SdhB!30H mutant heme reduction could only be seen after 15-20 ms
(Figure 5.3B). The first evidence of heme reduction in the stopped-flow
experiments is observed much sooner than in the MHQ experiments. The
origin for this difference here may be twofold. First, the stopped flow
experiments were performed in HEPES buffer, not phosphate buffer.
Although less of the enzyme may be in the “activated” state when in HEPES
buffer, there is no lag caused by the requisite dissociation of inhibitory
molecules from the FAD active site. The difference in kinetics may also stem
from the temperature differential between the two methods. Stopped-flow is
performed at 20 °C, whereas the reaction at the head of the MHQ mixer
occurs at 10 °C. Succinate binding and oxidation rates should exhibit an

Arrhenius-like dependence on temperature; furthermore, the electron
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tunneling rates between prosthetic groups has been shown to be
temperature-dependent above 150 K (2),

Other considerable differences are seen in the heme reduction rates of
wild-type SQR and the SdhB'50H mutant. The solutions to the best-fit
equations for heme reduction are shown in Table 5.2. In wild-type SQR,
heme reduction can only be fit to a linear, zero-order reaction rate with ty/2 =
12 ms. Heme reduction in the SdhB'5%" mutant was fit to a first-order, single

exponential equation with t1/2 = 44 ms.

5.4 Discussion

The SdhB'50H mutation results in a significant drop in the midpoint
potential of the [4Fe-4S] FS2 cluster and an associated decrease in catalytic
activity (9). The aim of this study was to empirically compare the electron
transfer rate in wild-type SQR and the SdhB'50H mutant. The Duttonian

model makes several predictions about the pre-steady state reduction

kinetics:
1) No accumulation of reduced FS2.
2) The presence of a flavosemiquinone intermediate.
3) Sub-millisecond kinetics of electron transfer through the
[Fe-S] clusters in wild-type SQR.
4) An approximate 40-fold decrease in the rate of FS3

reduction in the SdhB!150H mutant.
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5) Reduction of the b heme on a similar timescale as FS3
reduction.
There are certainly some discrepancies between the predicted, theoretical
behavior and our experimental results.

As the simulations predicted, a reduced FS2 EPR signal could not be
detected in either wild-type SQR or the SdhB!50H mutant. Given the low
potential of the FS2 cluster relative to the succinate/fumarate couple, its final
reduction level is expected to be very low, and reduced FS2 cannot
accumulate due to the very fast rate of the FS2 to FS3 electron transition.

As well, the model predicts the accumulation of a flavosemiquinone
intermediate as the first electron tunnels to FS1. While there is some activity
in that area of the EPR spectrum in many of the MHQ samples, the signal-to-
noise ratio was not sufficient for unambiguous assignment of a flavin radical.
This suggests that if the flavosemiquinone is present, its concentration is
quite low. As the potential of the flavosemiquinone is much lower than either
FS1 or FS3, the two electrons from the oxidation of succinate are much more
likely to accumulate further down the chain.

The model also deviates from our experiments when we consider the
kinetics of [Fe-S] cluster reduction. The reduction of FS1 occurs on a much
slower timescale than predicted as its reduction may occur with a t1,2 as high
as 5 ms. This difference may have two possible causes: slow dissociation of
the phosphate molecule in the active site; and succinate binding, oxidation,

and hydride transfer to the FAD requires time. As well, large conformational
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changes within SdhA may be associated with catalysis (19, 20). However, the
MHQ data do indicate that FS1 reduction occurs at the same rate in both
wild-type SQR and the SdhB!150H mutant, as predicted by the model. In the
mutant, evidence of the slower rate of electron transfer through FS2 is seen
in the higher percentage of FS1 reduced in the first phase of reduction. The
block between FS1 and FS3 results in a higher proportion of FS1 reaching its
final reduction level, sooner.

The apparent reduction rate of FS3 shows only a ~4-fold decrease in
the mutant (from ti,2 ~ 25 ms to ti,2 = 88 ms), rather than 40-fold decrease
predicted in the model. However, this does not necessarily suggest an error
in the model. Since the MHQ experiments were performed on crude
membranes, the presence of endogenous quinone obscures the true kinetics
of FS3 reduction. The true rates are likely to be faster than the apparent rates
we report here. The initial fast phase of FS3 reduction in wild-type SQR is not
seen in the SdhB!50H mutant. This phase (t1/2 = 0.28 ms) is likely closer to the
true rate of FS3 reduction before electrons are lost to the Q-site. This rate of
this phase is significantly faster than the apparent rate of FS3 reduction in
wild-type SQR, and is nearly 100 times faster than the apparent rate
measured in the SdhB!150H mutant. The absence of the quick phase in FS3
reduction is the most direct evidence of the block in electron tunneling
caused by the drop in FS2 potential in the SdhB!>H mutant.

The results of the stopped-flow experiments are similar to the MHQ

data. The rates of heme reduction are similar to the apparent rates of FS3
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reduction as measured by MHQ. Heme reduction in the SdhB!50H mutant is
approximately 4-fold slower when compared to wild-type SQR. The
difference in reaction order may be due to the accumulation of reduced FS3,
which acts as the electron donor for the heme (either directly, or indirectly,
via the Q-site (14)). In wild-type SQR, the rapid reduction of FS3 and its
accumulation results in zero-order reduction of the heme. In contrast, the
lower accumulation of reduced FS3 results in heme reduction that is
dependent on the concentration of reduced FS3, hence the first-order
kinetics.

However, the model fails when it predicts that reduction of the heme
should begin at roughly the same time as the reduction of FS3. In wild-type
SQR, the calculated rate of electron transfer from FS3 to the b heme at pH 8.0
(and a edge to edge distance of 13.1 A) is approximately 8.3 x 10* s (t1/2 =
8.4 ps). At that rate, heme reduction should occur slightly after FS3 reduction.
In wild-type SQR, FS3 reduction was first observed 800 ps after the reaction
with succinate, whereas heme reduction could not be seen up to 25 ms post-
reaction. Even in the stopped-flow, heme reduction was not seen until 5 ms
post-reaction. This delay suggests that there is an impedance on the ability of
electrons to tunnel directly from FS3 to the heme.

Our previous work has shown that a non-functional Q-site can affect
heme reduction rates (14). Also, in the presence of excess succinate and
exogenous quinone, the level of reduced heme is directly proportional to the

concentration of oxidized Q (unpublished data). Assuming turnover rates of
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~100 s in wild-type SQR at pH 8.0 (18), we can reasonably expect the first
endogenous quinones in our membranes to get reduced on a similar
timescale as when we first see heme reduction, which was approximately 5
ms after mixing with succinate. In the SdhB!150H mutant, heme reduction is
first seen about 3-fold later compared to wild-type SQR, at 15 ms post-
reaction. This happens to correlate with quinone-reductase activity, which is
3-fold lower in this mutant (9). As previously asserted by us, electron
transfer from FS3 to the quinone is preferable over transfer to the heme (14).
It is likely that heme reduction only occurs once the Q-pool is partially
reduced.

The MHQ experiments performed here provide a glimpse into the
kinetics of electron transfer through SQR but an accurate measurement of the
kinetics is obscured by the slow dissociation of phosphate and the loss of
electrons to the Q-pool. Presently, we are working on a solution to overcome
these obstacles and get a sense of the true rates. Instead of performing the
MHQ experiments on crude membranes, the better option may be to work
with Thesit-solubilized, purified SQR. Similar to the earlier experiments, the
enzyme is activated with 1 mM malonate and stored in a 100 mM phosphate
buffer until use. However, immediately prior to MHQ, a Bio-Rad spin column
is used to exchange the phosphate buffer for a 100 mM HEPES buffer. The
buffer exchange should solve the problem of the slow phosphate dissociation,
while the purified SQR contains a lower concentration of endogenous

quinone. Additionally, performing the MHQ experiments in the presence of
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excess pentachlorophenol, a potent Q-site inhibitor may also alleviate
interference from the Q-pool. These experiments are currently in progress at
TU Delft.

We now have empirical evidence of the changes to electron transfer
rates once the midpoint potential of the “low potential cluster” is further
decreased. Although the rates we measured by MHQ deviate from the
theoretical model, we predict that once we optimize the experimental
conditions, we will be able to measure the true rates of electron transfer
through the enzyme, which are likely closer to the calculated rates. More
importantly, we were able to show direct evidence for the slower rate of
electron tunneling through the SdhB!150H mutant. As well, the large
discrepancy in the timescale of b heme reduction between our experiments
and the model is further evidence that heme reduction is not a simple case of
direct reduction by FS3. Other variables likely play a role in determining

electron transfer pathways within the membrane domain of SQR.
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5.5 Tables and Figures

single exponential double exponential

A k(s?) ty/, (ms) Yo A ky (s) ti/1(ms) A, ky (s) t12 (Ms) Yo

Wild-type Sdh FS1 |-0.411 578 11.9 0.430 |-0.241 200 3.4 -0.283 85 81.4 0.52
FS3 | 0.841 40.0 17.3 0.048 | 0.289 2500 0.3 0.725 24 28.9 0.017

SdhB"™™ FS1 |-0.360 131.6 53  0.360 |-0.267 303 26 -0243 3 226 0.49
FS3 | 1.040 7.9 8.0 0.008 | 0338 458 317 0720 121  87.2 -0.004

Table 5.1: Kinetic parameters of FS1 and FS3 reduction determined by

MHQ. The reduction of both clusters follows first-order reaction Kinetics.

A k(sT) ty,(ms) v
Wild-type Sdh | n/a  -0.7 12 -0.001
SdhB'>%" -0.043 15.8 44 0.034

Table 5.2: Kinetic parameters of b heme reduction determined by
stopped-flow. Wild-type SQR data conforms to a zero-order reaction

kinetics. The SdhB!150H data fits to a single exponential, first-order equation.
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Figure 5.1: Electron transfer simulations. Simulations are shown for A4)
wild-type SQR B) SdhB'50H mutant. For comparison, the simulations of wild-

type SQR are shown in the bottom panel as the transparent traces.
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Figure 5.2: MHQ Kkinetics of FS1 and FS3 reduction. FS1 (blue) and FS3
(red) reduction was tracked in A) wild-type SQR B) SdhB!150H mutant. The
redox states of FS1 and FS3 in each MHQ sample were determined by EPR
spectroscopy. For FS1, the quantity of the reduced cluster is plotted. For FS3,
the amount of oxidized cluster is shown. The data were fit to either a single
(thin traces, top; thick traces, bottom) or double (thick traces, top; thin

traces, bottom) exponential equation.
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Figure 5.3: Stopped-flow Kkinetics of b heme reduction. Traces are
indicated for A) wild-type SQR B) SdhB'50H mutant. In blue, Sdh-enriched
membranes were reacted with 200 mM succinate. In green, membranes
reacted with buffer. Kinetic traces at 410 nm were subtracted from traces
obtained at 425 nm. Each trace represents the average of three separate
replicates. Best fit lines used to estimate the rate of reduction are indicated in

red.
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Chapter 6: Concluding Remarks
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6.1 General Conclusions and Discussion

When studying enzyme mechanisms, the value of high-resolution
structural data cannot be overstated. Although not essential, having a
structure to reference when designing experiments and interpreting data
simplifies the process infinitely. Thus, it is truly fortunate to be an
enzymologist in the 21st century, an age of exponentially increasing amounts
of crystallographic data. I was lucky that at the time I began my thesis
research, the crystal structure of E. coli SQR had been recently elucidated (1),
which supplemented the structure of E. coli QFR that had been solved a few
years earlier (2). I have no doubt that these seminal developments were
crucial for much of the work presented in this thesis.

The x-ray structure of E. coli SQR revealed potential interactions
between several conserved residues within the Q-site and the bound
ubiquinone. In Chapter 2, I probed the role of these residues using site-
directed mutagenesis, in collaboration with the laboratory of Dr. Gary
Cecchini from UCSF. These studies highlighted the critical nature of SdhCS27,
SdhCR31 and SdhDP82 in the reduction of UQ. The role of SdhDY83 was also
examined and I found that the tyrosyl side chain was important, but not
essential, despite the observation that the phenolic hydroxyl group was the
nearest protein contact to the O1 carbonyl of UQ according to the x-ray
structure of E. coli SQR (PDB entry: 1NEK (1)). However, this is in contrast
with later experiments in S. cerevisiae SQR, which showed that the yeast

enzyme was much less tolerant to mutations at the equivalent Tyr residue
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(3). These findings support the theory that in E. coli SQR, the UQ can bind at
two positions at the Q-site (4). The UQ is bound to the outer site in the 1INEK
x-ray structure (1) but it is only at the inner site where the UQ is brought in
close proximity to SdhCS27, SdhCR31, and SdhDP82, which function either as
direct proton donors or by coordinating catalytic water molecules.

Unexpectedly, impairment of the Q-site had effects on the succinate-
dependent reduction of the heme. With a non-functional Q-site, one might
expect that the heme should reach its equilibrium reduction level faster,
since electrons cannot leave the system. This suggested that some
mechanism was in place to limit electron tunneling from FS3 to the heme,
and complete and rapid heme reduction by succinate requires a functional Q-
site.

The work presented in Chapter 3 represented the most important
scientific contribution of this thesis. The instability of wild-type SQR in the
absence of heme had been noted a decade earlier (5, 6), and previous efforts
at removing the heme via mutation of the axial ligands were unsuccessful (7,
8). Fortuitously, I discovered that mutation of either of the heme axial ligands
to a Tyr was sufficient to prevent the incorporation of heme into the enzyme.
Although there was some evidence that the heme mutants were not as stable
as the wild-type enzyme, the mutants retained significant catalytic activity.
Overall, these studies presented the most compelling evidence to date that
the heme is not essential for the known physiological function of E. coli SQR.

Moreover, the heme-free SQRs produce statistically identical amounts of ROS
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per enzyme turnover, suggesting that the heme does not have a role in the
suppression of superoxide production.

At this point, the only function we could assign to the heme was a
structural one. However, even the structural stability that the heme provided
could be substituted for via mutation, although the mutants were less stable
when removed from the native membrane; additionally, the lack of heme in
E. coli QFR does not affect its robustness. Without a clear function, why
would an organism devote so much energy into the incorporation of heme
into SQR and why would the heme be so well conserved amongst all the
different SQR homologs? The answer that the heme did not serve a function
other than a structural one was unacceptable to me, and led to the work
presented in Chapter 4.

The working hypothesis was that the heme might have a regulatory
role in the enzyme; perhaps the heme acts as a redox sensor, to gauge the
redox state of the Q-pool. If the redox state of the heme could manipulate
enzyme function, then modulating its midpoint potential should have a
measurable effect. The plan was to find mutations that could both increase
and decrease the midpoint potential of the heme, but in the end, only
decreases in heme potential could be identified. When the effects of these
mutations were quantified, the evidence was unconvincing. Whatever trend
may have existed was not solid enough to make any conclusions. Again, [ was
stuck at an impasse. Modulating the redox state of the heme did not appear to

have any consequences.
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Nevertheless, the serendipitous nature of scientific discovery revealed
itself again when [ re-examined the data and noticed an unexpected
biophysical trend. The EPR spectrum of the b heme in E. coli SQR is not a
homogenous signal, but the source of the heterogeneity had never been
identified until [ proposed that the root of it might be out of plane distortion
of the porphyrin ring, which is heavily influenced by the surrounding protein
scaffold. The significance of these multiple conformations has not yet been
determined, but it might provide a physical mechanism by which the heme
could use redox-linked conformational changes to communicate the status of
the Q-pool to other parts of the enzyme.

The data presented in Chapter 5 originated from some of the most
privileged and satisfying research I have done, in part due to the opportunity
to perform research abroad, and especially because it took so much technical
problem-solving to get to the point where we could acquire useful data. In
this work, empirical electron tunneling rates were determined through wild-
type SQR and an SdhB!150H mutant, which drops the potential of the lowest-
potential [4Fe-FS] cluster, FS2, by 125 mV (9). The high resolution of
crystallographic structures enables an accurate estimation of distances
between redox cofactors; this, in combination with the midpoint potentials
determined by redox potentiometry allowed us to generate a reasonable
approximation of the electron tunneling rates through the enzyme. The
simplicity of the E. coli SQR electron transfer relay and the ability to

unambiguously determine the redox state of each prosthetic group made it



204

ideal for the study of electron transfer. This was a unique opportunity to
collaborate with Dr. Simon de Vries at TU Delft and use his homemade MHQ
machine to compare theoretical Duttonian electron transfer rates with
experimental data.

As is common in science, things never go as smoothly in practice as
one would like to imagine, but once we overcame the major hurdle of
activating the enzyme properly, the rest was relatively simple. Most
importantly, we were able to successfully demonstrate a lag in electron
transfer downstream of FS2 as a result of the SdhB!150H mutant. Furthermore,
heme reduction is observable on a much slower timescale than reduction of
the [Fe-S] clusters. It was assumed that once FS3 was reduced, a number of
electrons would tunnel to the Q-site while another population would tunnel
to the heme. However, we did not see any evidence of heme reduction in the
period before the first turnover of UQ. The MHQ data suggested that as long
as oxidized quinone was available to the enzyme, electrons would

preferentially tunnel to the Q-site rather than the heme.

6.2 Future Directions

The big question remains: what is the role of the heme in
mitochondrial Complex [I? Why has the mitochondrial homolog evolved a
heme that is 200 mV lower in potential than the one in the E. coli enzyme? |
think these questions can only be solved once we are able to elucidate the

function of the heme b in E. coli SQR, which was the central goal of my
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research. In a sense, it was a partial success; [ was able to provide evidence
against conventional theories on the role of the heme. We now know that the
heme is not essential for both the succinate dehydrogenase and fumarate
reductase activities of E. coli SQR and we know that it is not involved in the
suppression of ROS. Surely, these are important findings, but [ can’t help but
feel somewhat unsatisfied. We know what the heme doesn’t do, but we still
have very little idea what it does do.

[ showed there is a complex electronic relationship between the heme,
the [3Fe-4S] cluster, and the Q-site. We still don’t have a clear explanation for
some of the more peculiar observations. Why does the loss of Q-site
functionality affect heme reduction rates and the extent of heme reduction?
Why do we see zero heme reduction in our MHQ experiments until after the
turnover of quinone?

The simple Duttonian view of electron transfer assumes very little
influence from the protein matrix, and assigns it a generic packing density
variable; the main evolutionary force allowing competent tunneling appears
to be the minimization of distances between redox cofactors (10). The
alternative model of electron tunneling postulates that electron tunneling
between cofactors is more efficient through specific pathways (11, 12). The
pathway model distinguishes between covalent bonds, hydrogen bonds, Van
der Waals interactions, and empty space to calculate the different pathways
that electrons can take through the protein; some pathways are more optimal

than others and those dominate. While the two models tend to agree with
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each other, in some cases the results diverge (13). In SQR, the binding of UQ
involves numerous hydrogen-bonding interactions; these interactions should
enhance electron transfer rates, according to the tunneling pathway model
(14). As well, two conserved tryptophan residues are found in a chain
between FS3 and the Q-site, SdhBW163 and SdhBW164; tryptophan residues
have been shown to facilitate increased electron transfer rates (15) and our
lab is currently doing structure-function studies on these two tryptophan
residues. Thus, a gating mechanism could explain why electron tunneling
from FS3 to the quinone, and quinone to heme, could be faster than from FS3
to the heme. To determine if this is possible would require an in-depth
theoretical analysis on the optimal electron transfer pathways within the
membrane domain - a difficult, but not impossible task (12, 16).

While a gating mechanism may explain why rates of electron transfer
may be affected, it fails to address why Q-site mutants decrease the final
reduction level of the heme. The theory that UQ binding may cause a negative
shift in the midpoint potential of the heme, proposed in Chapter 2.7, could be
a plausible explanation. Some evidence suggests that this might be the case.
The binding of PCP induces a ~30 mV decrease in the potential of the heme in
E. coli SQR (our work, unpublished). The phenomenon of redox potential
shifts of nearby hemes, sometimes by up to 100 mV, upon binding of Q-site
inhibitors has been demonstrated in other systems such as E. coli nitrate
reductase (17), the succinate:menaquinone oxidoreductase in B. subtilis (18),

and mitochondrial complex III (19). However, any effect caused by oxidized
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UQ is not likely to alter the apparent redox potential of the heme, as
determined by redox potentiometry, since any endogenous UQ in the
reaction is reduced to UQH2 before the heme can be titrated. Thus, we are
limited to using UQ analogs to study effects on heme potential from Q-
binding. It would be useful to screen other Q-site inhibitors to see if more
substantial effects on heme midpoint potential can be observed. Although in
Chapter 4 I tried to generate SQR mutants that had increased heme potential,
[ did not find any. It is almost certainly possible, since some protein-bound b-
type hemes can be found with midpoint potentials as high as +400 mV (20). If
a suitable mutant were found that increased the potential of the heme closer
to that of UQ, then a cooperativity effect on heme reduction would indicate
that UQ might be influencing heme potential. An SQR mutant with a very high
heme midpoint potential would also enable us to study the consequences
when the heme is always reduced since we have already examined instances
where the heme is almost never reduced.

Regardless of the mechanism, it appears that the heme is designed to
respond to the availability of UQ or, in other words, the redox state of the Q-
pool. Since all these curious results might be dependent on the presence of
UQ, these experiments should be repeated in a UQ-deficient strain of E. coli.

The MHQ experiments presented in Chapter 5 provide interesting
commentary on the effect that the low-potential cluster has on electron
tunneling rates and the ability to use E. coli SQR as a model system. Although

we were able to glean some interesting kinetic trends, the procedure must be
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optimized in order to gather accurate and reliable numbers. Once we have
solved all the issues, we may be able to use the technology to examine the
kinetics of electron transfer through the membrane domain of SQR. It would
be interesting to see if the kinetics of FS3 and heme reduction would be more
similar if the Q-site were empty, by using a ubiquinone deficient strain, for
example. Also, we could measure electron transfer rates between the Q-site
and FS3; and between the Q-site and the heme by adding reduced plumbagin
to the enzyme and running in reverse.

It's possible that the function of the heme is very specific and only
manifests under specific conditions that we have not yet tested. For example,
when substrate levels are limiting, or when membrane potential is very high.
It may be involved in signaling. Protein supercomplexes have been identified
in both mitochondria and bacterial respiratory chains, although SQR has only
been shown to interact with itself and has not yet been identified as a
component of any supercomplex (21). The association of various
components of the respiratory chain is believed to increase electron flux, or
reduce ROS production. If SQR does participate in protein-protein
interactions, conformational changes in the heme may regulate the activity of
other proteins; or promote or antagonize the cooperative associations with
other proteins.

Whatever the function of the heme is, future scientists are now armed
with heme-free SQR mutants and the library of SQRs with different heme

potentials. These are valuable additions to the toolkit that must be used to
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investigate under what conditions the heme may be useful. The greatest of
Complex II mysteries, the role of the heme, still lingers and clearly, much

work is still required if we are to ever solve it.
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Appendix A - Supplementary Figures for Chapter 2
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Figure A.1: Effects on the redox state of the heme upon the addition of
Qo to succinate-reduced SQR. Reduction of the heme is followed at 560 nm.
At the time points indicated by the black arrows, 8.7 mM succinate is added
to air-oxidized SQR-enriched membranes. At times indicated by the blue
arrows, 0.35 mM QO is added to the cuvette. In wild-type Sdh, the heme is
gradually reduced until all the Qo is exhausted but in the SAhDD82L mutant,
the heme is permanently oxidized. Similar results are observed in the

SdhCR31L gnd Sdh(CS274 mutants. Qo is unable to oxidize the heme in a double

mutant.
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Appendix B - Supplementary Figures for Chapter 4

Mutant Mutagenic Oligonucleotide (5' to 3")
SdhD-V19D GATTTCATCCTCGATCGCGCTACCGC
SdhD-A23D CGTTCGCGCTACCGATATCGTCCTGACG
SdhC-F38D GTGTGATCACCGATGTTGCAGTGGGGATCCTGC
SdhC-V85D CTGGCGTATCACGACGTCGTAGGTATTCG
SdhC-T371 CCGGTGTGATCATCTTTGTTGCAGTGGGGATCCTGC(
SdhC-F38S GTGTGATCACCGATGTTGCAGTGGGGATCCTGC
SdhD-A23S CGTTCGCGCGACGTCTATCGTCCTGACG
SdhC-V87D GTATCACGTCGTCGACGGTATTCGCCAC
SdhC-V85T CTGGCGTATCACACCGTCGTAGGAATTCGCCAC
SdhC-H30G CCGGAAACGCGTCCGAGAATGGACGCTATC
SdhC-H30A CACACCGGAAACGCGTGCGAGAATGGACGC
SdhC-H30S CACACCGGAAACGCGTGAGAGAATGGACGC
SdhC-R31L TCCATTCTCCATCTGGTTTCCGGTGTGATCACC
SdhC-R91L TATTCGCCTCATGATGAT

SdhD-R20L GATTTCATCCTCGTTCTGGCTACCGCTATCG

Table B.1: List of mutagenic oligonucleotides. A universal primer (M13 -

forward or reverse) was used in combination with the appropriate

mutagenic oligonucleotide in each PCR reaction.
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Figure B.1: SDS-PAGE gels of Sdh-enriched membranes. Expression levels
of each Sdh subunit are similar in all the mutants. Lane 1, SdhCDAB. Lane 2,
SdhDV19D, Lane 3, SdhDA23D, Lane 4, SAhCF38D, Lane 5, SdhCV85D, Lane 6,
SdhCT37L, Lane 7, SAhCF38S, Lane 8, SdhCH30A/SdhCV87D, Lane 9, SdhDA23S, Lane
10, SAhCV87D, Lane 11, SAhCV85T, Lane 12, SAhCH30G, Lane 13, SAdhCH30A, Lane

14, SdhCH30S, SdhCF38D /SdhCV87D,
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Figure B.2: Succinate-reduced minus air-oxidized absorbance spectrum.
The 100 mV decrease in heme E, in the SdhCF38D/SdhV87D mutant

significantly diminishes its succinate reduction capacity.



