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ABSTRACT 

Cytochrome bc1 (Complex III) is an important enzyme that takes part in the 

respiratory electron transport chain in vertebrates, yeast, and many bacteria. The complex 

exists as a dimer, in which each monomer contains three catalytic subunits: cytochrome 

c1, cytochrome b and the Rieske iron-sulfur protein or ISP. Within the inner 

mitochondrial membranes of eukaryotes, Complex III catalyzes the transfer of two 

electrons from ubiquinol (UQH2) to cytochrome c, a water-soluble protein, through a 

process called the modified Q-cycle mechanism. Under very specific conditions, such as 

mutations within cytochrome b, disruption of the normal mechanism leads to bypass 

reactions, including the formation of superoxide and reactive oxygen species.  We have 

sought to restore the activity of a mutant of cytochrome b (T61V) by modifying UQH2, 

the natural substrate for this enzyme. The structure of the oxidized form, UQ consists of a 

p-quinone head group and a hydrophobic all-trans polyprenyl unit (tail) that can vary in 

length, depending on the species in which it is found. The present work highlights 

modifications to the substituent groups attached to the quinone head and to the all-trans 

polyprenyl tail. Since the midpoint potentials of these molecules are pH dependent, cyclic 

voltammetry and spectroelectrochemistry studies in buffered aqueous solutions have been 

carried out on these molecules (analogs of UQ10). Modifications of the substituent groups 

attached to the quinone head gave the molecules a different ability to either donate or 

receive electrons, while modifications to the length of the tail either increased or 

decreased the solubility of these molecules inside the phospholipid membrane. We 

examined the normal activity and the production of superoxide in wild-type and (T61V) 
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of bacterial Rhodobacter sphaeroides in the presence of these analogs. We confirmed that 

to prevent damaging side reactions, normal operation of the Q-cycle requires a fairly 

narrow window of reduction potentials with respect to the ubiquinol substrate. 
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CHAPTER 1 
 

INTRODUCTION 
 
I. Complex III: structure and function. 
 
 The cytochrome bc1 complex (Complex III) is a membrane-bound protein 

complex that forms part of the electron transport chain in vertebrates, yeast, and many 

bacteria. In eukaryotes this complex is found in the inner mitochondrial membrane, along 

with a series of other respiratory enzyme complexes that transfer electrons: Complex I 

(NADH:ubiquinone oxidoreductase), Complex II (succinate:ubiquinone oxidoreductase), 

and Complex IV (cytochrome c oxidase). Electrons are generated from NADH, which is 

produced from the oxidation of glucose and/or other nutrients, and are passed from 

Complex I through Complex IV to ultimately reduce molecular oxygen to water. This 

transfer of electrons releases energy that is stored within the membrane in the form of a 

proton gradient. This energy is eventually used by ATP synthase (Complex V) to 

generate ATP from ADP (adenosine 5’diphosphate) and phosphate. Complex III is 

located in the middle section of the respiratory chain, and in general, it has a dual role: it 

catalyzes the oxidation of a substrate, ubihydroquinol (QH2)1 while reducing a small 

water-soluble protein: cytochrome c.  

Complex III exists as a dimer; in bacteria each homodimer has 3 subunits per 

monomer that contain the key redox centers, while in vertebrate bc1, each homodimer 

contains 11 subunits, but only the same 3 contain redox centers per monomer (Figure 

1.1). Hemes bL from each dimer are located 11.7 Å apart (distance taken from vinyl to 
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vinyl of each heme). Hemes bL and bH in each monomer are 8.12 Å apart (distance from 

vinyl to vinyl in one monomer)2. 

 

Figure 1.1 On the left the vertebrate bc1 complex, with 11 subunits/monomer is shown, 
and on the right the bacterial bc1 complex with 3 subunits/monomer is shown. Redox 
centers are labeled in both diagrams. This diagram was modified from previously 
published structures3 with permission from Springer, New York.  
 
 The subunits that contain redox centers are: 1) cytochrome b which has eight 

transmembrane helices with two noncovalently bound hemes (heme bL and heme bH) 

sandwiched between helices B and D,  2) a membrane-anchored cytochrome c1 with one 

redox center: heme c1 (covalently bound to the polypeptide),  and 3) a membrane-

anchored iron-sulfur protein (ISP) which carries a Rieske-type redox center (Fe2S2).4 A 

Rieske center is a unique iron-sulfur cluster in which one of the two iron atoms is 
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coordinated by two histidine residues while the other iron atom is coordinated by two 

cysteine residues.  

The ISP contains an extrinsic domain that includes the Fe2S2 cluster with a 

flexible hinge region and a long tail which extends into the other monomer of the 

homodimer. In Rhodobacter sphaeroides this extrinsic domain consists of mostly β-

sheets arranged in parallel layers, with the Fe2S2 center located at the apex.5 

It is generally agreed that the bc1 complex functions through a Q-cycle 

mechanism proposed in 19761 and modified later by a number of authors,6-11 for which 

the overall reaction is shown in equation 1.1:  

           (Eq. 1.1) 

 This is the overall reaction for the mitochondrial complex; in α-proteobacteria cyt 

c is replaced by cyt c2. In this equation N represents the negative side of the membrane 

(high proton electrochemical potential) and P is the positive side or protochemically 

positve side of the membrane. The complex has two binding sites: 1) The Qo-site near the 

P side of the membrane, where oxidation of QH2 takes place and 2) the Qi-site near the N 

side, where reduction of ubiquinone (Q) takes place. Equation 1.1 is the overall 

stoichiometric reaction of the complex mechanisms that have been proposed. The 

reaction is based on a bifurcated mechanism, in which the two electrons from QH2 are 

passed to two different chains. The complete equation for this reaction is written below: 

 (Eq. 1.2) 

QH2 + 2 cyt c+3 + 2 H+
N Q + 2 cyt c+2 + 4 H+

P

2 QH2 + Q+ 2 cyt c+3 + 4 H+
N 2 Q+ QH2+ 2 cyt c+2 + 6 H+

P
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One electron is transferred from QH2 at the Qo-site to the Fe-S center and subsequently to 

heme c1 and cytochrome c (the water-soluble protein that transfers that electron to 

Complex IV). This sequence of electron transfers that involves the Fe-S center and heme 

c1 is known as the high-potential chain.12 After the first electron transfer, a radical 

semiquinone intermediate is presumably generated at the Qo-site, although it is very 

short-lived. The newly-generated semiquinone (QH•) reduces heme bL, which then 

rapidly transfers the electron to heme bH. Immediately after that, heme bH delivers an 

electron to a Q bound at the Qi-site of the complex, to form a semiquinone radical, which 

has been observed by EPR spectroscopy.13 The second electron pathway that involves the 

two b hemes and the quinone-binding Qi-site is known as the low potential chain.12 As 

the reduction of heme bL occurs, a second proton is abstracted, perhaps by glutamic acid 

272 of cytochrome b.14 Because complete reduction of Q to QH2 requires two electrons, 

the Qo-site has to turn over twice, by oxidizing two QH2, to release 4 H+ to the P side, and 

to deliver two electrons successively to each chain; at the Qi site this means that overall, 1 

Q is reduced to one QH2 for every 2 QH2 molecules that are oxidized to 2 Q. Therefore, 

the electron transfer is coupled to transfer of 1H+/e- across the membrane. Debate still 

exists as to whether it is a proton-coupled-electron-transfer or if it occurs as individual 

steps.15-19 Figure 1.2 exemplifies the overall Q-cycle mechanism.  
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Figure 1.2. The bifurcated Q-cycle mechanism of the cytochrome bc1 enzyme. p-
benzoquinone as Q and hydroquinone as QH2. This figure was designed similarly to 
previously published illustrations.20 
 

 Figure 1.2 may depict two popular Q-cycle mechanisms, the sequential15,16,18 and 

the concerted,19,21,22 both based in experimental work. The mechanism explained earlier 

corresponds to the sequential mechanism: One electron transfer at a time. In the 
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concerted mechanism the two electrons from QH2 are simultaneously transferred to the 

ISP and heme bL.   

An additional level of complexity was introduced when mobility of the large 

domain that contains the Fe-S cluster was discovered. Based on crystallographic data the 

Fe-S domain was identified in different locations.23,24 One location is close to the Qo-site, 

near heme bL (ISPB) and the other near the cytochrome c1 (ISPC). Additionally Iwata et 

al. found this domain to be in a position intermediate between the two extremes.23 In 

order to allow the transfer of electrons from QH2 to cytochrome c1, movement of the Fe-S 

domain between these different locations has to take place.24  

By using EPR spectroscopy of the reduced Fe-S cluster of several b heme mutants 

and by using specific inhibitors at the Qo-site, Daldal et al. concluded that intimate 

protein-protein interactions occur between cyt b and the Fe-S subunits, to sustain fast 

movement and efficient QH2 oxidation.25 Furthermore, EPR spectroscopy has also been 

used to observe the Fe-S domain movement by using two-dimensionally ordered 

membrane samples.26 This is possible due to the fact that the different conformations 

found in crystal structures are characterized by significantly altered orientations of the 

Fe-S cluster molecular axes. EPR in ordered-membrane samples has revealed that the 

binding of inhibitors to the Qi-site (near the N side of the membrane) changes the local 

environment of the Fe-S protein subunit, which resides in the Qo-site (near the opposite 

side of the membrane, the P side!).27 This finding lead Daldal et al. to believe that the Qo 

and Qi sites of the cyt bc1 are actively coupled, regardless of their distant locations 

(approximate distance: 8.2 Å from heme to heme). Furthermore, by examining cyt bc1 
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mutants with impaired Fe-S protein mobility and upon binding of Qi inhibitors, the same 

authors concluded that the Qo-Qi interactions manifest themselves differently depending 

on the ability of the Fe-S protein to move between the cytochrome b and cytochrome c1 

subunits of the enzyme.28  

EPR line shape analysis of the Fe-S cluster by Dutton et al. have led to a different 

model of QH2 binding at the Qo-site.29 They presented evidence that suggests that the Qo-

site can accommodate two QH2 molecules.30 One binding site is designed Qos (for strong 

binding) and the other is Qow (for weak binding).  The existence of two binding sites 

(later called distal and proximal sites)31 suggests that two QH2/Q species may bind at the 

Qo-site during turnover of the enzyme, and thus form an “electron shuttle” which could 

act to rapidly dissipate the semiquinone radical. However, other mechanistic models of 

Qo-site electron transfer suggest that only one quinone species (e.i., quinone, 

semiquinone or quinol) occupies the Qo site during catalysis and that the species can 

move between the two niches.32,33  

Additionally, certain inhibitors only bind at one, but not both of the Qo sites. The 

two binding sites are proximal (close to heme bL) and distal (close to the ISP). For 

example the distal Qo site binds stigmatellinI and 5-n-undecyl-6-hydroxy-4,7-

dioxobenzothiozole (UHDBT)34,35 and the proximal Qo site binds E-β-methoxyacrylate 

(MOA) inhibitors (such as myoxothiazol, MOA-stilbene),36 mucidin (strobilurin A),37,38 

or famoxadone.39 And recently evidence has emerged that suggests that 2,5-dibromo-3-

methyl-6-isopropylbenzouinone (DBMIB) can bind simultaneously to both sites, at least 

                                                 
I Very recently it was found that Atovaquone, a 2-hydroxy-naphthoquinone binds similarly to stigmatellin. 
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for the similarly structured b6f complex of photosynthetic membranes: phosystem I and 

photosystem II.31 Inhibitors that bind at the Qi-site include: Antimycin A (to be discussed 

later) and very recently ilicicolin H and funiculosin were found to also bind at the N 

center (or Qi-site).40 

There is still much to be learned about the function and structure of the 

cytochrome bc1 complex. For example, the bc1 complex of Rhodobacter capsulatus has 

three subunits per monomer (Figure 1.1), but for many years it has been known that a 

fourth subunit (subunit IV) that contains no redox centers cofactors is necessary for 

normal activity of the similar Rhodobacter sphaeroides enzyme.41 However, the most 

recent X-ray crystal structure of the Rhodobacter sphaeroides enzyme shows only three 

subunits per monomer present.5 To this date, however, there is one model (Crofts’ 

model)15,42 that stands out, in that it fits very nicely with X-ray crystallographic and 

thermodynamic data: Upon binding of QH2 at the distal pocket of the cytochrome b at the 

Qo-site, one proton is transferred to histidine 161 of the ISP. Following this, the first 

electron is transferred to the Fe-S cluster to form a semiquinone radical. This electron 

transfer is the rate-determining step of the reaction. The ISP then rotates to a position 

close to heme c1 to deliver that electron (which is then passed to cyt c). During the 

rotation of the ISP, the semiquinone moves to the proximal pocket of the cytochrome b to 

deliver the second electron to heme bL. After reduction of heme bL a second proton is 

abstracted by glutamic acid 272 of cytochrome b, which can then be passed along a water 

channel to the surface of the protein. Heme bL transfers an electron to heme bH to reduce 
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a quinone bound at the Qi-site by one electron. The Qo site turns over a second time to 

complete the reduction of the semiquinone at the Qi-site. 

Crofts’ model at first suggested a proton-coupled electron transfer at the Qo-site of 

the bc1 complex14,43 but very recently, he modified his own model to a proton-first-then-

electron mechanism.15 Transfer of one proton through the high potential chain, changes 

the midpoint potential of the Fe-S cluster to increase the driving force for the overall 

reaction. What happens to the second proton transfer? Figures 1.3 and 1.4 show two 

conserved water molecules that can take the second proton from the glutamic acid residue 

of the conserved PEWY motif of the Qo-site (E272 in yeast or E295 in R. sphaeroides).  

Figure 1.3. Yeast bc1 complex, from PDB file 1KB9 that shows the stigmatellin binding 
site (Sma) and the PEWY sequence-H bonds. 
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Figure 1.4. R. sphaeroides bc1 complex from PDB file 2QJY, stigmatellin binding 
site(Sma) and PEWY sequence-H bonds. All distances are very similar to the yeast 
structure (Figure 1.3). 

 

II. A mutant of heme bL. 

 Of the proteins that make up the mitochondrial bc1 of eukaryotes, only the 

cytochrome b gene is present in the mitochondrial DNA; all the other subunits that 

comprise Complex III are expressed in the nucleus and imported into the mitochondria.  

There are a number of mitochondrial genetic disorders that have been identified44,45 and 

shown to involve specific amino acids in the cytochrome b subunit. In humans, one of the 
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outcomes of such diseases is general weakness and lack of stamina when performing 

even mild exercise.46 Some of these mutations involve residues near heme bL in the 

cytochrome b and have been studied in yeast, for which the structure of the bc1 is very 

similar to that of vertebrates. In several patients, stamina could be improved by 

administration of vitamin K3 or menadione, a 1,4-naphthoquinone with a 2-methyl 

substituent, which has a more negative midpoint potential than ubiquinone.47 

The histidine (His) residues above and below hemes bL and bH (in the cytochrome 

b subunit), are oriented similarly in most structures, with the only exceptions being those 

reported by Iwata.23 EPR spectroscopy has been used to classify low-spin ferriheme 

proteins in terms of the axial ligands bound to the heme.48-52 In addition, EPR 

spectroscopy and X-ray crystallography of model hemes53 were used to predict that the 

dihedral angles should be close to 90o. Figure 1.5 shows the typical EPR signals recorded 

for several cytochromes b of mitochondrial Complex III at very low temperatures (10 K 

or lower).54 These signals were considered unusual when they were first discovered. 

Since then, a number of researchers including Dr. Walker have shown the “large gmax” 

signal (with a maximum possible value of 3.8) arises from a molecular structure in which 

the axial ligands are in perpendicular planes.55-58 
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Figure 1.5. EPR spectra of bovine Complex III recorded at 7 K. A: Cytochromes 
b566 (bL) (fully oxidized by ferricyanide); B: b562 (bH) (ascorbate reduced); C: Cytochrome 
c1 also present in A-B; D: isolated cytochrome c1. This figure was originally published in 
the Journal of Biological Chemistry. John C. Salerno. Cytochrome Electron Spin 
Resonance Line Shapes, Ligand Fields, and Components Stoichiometry in Ubiquinol-
Cytochrome c Oxidoreductase. 1984. 259: 2331-2336.  

 

Among the available structures for the bc1 complex, the dihedral orientation of 

these histidines is ∆φ = 83.5o for the yeast structures and for six other bovine and avian 

structures it has an average value of ∆φ = 84.4 ± 3.2o based on X-ray crystal structure 

analysis.53,59,60 For yeast59 and bacterial Rhodobacter capsulatus61 and bacterial R. 

sphaeroides,62 heme bL has a g-value of 3.79, very close to the maximum possible value. 

This signal can now be used as a diagnostic pattern that shows that the His-imidazole 

planes are nearly perpendicular. Recent X-ray crystal structures of Complex III, including 



 

 

33
 

that from yeast (PDB file: 1KB9) show that for heme bL the imidazole N-H group of 

His82 donates a hydrogen-bond to the hydroxyl oxygen of T46 (the distance of O-N is 

2.97Å). Therefore, it was hypothesized that perhaps T46 helped stabilized the orientation 

of the imidazole plane (Figure 1.6). This Thr residue was mutated to Val in both yeast 

and bacteria. In collaboration with Dr. Berry and Hongjun Zhang from our lab, we have 

mutated a residue near heme bL in yeast (T46V) and also in bacterial Rhodobacter 

sphaeroides (T61V). 

Figure 1.6. Residues near heme bL in the yeast crystal structure. Stigmatellin is an 
inhibitor of QH2 and it is bound at the Qo-site. In bacteria the numbering is different but 
the same residue was mutated (T61). Picture created from PDB file: 1KB9. 
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Figure 1.7. EPR spectra of heme bL from purified bc1 complexes. Samples prepared by 
by Robert E. Berry and Hongjun Zhang (Walker lab) and data collected by Andrei 
Astashkin (EPR facility). The gmax = 3.79 signal in WT beef, bacterial and yeast is 
replaced by a gmax = 3.59 signal in the T46V mutant in yeast. The same shift was 
observed for bacterial T61V (not shown).  

 
As can be seen from Figure 1.7, our mutants do not show the diagnostic “large 

gmax” signal = 3.79(8). Therefore, we may conclude that the histidine imidazole ligands 

are no longer in planes close to perpendicular, or at least, they are disordered. 
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Furthermore, spectroelectrochemical titrations were carried out on the yeast WT and 

mutant to determine the midpoint potential of heme bL. It was clear from these studies 

that the yeast bc1 complex is not stable enough to remain in its native form during long 

periods of time. Therefore we turned to measuring the bacterial WT and mutant (T61V), 

where the protein could be stabilized in chromatophores (small micelle-like structures 

which are formed by breaking the bacteria with a French press).  It was learned that heme 

bL from bacterial T61V has a midpoint potential that is ~30 mV more negative than the 

WT. This finding again supports the idea that the orientation of the histidine residues 

above and below the heme bL plane in T61V has been disrupted and that the role of 

T61/T46 is to maintain a near-perpendicular orientation of the two His ligands. In 

addition, in this work, activity measurements reveal that the mutant bc1 enzyme in 

Rhodobacter sphaeroides (in the presence of decylubiquinol and other ubiquinol analogs) 

has a somewhat slower rate of oxidation than the WT. 

III. UQ10 analogs. 

Coenzyme Q (CoQ) or ubiquinone is a lipid-soluble redox cofactor that is a 

substrate for Complexes II and III. It is part of the electron transport chain found in the 

inner mitochondrial membrane of eukaryotes and in the inner membranes of 

prokaryotes.63 In general, it is essential for all life forms where electron transfer reactions 

are involved. CoQ exists in three redox states, fully oxidized (ubiquinone), semiquinone 

radical (ubisemiquinone), and fully reduced (ubiquinol).64 However, due to the possibility 

of different levels of protonation, there may be more midpoint potentials for these redox 

states than just these three. Coenzyme Q is composed of two parts: a quinone head that 
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acts as the redox center for this molecule, and an all-trans polyprenyl unit (tail) that 

increases its solubility in the phospholipid membrane. The length of the tail may vary 

depending on the species in which Q is found, but bacterial as well as vertebrate bc1 

complexes typically use CoQ10.  

In eukaryotes coenzyme Q has 10 isoprene units (CoQ10, see Figure 1.8) and 

although the main aspect that is studied in this work is the transfer of electrons from this 

molecule to cytochrome c (cyt c) through complex III, Q has also been found to bind to 

Complex I and II.64-66  

 

 

 
Figure 1.8. CoQ10 has a quinone head (blue) with two methoxy and one methyl 
substituents. It contains 10 isoprene units at the fourth ring position (green). Analogs may 
have different groups attached to the quinone head and the number of isoprene subunits 
may vary from 0-10. 

 

Interest in the synthesis of coenzyme Qn arises from clinical studies that label 

ubiquinols as powerful antioxidants.67 In the past, the synthesis of isoprenylated quinones 
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has taken place by direct introduction of an isoprenyl group into a quinonoid nucleus that 

contains all the desired quinone head-substituents. This introduction is difficult to 

achieve. Some common methods involve: 1) a Friedel Crafts reaction between 

hydroquinol and the appropriate allylic alcohol, followed by mild oxidation of the 

quinol,68 2) the direct reaction of π-allylnickel complexes with quinones,69,70 3) the well-

known coupling of organometallic derivatives with allylic halides,71-73 4) the coupling of 

aryl bromides with π -allylnickel complexes,74 5) the use of cyanosilylated quinones,75 6) 

isoprenylation of quinones by a free-radical process76 and isoprenylation of quinones 

through trimethylpolyprenylstannanes developed by Dr. Yoshinori Naruta.77-79 This later 

method was employed in Chapter 2 to synthesize quinones with altered reduction 

potentials.  

IV. Classical quinone electrochemistry. 

In aprotic media the electrochemistry of quinones is relatively simple, with two 

reversible 1e- transfer steps. The first electron transfer converts the quinone to a 

semiquinone anion and a second electron can be transferred to most quinones at more 

negative potentials (equation 1.3). 

               (Eq. 1.3) 

Cyclic voltammetry waves for these quinones typically have two redox waves with a 

peak-to-peak separation of potentials governed, among other factors, by the number of 

electrons transferred. Furthermore, both mono- and di-anions are shown to be stable.80-82 

Q + e- Q-. + e- Q-2
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 In aqueous solutions quinones undergo a reduction to hydroquinone according to 

equation 1.4. 

                                      (Eq. 1.4) 

All possible microscopic proton and electron transfer steps for this equation can be 

exemplified in terms of the ‘scheme of squares’ which typically summarizes the possible 

electron and proton transfer reactions that are likely involved in quinone redox chemistry 

as can be seen in Scheme 1.1.83-85  

 

Scheme 1.1. All possible protonation and electron transfer steps in quinone 
electrochemistry. 
 

In addition, equation 1.4 has been used for pH measurements because the potential for the 

reaction exhibits a pH dependence of 59 mV/pH unit (at 25 ºC) with one H+ involved for 

each electron transferred.86-88 In aqueous solutions, though, the semiquinone intermediate 

is thermodynamically unstable,89 and no convincing evidence has been documented for 
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one-electron-transfer intermediates in buffered solutions. Reduction of quinones in 

aqueous solutions consumes protons, and if the solution pH is not controlled, the 

concentration of H+ near the surface of the electrode would be different than in the bulk 

solution, making accurate measurements of redox potentials impossible. Therefore, 

polarogaphic or voltammetric studies of quinones must be conducted in well-buffered 

solutions.  

 However, due to the instability of the radical intermediates, the electrochemistry 

of quinones in buffered media exhibits waves of reduction and oxidation that are widely 

separated from each other, and occur at large overpotentials. This was demonstrated first 

by Rich89 for p-benzoquinone and confirmed in the present work for a number of other p-

quinones. Explanations for these results have been attempted, and are based on the 

instability of the semiquinone intermediates: Oxidation of the hydroquinone proceeds via 

a dimer of the one-electron intermedate,90 interactions with the buffer88 and formation of 

quinhydrone,91,92 and recently Cape et al.93 postulated the disproportionation of the 

semiquinone species in aqueous solution.  

 There are only a few electrochemical studies that have been carried out in 

unbuffered solutions, several of which point to the fact that radical intermediates are 

stable enough to be observed.94 For example, Shim et al.95 were able to observe a 

semiquinone anion radical intermediate in unbuffered solutions using 

spectroelectrochemical experiments, a finding that we were not able to reproduce in this 

laboratory, as shown in Chapter 3.  In addition Quan et al.,96 based on cyclic voltammetry 

experiments, proposed very recently that in unbuffered solutions a hydrogen-bonded 
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dianion, Q-2, was the product of quinone reduction, which, due to its basicity, exists in 

water as a mixture of protonated anion QH-, and hydroquinone QH2. In addition Hui, et 

al. reported that Vitamin K1 undergoes two chemically reversible one-electron reduction 

processes in acetonitrile, and that the potential separation between the first and second 

electron-transfer steps diminishes with the addition of water until the two potentials blend 

into a single one, corresponding to the reversible transfer of two electrons per molecule. 

Hui et al. attributed this behavior to hydrogen-bonding interactions between water and 

the one- and two-electron reduced forms of Vitamin K1.97 Additionally, Nasiri et al.98 

studied synthetic vitamin K3 derivatives by cyclic voltammetry in 1,2-dimethoxyethane 

(DME) and concluded that, hydrogen bonding, among other factors, can influence the 

electron affinity (or midpoint potential, Em) of the quinones.  

 In addition to these complexities, p-quinones that contain a large isoprene unit 

such as CoQ10 are not soluble problems in water. In fact CoQ10, due to its extreme 

hydrophobicity, in cell-free systems forms micellar aggregates.99 Therefore, some 

investigators have turned to measuring redox potentials of quinones attached to 

phospholipid bilayers,100,101 in organic solvents or mixtures of organic solvents and water, 

by using adsorbed layers in aqueous solutions (biphasic electrochemistry), or by using 

acetic acid to increase the quinone solubility. All these methods have shortcomings:  

Park et al. detected (by EPR) a radical species of p-benzoquinone in aqueous 

media by using benzoquinone attached to phosphatidylcholine (PC) derivatives in well-

buffered solutions. However, the cyclic voltammetry peaks for this quinone show a wide 

separation between cathodic and anodic peaks.102 Erabi et al. were among the first 
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investigators to report the midpoint potential of CoQ10 (for the two electron transfer) in a 

mixture of ethanol and water.103 However, as explained earlier, midpoint potentials 

depend on pH, and addition of an organic solvent to water brings about a radical change 

in the properties of this medium, especially its H+ concentration. Therefore, when 

midpoint potentials in mixtures of solvents are reported, the estimation of hydronium ion 

concentration for that specific mixture needs to also be carried out. Although organic 

solvents increase the solubility of quinones, a midpoint potential reported in organic 

solvents104 such as methanol, THF or CH2Cl2, is not very meaningful, since the transfer 

of protons is also involved in these redox reactions. The electrochemical investigation of 

CoQ10 has been performed on adsorbed layers in aqueous solutions using pyrolytic 

graphite,105,106 glassy carbon,107 carbon-paste108 and mercury electrodes.109,110 Scherebler 

et al.106 were able to observe a reversible redox process only at pH = 11 using pyrolytic 

graphite electrodes. At all other pH values (1-13) the process was irreversible.106  

V. Bypass reactions. 

As mentioned in Section II of this chapter, several mitochondrial genetic disorders 

have been identified and shown to involve specific amino acids in the cytochrome b 

subunit. One more outcome of these disorders is the increase of free radical damage by 

enhancing superoxide production at the Qo-site.111-113 Superoxide is such a damaging 

molecule because it can be converted into other reactive oxygen species (ROS) which are 

associated with cellular and DNA damage and are contributing factors in diseases such as  

asthma, rheumatoid arthritis, Alzheimer’s disease, cataracts and atherosclerosis.114,115  

Superoxide formation is a side reaction or “bypass” reaction that is alternative to the 
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normal Q-cycle mechanism. Superoxide production only occurs in the presence of 

inhibitors or in certain mutants. In the absence of these two, the enzyme follows the 

normal Q-cycle.  

There are four bypass reactions cited in the literature (they all begin after transfer 

of the first electron to the Fe-S cluster and formation of a semiquinone radical):36,116  

1) The semiquinone radical could be oxidized by a second electron transfer to the Fe-S 

cluster if the midpoint potentials of the electron-acceptor and electron-donor allow this 

process.  

 2) If the semiquinone is only loosely bound, it could escape from the Qo site and reduce 

cytochrome c directly or disproportionate in the membrane ( 2 QH• = Q + QH2). 

3) The semiquinone could oxidize pre-reduced cytochrome bL (Fe2+) to form QH2.  

4) As mentioned earlier in this section, semiquinone radical can react with molecular 

oxygen to form superoxide, which can reduce cytochrome c directly if it defuses to the 

surface of the membrane where cyt c is located.  

 Although these are all the proposed mechanisms, the one that has received the 

most attention is the formation of superoxide due the potential damaging effects of ROS. 

The main experimental factors controlling the rate of superoxide production at the bc1 

complex in vitro are: 1) the presence of Qi site inhibitors; 2) the partial pressure of O2(g) 

and 3) the strength of the membrane potential.117 However, in vivo the rate of superoxide 

production is under genetic control. In the absence of mutations, though, several 

mechanisms have been proposed to explain how the complex can prevent the superoxide 

bypass reaction:  
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a) As mentioned earlier in section I, the ISP has been crystallized in different 

conformations, the two extremes being: close to cyt c1 and close to heme bL. When the 

ISP is constrained in one position (close to heme bL), the semiquinone radical is 

prevented from reducing the high-potential chain. Oxidation of the semiquinone 

intermediate releases that strain so that the second electron has to go through the low 

potential chain. 

  b) Other authors suggest that the presence of two binding sites at the Qo-site can 

form an electron shuttle, which rapidly dissipates the semiquinone. For example, if two 

molecules bind at the Qo-site, they can undergo disproportionation and  rapidly dissipate 

the semiquinone radical, thereby preventing bypass reactions.31,118-121  

c) Trumpower et al. were the first to provide experimental evidence of a dimeric 

mechanism122-127 that accounts for avoidance of superoxide production. This idea has also 

been studied by a number of other authors.128,129 Initially Trumpower et al. provided 

direct evidence of rapid electron transfer between bL hemes of the two monomers (given 

their relatively close distance, 11.7 Å) with fast electron tunneling rates.122,127 In their 

most recent publication,125 using the species Paracocus denitrificans which contains 

either one or two inactive b subunits, they demonstrated that the enzyme with a mutation 

that extensively inactivates ubiquinol oxidation at one Qo-site (one active b-subunit) is no 

different than the wild-type (with both subunits active) in terms of catalytic activity; 

whereas the enzyme with two inactive b-subunits, retained only 10-16% of its catalytic 

activity.  Therefore, their work demonstrates that both bH hemes from different 

monomers can undergo reduction through only one active Qo-site.  
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Shinkarev, and Wraight, in a theoretical paper, also postulated the transfer of 

electrons between monomers of bc1.130 They also suggest that electron transfer between 

monomers can occur at the level of the bL hemes, which are 11.7 Å apart, across the 

dimer interface. Therefore, monomer to monomer electron transfer can minimize the 

chances of accumulating reduced bL at one site of the bc1 complex, and reduces the 

probability of formation of a semiquinone radical. This in turn, lowers the propensity for 

superoxide production.  

d) Coulombic gating mechanism, in which the semiquinone intermediate is 

mobile in the binding pocket (Qo-site) and coulombic interactions prevent the radical 

intermediate from close approach to reduced heme bL (bL
+2).131 This allows rapid and 

reversible QH2 oxidation and prevents bypass reactions. 

 Studies of superoxide production by the bc1 complex are most notably observed in 

the presence of inhibitors such as antimycin-A which blocks the Qi site (first studied by 

Trumpower et. al.),132 stigmatellin which blocks the Qo-distal site, and myxothiazol, 

which blocks the Qo-proximal site. Superoxide production can be measured via H2O2 

formation using the Amplex Red horseradish peroxidase assay kit (from Molecular 

Probes, #12212).36  

Alternatively, addition of saturating levels of Mn-superoxide dismutase 

(SOD)18,93,116,133 or CuZn-SOD111,134 can eliminate superoxide from the system (Figure 

1.9). This has been the most popular method for determining superoxide bypass, although 

a very recent paper has appeared in the literature where the authors employed 

chemiluminescence to assess peroxide production.135  
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Figure 1.9. AA resistant reduction of cyt c. AA binds at the Qi site and thus prevents 
binding of ubiquinone at the Qi site. Figure designed similarly to previously published 
illustrations.20 

 
 
With the use of SOD to remove superoxide and by monitoring the reduction of cyt 

c in the presence of several inhibitors, Muller et al. report that:36 

a) When myoxothiazol is used, the semiquinone radical reduces O2 to form 

superoxide. Therefore one electron is delivered to cyt c via the high potential chain and 

the other is passed to O2 to form superoxide, which in turn rapidly diffuses from the Qo-

site and reduces cyt c. Upon addition of SOD, the rate of reduction of cyt c is reduced by 

half, which confirms that only one electron from UQH2 reduces cyt c directly. 
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b) When antimycin A (AA) is used, the same mechanism takes place. However, 

upon addition of SOD the rate of cyt c reduction is reduced only by 35%. The authors 

attributed this anomaly to an additional bypass reaction.36 
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CHAPTER 2 

SYNTHESIS OF UQ10 ANALOGS 

 
General Synthetic Procedures 

All reagents were purchased from Aldrich Chemical Co. and used without further 

purification unless “dry” is specified in the text. Diethyl ether was distilled from sodium 

using benzophenone as an indicator. All air-and water-sensitive reactions were carried 

out in a Schlenk line with a positive pressure of argon. All 1D 1H NMR and 13C NMR 

spectra were measured on Bruker 250 MHz, Varian 300 MHz or Bruker 500 MHz 

spectrometers.  

 
 
I. Synthesis of Rhodoquinone-3 (RQ3).63,133

 
 

 
  (1)                                                           (2) 

 
2-Hydroxy-3,4-dimethoxy-6-methylacetophenone (2). Caution! This reaction causes 

evolution of HCl gas, it is exothermic and the solvent is very volatile. A round-bottom 

flask was fit with a condenser, and under an argon atmosphere aluminum chloride (11 g, 

82 mmol) was dissolved in ether (32 mL). Acetyl chloride (2.1 mL, 30 mmol) was added, 

O

O

O

HO

O

AcCl, AlCl3

O

O
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followed by the addition of 3,4,5-trimethoxytoluene (4.6 mL, 27 mmol). After these 

subsequent additions, the solution turned from light brown to dark brown. And after 5 

min the solution separated into two layers (dark orange on the bottom and light orange on 

the top). The reaction was allowed to proceed for 30 min and was quenched by addition 

of water (Caution!). A yellow precipitate was immediately observed. The resulting 

mixture was acidified with concentrated HCl until it reached pH 1. The mixture was 

extracted with ether. The organic layers were combined and extracted with 1 M NaOH. 

The aqueous layers were combined, adjusted to pH 1, and extracted with ether. After 

drying overnight with Na2SO4 and concentrating in vacuo, compound 2 was obtained as 

light-yellow crystals (3.7 g, 65%). Mp: 83-85 oC (lit.136 87-89 oC ); 2: 1H NMR (300 

MHz, CDCl3): δ 11.98 (s, 1H), 6.31 (s, 1H), 3.91 (s, 3H), 3.86 (s, 3H), 2.63 (s, 3H), 2.54 

(s, 3H). The 1H NMR data were identical to those reported in the literature.63 

 

 
(2)                                                                        (3) 

2-Hydroxy-3,4-dimethoxy-6-methylphenol (3). Compound 2 (3.7 g, 17.6 mmol) and 

NaOH (1.423 g, 35.2 mmol) were dissolved in 100 mL of water. Hydrogen peroxideII 

                                                 
II H2O2 decomposes in very basic solutions. Only enough NaOH to mono-deprotonate H2O2 is necessary. 
Therefore only 2-4 eq of H2O2 are necessary, pH of the solution should be around 12 but not higher.  

O

HO

O

O

H2O, 40 0C

OH

HO
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H2O2, NaOH

O



 

 

49
 

(7.1 mL, 30% in H2O, 4 eq) was slowly added to the reaction flask over the course of 10 

min and the reaction mixture was heated to 45 ◦C for 2 hrs.III Five minutes after heating 

was initiated, the solution turned from light yellow to violet. A solid white precipitate 

was observed after 2 hrs. The reaction was quenched by addition of concentrated HCl to 

bring the solution to pH = 1. The solution was extracted with dichloromethane (DCM),IV 

dried overnight with Na2SO4, and concentrated in vacuo. Flash chromatography using 

silica gel and a mixture of 10% ether in dichloromethane as the eluting solvent, afforded 

tan-reddish crystals as compound 3 (0.215 g, 5% yield).V Mp: 67-70 oC (lit.136 97-99 oC); 

3: 1H NMR (300 MHz, CDCl3):  δ 6.26 (s, 1H), 5.55 (br, s, 1H), 4.91 (br, s, 1H), 3.9 (s, 

3H), 3.8(s, 3H), 2.22 (s, 3H). The 1H NMR data were identical to those reported in the 

literature.63 

     (3)                                                                  (4) 
 

                                                 
III At 1.5 hrs, TLC shows the desired product, however an unidentified product with a very low Rf value is 
also present. 
IV Only extract with dichloromethane 3 times. Ethyl acetate can be used but causes an emulsion, however, 
if this occurs, addition of NaCl can slowly break up the emulsion.  Unidentified byproducts should be 
soluble in the aqueous layer and more extractions with DCM can bring them into the organic layer. 
V The crude product (2.4 g, 65% yield) is a mixture of compounds 2 and 3 in roughly a 1:1 molar ratio as 
shown by 1H NMR. Compound 2 decomposes on silica gel after about 1-2 hrs as observed on 2 D TLC 
plates. On the silica column, decomposition shows up as a purple and a red fraction that remain on the 
column after the important fractions are collected. Therefore column must be ran rapidly. Both compounds 
are yellow bands on the column and small fractions must be collected. Rfs = 0.28 (for 3) and 0.62 (for 2) 
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HO
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2-Hydroxy-3-methoxy-6-methyl-1,4-benzoquinone or Fumigatin (4). It is important to 

have pure compound 3 before starting this reaction. Otherwise, many unidentified 

reactions can take place. Cerium(IV) ammonium nitrate (CAN) (655 mg, 1.20 mmol) and 

2,6-pyridinedicarboxylic acid (200 mg, 1.20 mmol) were dissolved in a 1:1 mixture of 

CH3CN/H2O (4 ml) and cooled to 0°C. This solution was added to compound 3 (73.4 mg, 

0.40 mmol) which had been dissolved in a 7:3 mixture of CH3CN/H2O (4 ml) and also 

cooled to 0◦C. After 10 min, the reaction was quenched with water and extracted with 

dichloromethane. The organic layers were combined and washed with saturated NaHCO3 

(~5% m/v). The aqueous layers turned deep violet and were collected and adjusted to pH 

= 1 with concentrated HCl. This solution was extracted with dichloromethane, dried over 

Na2SO4 and concentrated in vacuo to give red crystals of fumigatin (22.1 mg, 20% yield). 

Mp: 97-100 oC (lit.136 100-102 oC); 4: 1H NMR (300 MHz, CDCl3): δ 6.40 (q, 1H, J = 1.5 

Hz), 6.45 (br, 1H), 4.10 (s, 3H), 2.06 (d, J=1.7 Hz, 3H). The 1H NMR data were identical 

to those reported in the literature.63 

 
 
                                         (5)                     (6)                                                        (7) 
 
Farnesyltrimethylstannane (7). The reaction was performed under an argon atmosphere 

and in the absence of light. A large excess of Li metal (10 mol excess, granular grade) 

was suspended in 8 mL of THF and the mixture was cooled to –78 °C. Trimethyltin 

(CH3)3SnCl
THF

(CH3)3SnLi Cl
H THF

+ Li0
+

3
-600C -780C

(CH3)3Sn
H

3



 

 

51
 

chloride (1 mL or 8 mmol)VI was slowly added to the mixture.VII The temperature during 

the reaction was kept between 0 °C and  –5 °C (in an ice/NaCl bath, very little salt) being 

careful not to keep it below –5 °C, and allowed to react for 1.5 hr.  The reaction mixture 

turns from light green to dark olive green; however, sometimes it starts looking a bit blue, 

then light green and then olive green. About 1.5-2 hr should be allowed to elapse from 

the moment the solution turns light green. This procedure yields Me3SnLi. The solution 

was then transferred via cannula or syringe to a new vessel that was previously cooled to 

–78 °C. Farnesyl chloride (2.3 mL, 8.8 mmol) was then added and the reaction was 

allowed to proceed for 2 hr at a temperature below –20 °C.VIII The reaction was quenched 

with cold brine and warmed to room temperature. The extraction was carried out with 

ether. The ether solution was dried over Na2SO4 and concentrated in vacuo. A yellow oil 

was obtained with a 50% yield according to NMR data, which shows a mixture of 

farnesyl chloride and farnesyltrimethylstannane in roughly a 1:1 molar ratio. The product 

was used without purification for the next step.IX 7: 1H NMR (250 MHz, CDCl3): δ 5.31 

(t, 1H), 5.07 (m, 2H), 1.98 (m, 8H), 1.67 (s, 2H), 1.62 (s, 3H), 1.54 (s, 8H), 0.06 (s, 9H). 

For the sake of completion, the 1H NMR data for farnesyl chloride: 1H NMR (250 MHz, 

CDCl3): δ 5.43 (t, 1H), 5.07 (m, 2H), 4.08 (d, 2H), 2.03 (m, 8H), 1.70 (s, 2H), 1.66 (s, 

2H), 1.58 (s, 4H). The 1H NMR data reported in CCl4 for 7: 0.06 (9H, J = 50, 52), 1.52 

(s, 3H), 1.58 and 1.66 (each s, 11 H), 1.98 (m, 8H), 5.04 (br, 2H), 5.26 (t, 1H, J = 

                                                 
VI Trimethyl tin chloride was purchased as a solid and was dissolved in THF to obtain an 8 M solution. 
VII It is an exothermic reaction so keeping temperature that low prevents heating of the reaction vessel.  
VIII I used an acetonitrile and dry-ice bath with a temperature of –42 °C and allowed it to react for two hrs; 
the temperature raised during the course of reaction. It is paramount to never allow it to go above –20 °C.  
IX Farnesyltrimethylstannane decomposed upon distillation and purification on silica gel or Florisil and also 
resulted in partial decomposition as shown on 2D TLC plates.   
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9).77Caution: In order to quench the residual Li0 excess that was left after the reaction, 

one must add ethanol very slowly until hydrogen evolution ceases and stir it for a while, 

then carefully add an excess of methanol and stir again to ensure that all Li metal has 

been consumed. At the very end, once no lithium is left, add a very large excess of water. 

Caution! Lithium reacts violently with water.  

 
 

 
                    (4)                                                                               (8) 
 
2-Farnesyl-5-hydroxy-3-methoxy-6-methyl-1,4-benzoquinone or demethylubiquinone-3 

(8). Fumigatin 4 (221mg, 0.132 mmol) was placed in a reaction vessel that was 

previously evacuated and filled with argon gas. Immediately thereafter, dichloromethane 

(5 mL) was added and the mixture was cooled to –78 °C. Once that low temperature was 

reached, BF3·OEt2 (0.036 mL, 0.3 mmol) was added and the solution became dark-red. 

Farnesyltrimethylstannane (1.6 mmol)X was added dropwise over the course of 5 minutes 

and the reaction became much darker. The reaction was allowed to proceed for 1 hour 

with slight temperature fluctuations (between –78 °C and –65 °C). The workup was 

carried out with a saturated solution of NaCl; immediately the solution became yellow 

                                                 
X A 1:1.2 molar mixture of fumigatine:stannane is required. The formation of farnesyltrimethylstannane 
contained a portion of farnesyl chloride and this was taken into account.   
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and it was extracted with ether. After evaporation of the solvent, the product was 

dissolved in ether and an excess amount of Ag2O (0.12 g, 0.5 mmol) was added to the 

residue. The reaction was stirred in the dark for 30 minutes.  The product was filtered to 

remove the excess of Ag2O, washed with aqueous NaCl, extracted with ether and the 

organic phase was dried under Na2SO4. Alternatively, FeCl3 proved to be a good 

oxidizing agent for this reaction. An excess of FeCl3 (5 mol eq. as compared to quinone) 

was dissolved in 1:1 (v/v) methanol/water solution and added to the ether residue that 

contained the crude hydroquinone. The reaction is allowed to proceed for 30 minutes in 

the dark. The slight advantage is that filtration is not necessary at the end of the reaction 

because the excess FeCl3 dissolves in the aqueous phase during extraction. Purification 

by flash chromatography (4:1 hexanes/acetone) using silica gel afforded a yellow oil (or 

red oil when very concentrated) demethylubiquinone-3 (47 mg, 21% yield). 8: 1H NMR 

(300 MHz, CDCl3): δ 6.48 (br, s, 1H), 5.06 (m, 3H), 4.93 (t, 1 Hz, 1H), 4.07 (s, 3H), 3.21 

(d, 7 Hz, 2H) 2.04 (s, 3H), 1.98 (m, 8H), 1.74 (s, 3H), 1.67 (s, 3H), 1.59 (s, 3H), 1.57 (s, 

3H). The 1H NMR data were identical to those reported in the literature.63 

 

 
                  (8)                                                                                (9) 
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5-Farnesyl-2-mesyl-3-methoxy-6-methyl-1,4-benzoquinone (9). Demethylubiquinone-3 

(400 mg, 1.08 mmol) was placed in a flask that was evacuated and filled with argon gas. 

THF (10 mL) was added and the mixture was cooled to –20 °C.XI Triethylamine (0.3 mL, 

2.16 mmol) was added dropwise to that mixture and it immediately turned from light red 

to purple color. Methanesulfonyl chloride (0.125 mL, 1.61 mmol) was added drop wise 

and after 5 minutes of the addition, the solution turned yellow. The reaction was 

monitored by TLC (Rf = 0.5 for 4 and Rf = 0.8 for 9 in 3:2 hexanes/ethyl acetate) and 

allowed to proceed for 2 hrs. The reaction was quenched by addition of water (7 mL) and 

ether (30 mL), was then extracted 3 times with 2M HCl, then three times with 5% (m/v) 

NaHCO3, and finally with brine. The organic layer was dried over Na2SO4. After 

concentration in vacuo, this process afforded a yellow solid (363 mg, 75% yield). 9: 1H 

NMR (300 MHz, CDCl3): δ 5.06 (m, 2H), 4.93 (t, 1 Hz, 3H), 4.21 (s, 3H), 3.48 (s, 3H), 

3.20 (d, 7 Hz, 2H), 2.03 (s, 3H), 1.98 (m, 8H), 1.74 (s, 3H), 1.67 (s, 3H), 1.59 (s, 3H), 

1.57 (s, 3H). The 1H NMR data were identical to those reported in the literature.133  

 

 
 

                                                 
XI This temperature was attained in a CCl4 + water + dry CO2 bath. Also acetonitrile and dry ice can help 
attain this temperature. 
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                       (9)                                                                           (10) 

 
2-Azido-5 farnesyl-3-methoxy-6-methyl-1,4-benzoquinone (10). Mesylate 9 (226 mg, 0.50 

mmol) were dissolved in dry methanol (4 mL). Sodium azide (70 mg, 1.00 mmol) was 

added to the mixture and the solution turned from orange to brown after 5 minutes of the 

addition. The reaction took 1.5 hrs at room temperature. Water was added to the reaction 

in order to quench it. The product was extracted with ethyl acetate three times and 

washed with brine.  After drying over Na2SO4 and concentrating in vacuo, the crude 

product was isolated by column chromatography (9:1 hexanes/ethyl acetate)XII and the 

unreacted mesylate was easily recovered from the column. The product was an orange oil 

(26.1 mg, 13%) that solidified upon cooling (~5-8 °C). 10: 1H NMR (300 MHz, CDCl3):   

δ 5.04 (m, 2H), 4.89 (t, 6.8 Hz, 1H), 3.86 (s, 3H), 3.17 (d, 7 Hz, 2H), 2.02 (s, 3H), 1.97 

(m, 8H), 1.71 (s, 3H), 1.65 (s, 3H), 1.57 (s, 3H), 1.54 (s, 3H). The 1H NMR data were 

identical to those reported in the literature.133  

 

                                                 
XII A pink fraction was identified on TLC plates at an Rf higher than the orange product (compound 10). It 
is important to not combine this fraction with the product; their Rf values are similar.  
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                    (10)                                                                           (11) 

(12) 
 
2-Amino-5-farnesyl-3-methoxy-6-methyl-1,4-benzoquinone  or Rhodoquinone-3, RQ3 

(12). Under an argon atmosphere, compound 10 (100 mg, 0.24 mmol) was dissolved in 

THF (4 mL), then triphenyl phosphine (132 mg, 0.48 mmol) and water (9 µL of H2O)137 

were added to the reaction flask. The reaction was allowed to proceed for 2 hours at room 

temperature and then was quenched with water. The product was extracted with ethyl 

acetate and aqueous NaCl. This procedure afforded iminophosphorane 11. 1H NMR (300 

MHz, CDCl3): δ 7. 77 (m, 7H), 7.42 (m, 7H),  5.06 (m, 2 H), 4.95 (t, 6.8 Hz, 1H), 4.68 

(br, 1H), 3.87 (s, 3H), 3.19 (d, 6.8 Hz, 2H), 2.05 (m, 8H), 1.97 (s, 3H), 1.74 (s, 3H) 1.67 

(s, 3H) 1.59 (s, 3H), 1.57 (s, 3H).  Attempts to hydrolyze this product with a weak acid or 

with longer reaction time were not successful. Therefore, a column was packed with 

silica and solvent (9:1 hexane/ethyl acetate) was run through the column a few times to 
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ensure good packing. Then the product was loaded onto the column and left overnight.XIII 

The next day, a gravity column was run and the hydrolyzed product 12 was obtained. 

After concentration in vacuo, purple crystals were obtained.  Triphenylphosphine oxide 

(a byproduct of the reaction) and the unreacted triphenyl phosphine remained on the top 

of the column.XIV (60.5 mg, 65%). 12: 1H NMR (300 MHz, CDCl3): δ 5. 06 (m, 2 H), 

4.95 (t, 6.8 Hz, 1H), 4.68 (br, 1H), 3. 87 (s, 3H), 3.19 (d, 6.8 Hz, 2H), 2.05 (m, 8H), 1.97 

(s, 3H), 1.74 (s, 3H) 1.67 (s, 3H) 1.59 (s, 3H), 1.57 (s, 3H). The reported 1H NMR (300 

MHz, CDCl3): δ 5.06 (m, 2H), 4.99 (t, 1H, J = 6.8 Hz), 4.68 (br s, 2H), 3.86 (s, 3H), 3.18 

(d, 2H, J = 7.0 Hz), 2.03 (m, 8H), 1.96 (s, 3H), 1.67 (m, 12H).133 HRESIMS calcd for 

C23H34NO3  [M + 1]+ 372.25332 (lit.133 372.2533); found 372.2534.  

 

II. Synthesis on a large scale. 

2-Acetyl-3-hydroxy-4,5-dimethoxytoluene (2): In a 1L round-bottom-flask fitted with a 

reflux condenser and an addition funnel, AlCl3 (40 g, 0.3 mol) was added, as quickly as 

possible, to a vigorously stirred solution of ether (~500 mL) and 3,4,5-trimethoxytoluene 

(25.5 mL from a 5.5 M solution in ether, 0.14 mol) in ice (to dissipate the heat evolved 

during the addition). If the addition is carried out the other way around (add ether to 

AlCl3), ether will evaporate as soon as it is added due to the exothermic nature of this 

reaction. The temperature in the reaction rose a bit despite the cooling. After the 

exothermic effect had subsided, acetyl chloride (19.5 mL, 0.28 mol) was added dropwise 

through the addition funnel, over about 10 min while the reaction was kept in an ice bath. 

                                                 
XIII Make sure the column does not run dry! 
XIV Iminophosphorane Rf=0.05 Aminoquinone Rf=0.10 
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The temperature rose slightly and when this exothermic effect had decreased, heating 

under reflux (50 °C in a warm water bath) was continued for another 3 h, after which 

conversion was complete. The reaction was allowed to cool to room temperature and the 

bilayer system was very cautiously poured onto ice (about 0.5 kg) with constant swirling 

by hand. After separation of the ether layer, the water layer was saturated with NaCl and 

extracted with ether (4 X 100 mL). The combined ether fractions were subsequently 

extracted with a 1 M NaOH solution (4 X 100 mL). The combined water layers were 

cooled in ice and slowly acidified to pH = 2 by addition of concentrated HCl, and placed 

on ice for about 30 min. The solid was filtered off and dried for about 4 hours. A pale 

yellow solid was obtained in 64% yield. 

2,3-Dihydroxy-4,5-dimethoxytoluene (3): Sodium hydroxide (4.8 g, 0.12 mol) in water 

(150 mL) was added to a solution of 2-acetyl-3- hydroxy-4,5-dimethoxytoluene (21 g, 

0.10 mol) in methanol (50mL) for a total volume of 200 mL. The methanol is used 

because the starting material is not entirely soluble in the alkaline aqueous solution. A 

slight rise in temperature was observed after mixing the two solutions (to about 30 ºC). 

Aqueous H2O2 (30%, 14.8 mL, 0.13 mol), was then added dropwise over about 20 min 

(the addition funnel used was further rinsed with 30 mL of H2O and this was added to the 

reaction over 20 min). The temperature rose to about 53 °C during the additions. The 

reaction color turned from light purple to dark purple. After the additions, the reaction 

temperature started to decrease, so heat was applied to keep the temperature around 50 ºC 

for almost 24 hours (it was checked by TLC, Rf for product: 0.28 in 10% ether in 

dichloromethane) after which it was cooled to room temperature. If the reaction does not 
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seem to be complete after 24 hours, an additional equivalent of H2O2 must be added (heat 

may be applied. However, other byproducts may form in addition to the compound of 

interest). Once the reaction was over, it was acidified with a few drops of HCl to pH 6-7, 

then it was saturated with NaCl and subsequently extracted with dichloromethane (8 X 50 

mL), the combined organic layers were dried with Na2SO4, and the solvent was 

evaporated in vacuo. An orange-brown solid was obtained in 65% yield (17.5 g, 0.095 

mol). 

                             (3)                                                                  (4) 

2-Hydroxy-3-methoxy-6-methyl-1,4-benzoquinone or Fumigatin (4). V2O5 was added at 

room temperature to a vigorously stirred suspension of compound 3 (2.5 g, 0.014 mol) in 

2% Sulfuric acid  (the final concentration should be about 0.5 M). Separately, NaClO3  

was dissolved in water (the final concentration should be about 1.14 M) and added drop- 

wise to the suspension over the course of 10 min. The color of the reaction solution 

changed to dark red after about 15 min; no evolution of heat was observed. The progress 

of the reaction was checked by NMR and after 24 hours no starting material was 

detected. A saturated solution of NaCl was used to quench the reaction and the solution 
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was extracted with DCM (5X50mL). The organic layer was concentrated under vacuo. 

This procedure yielded 2 g of quinone fumigatin or (4) in 80% yield.XV  

 

III. Synthesis of Iodoquinone-3. 

 In attempts to replace the hydroxyl functionality from 2-hydroxy-3-methoxy-6-

methyl-1,4-benzoquinone, two separate reactions were carried out without success: Ph3P 

in CCl4 and  PBr3 in CHCl3. Finally it was decided to convert the hydroxyl into a 

mesylate group and then try to replace that group with a halogen. Sodium iodide in 

acetone were added to the mesylate and again, the desired product did not form. 

 

 

                                         (4)                                                            (13) 

2-mesyl-3-methoxy-6-methyl-1,4-benzoquinone (13). Fumigatin 4 (200 mg, 1.19 mmol) 

was placed in a flask that was evacuated and filled with argon gas. THF (4 mL) was 

added and the mixture was cooled to –20 °C.XVI Triethylamine (0.33 mL, 2.38 mmol) 

                                                 
XV The ratios of materials needed: compound 3: 1 mol, NaClO3: 0.6 mol and V2O5: 0.00315.  
XVI This temperature was attained in a CCl4 or acetonitrile + water + dry CO2 bath  
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was added dropwise to that mixture and it immediately turned from red to purple color. 

Methanesulfonyl chloride (0.138 mL, 1.76 mmol) was added dropwise, and after a few 

minutes of the addition, the solution turned brown/red. The reaction was monitored by 

TLC ( Rf = 0.5 for 4 and Rf = 0.8 for 13 in 3:2 hexanes/ethyl acetate) and allowed to 

proceed for 5 hr. The reaction was quenched by addition of water (3 mL) and ether (12 

mL), then  extracted three times with 2M HCl, then three times with 5% (m/v) NaHCO3, 

and finally with brine. The organic layer was dried over Na2SO4. Different columns can 

be used for the purification of the product: 5% ether in dichloromethane, although there is 

some smearing of the starting quinone and dichloromethane elutes slowly. Also 3:7 ethyl 

acetate/hexanes can be used; however a big portion of the product (red oil that also 

contains product 13) is not very soluble in this solvent system (Rfs as follows: for 13 = 

0.45 and other = 0.20). Alternatively 3:7 acetone/hexanes can be used with Rfs as 

follows: for 13 = 0.40 and other = 0.20).   It is most useful to use a short-wavelength UV 

lamp and permanganate stain  (both) to visualize the spots, since an unidentified product 

has very low visibility with the UV lamp. Also, the very first and last fractions of the 

column (regardless of whether acetone or ethyl acetate are used) contain small fractions 

that show Rfs slightly above and below that of compound 13; do not collect these 

fractions since they are a mixture of the hydroquinone starting material and other 

unidentified compounds. A yellow-red oil was obtained that solidified at room 

temperature. 13: 1H NMR (300 MHz, CDCl3): δ 6.51 (q, 1H), 3.47 (s, 3H), 4.22 (s, 3H), 

2.05 (d, J=1.7, 3H). LRESIMS m/z C9H10O6S [M + 1]+ 246.9. 
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(13)                                         (14) 
 
2-iodo-3-methoxy-6-methyl-1,4-benzoquinone. Using Finkelstein conditions, (dry acetone 

and NaI) the temperature was kept at ~ 50-55 ºC for 24 hrs.XVII  In 3:7 EtOAc:hexanes, 

the TLC plate showed three distinct spots, of which the Rfs are listed as follows: 

unidentified product 1: 0.9, unidentified 2: 0.6, starting material. According to mass 

spectrometry, 1H and 13C NMR the desired product was not formed. 

 

IV. Synthesis of Bromoquinone-3 (BrQ3). 

Preparation of a bromoquinone-3 took place through the following reactions: Catalytic 

transfer hydrogenation with Pd/C starting from commercially available 2-methoxy-4-

methoxybenzaldehyde in the presence of ammonium formate. The introduction of the 

bromine functionality took place with Br2 in the presence of catalytic amounts of iron 

powder. To oxidize this bromophenol, ceric ammonium nitrate was used, as  p-

brominated phenols have been reported to oxidize to p-quinones in the presence of  2,6-

                                                 
XVII The melting pont of the product is somewhere around 58-65 oC. 
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pyridinedicarboxylic acid,138 and finally addition of the tail took place in the presence of 

Ag2O. 

 

 

                      (15)                                                                               (16) 

3-Methoxy-6-methylphenol (16). To a stirred suspension of 2-hydroxy-4-

methoxybenzaldehyde 15 (1.14 g, 7.5 mmole) and 10% Pd-C (0.350 g) in glacial acetic 

acid (10 mL), anhydrous ammonium formate (2.39 g, 38 mmole) was added in a single 

portion under argon. The resulting reaction mixture was stirred at 110 ± 5 °C for 30 

minutes (reaction time may vary). The progress of reaction was monitored by TLC (9:1 

hex:EtOAc, Rf of starting material = 0.25, Rf of product= 0.17 or alternatively 3:7 

acetone:hexanes, Rf of starting material = 0.50, byproduct = 0.25, desired product = 

0.40). After completion of the reaction, 50 ml of CHCl3 was added in order to poison the 

catalyst and precipitate the excess ammonium formate. The solids then were removed by 

filtration through a celite pad and washed with CHCl3 (20 ml). The combined organic 

filtrate was washed with water (20 ml x 2) and the product was concentrated under vacuo 

and further purified by column chromatography using 3:7 acetone:hexanes. If large 

amounts of acetic acid are necessary to scale up the reaction, the following workup 

OH

MeO

O
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procedure was developed: After completion of the reaction, water was added to the 

CHC13 filtrate until two layers were observed. Then a few drops of 10 M NaOH were 

added until the pH = 6-7 (if the pH is higher than that, loss of product would be very 

likely). The organic layer was extracted and washed with brine (20 ml x 2), dried under 

Na2SO4 and then concentrated under vacuo. The product was further purified by column 

chromatography using 3:7 acetone:hexanes, (ethyl acetate can be used instead of acetone 

but the product mixture has very low solubility when ethyl acetate is used). A brown oil 

was obtained in 6.5% isolated yield (65 mg). Mp: 88 oC at 0.5 torr (lit.136 87 oC at 0.5 

torr); 16: 1H NMR (300 MHz, CDCl3): δ 7.01 (d, 1H), 6.44 (dd, J = 8.2 Hz and 2.8 Hz, 

1H), 6.36 (d, J = 2.8 Hz, 1H), 5.2 (br, 1H), 3.74 (s, 3H), 2.17 (s, 3H). The 1H NMR data 

were identical to those reported in the literature.138 HREIMS m/z calcd for C8H10O2       

[M + 1]+ 138.0681; found: 138.0676. 

This reaction can also take place in the presence of hydrogen gas, Pd/C in MeOH 

and catalytic amounts of HCl. Although the procedure is outlined in the following 

paragraph, it was not possible to scale up the reaction.  

 

                          (15)                                                                                 (16) 
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 A suspension of 2-hydroxy-4-methoxybenzaldehyde 15 (about 500 mg), 10 % Pd/C 

(24.5 mg, 5 wt % or 5 g of Pd/C per 100 g of starting material) in MeOH (30 mL) and 

concentrated aq HCl (3 wt % meaning 3 g of 37% HCl or concentrated aqueous HCl per 

100 g of starting material) was hydrogenated at room temperature, atmospheric pressure 

and vigorous stirring until the absorption of hydrogen ceased completely (the reaction is 

left overnight, and monitored by TLC using 3:7 ethyl acetate or acetone:hexanes, (Rf of 

starting material = 0.50, byproduct = 0.25, desired product = 0.40). After completion, the 

catalyst is filtered off through a celite pad and washed with methanol. The filtrate was 

washed with brine and dried over Na2SO4 and finally the solvent was removed under 

vacuum, column chromatography was used as described above. A brown oil was obtained 

in 45% isolated yield (206 mg). 16: NMR peaks are the same as previous procedure, 

except for 1H NMR (300 MHz, CDCl3): δ 4.73 (s, 1H). LRESIMS m/z calcd for C8H10O2  

[M-1]- 137.1. 
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                                  (16)                                                         (17) 

2,4-Dibromo-3-methoxy-6-methylphenol (17).  The reaction vessel was fitted with a 

condenser and iron powder (16 mg, 0.29 mmol) was added to 3-methoxy-6-methylphenol 

16 (370 mg, 2.68 mmol) dissolved in dichloromethane (4 mL) and cooled to 0 °C. The 

iron powder binds to the stir bar but this did not seem to be a problem for the reaction to 

take place.  Then bromine was added (358 uL, 6.98 mmol) in the dark. This was left to 

stir for 2 hrs (any more time leads to tri-brominated compounds that show on TLC plates 

using a permanganate stain at the same Rf as the starting material) at 0 °C and a vanillin 

stain was used to monitor the progress of the reaction using 3:7 acetone:hexanes as the 

developing solvent. The starting material gives a pink spot and the compound of interest 

gives a brown spot upon heating of the TLC plate. The Rfs are as follows: compound of 

interest = 0.68 and starting material = 0.54. Once the starting material was consumed, 

some saturated sodium dithionite solution (at pH = 8) was added to destroy the excess 

bromine and the mixture was subsequently acidified with 1 M HCl to pH 2-3. The water 

layer was separated and extracted three times with dichloromethane. The combined 

organic layers were dried with MgSO4 and the solvent was evaporated under vacuum. At 

the end of the reaction some of the starting material was left which was seen in NMR and 
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mass spec. 17:  1H NMR (300 MHz, CDCl3):  δ 2.22 (d, 1.7 Hz, 3 H), 3.83 (s, 3 H), 5.60 

(br. s, 1H), 7.24 (s, 1 H). The 1H NMR data were identical to those reported in the 

literature.138 LREIMS m/z for C8O2H8
79Br2, [M + 1]•+ 295.88; for C8O2H8

81Br2, [M + 1]•+ 

297.88; Crude yield: 296 mg (80%).  

                                 

                                         (17)                                                (18) 

2-Bromo-3-methoxy-6-methyl-1,4-benzoquinone (18). Even when there was some starting 

material still present, this reaction was carried out in the following manner: 2,4-Dibromo-

3-methoxy-6-methylphenol 17 (200 mg, 0.676 mmol) and 2,6-pyridinedicarboxylic acid 

(626 mg, 3.70 mmol) were dissolved in a mixture of water (6 mL) and acetonitrile (6 

mL). This mixture was cooled to 0 °C, after which ceric ammonium nitrate (1.58 g, 2.88 

mmol) was added. This mixture was stirred overnight at room temperature. The reaction 

was monitor by TLC using 50% ether in hexanes as the developing solvent with Rfs as 

follows: desired compound = 0.69, byproduct = 0.30. Some ether was added and the 

water layer was separated and extracted three times with ether. The combined organic 

layers were washed with a saturated NaHCO3 solution at pH = 9, a saturated NH4Cl 

solution, and a saturated NaCl solution, followed by drying with MgSO4. After 

concentration under vacuum a crude yield of 185 mg was obtained. The crude product 
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was purified by column chromatography using 50% ether in hexanes as the eluting 

solvent and a small amount of dichloromethane to introduce the compound into the 

column. The final yields are 87 mg (60% yield based on starting material) for the pure 

bromoquinone and 10 mg of  3- Demethoxyubiquinone-0. Compound 17 has the 

following 1H NMR (300 MHz, CDCl3): δ 2.10 (d, J = 3 Hz, 3 H), 4.19 (s, 3 H), 6.48 (m, 

1 H). The 1H NMR data were identical to those reported in the literature.138 LREIMS m/z 

for C8O3H7
79Br, [M + 1]•+ 231.96; for C8O3H7

81Br, [M + 1]•+ 233.98. 

Demethoxyubiquinone-0 has the following 1H NMR (300 MHz, CDCl3): δ 2.04 (d, J = 3 

Hz, 3 H), 3.80 (s, 3 H), 5.9 (s, 1H), 6.53 (m, 1 H). The 1H NMR data were identical to 

those reported in the literature.136 LREIMS m/z for C8O3H8, [M + 1]•+ 152.05. 

 

 
                (18)                                                                                 (19) 

 
2-Bromo-5-farnesyl-3-methoxy-6-methyl-hydroquinol (19). When the procedure used for 

making the other tailed quinones (12, 22, 24) was used to make this quinone, the desired 

product was not obtained. Therefore the following modification was employed: 2-Bromo-

3-methoxy-6-methyl-1,4-benzoquinone 18 (100 mg, 0.43 mmol) was dissolved in 10 mL 
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of CH2Cl2 and then Ag2O (0.46 g, 2 mmol) was added to the solution and kept in the dark 

for the rest of the procedure.XVIII The solution was cooled to –78 0C. Boron trifuoride-

diethyl  ether (0.63 mL, 5.1 mmol) was added to the solution and 

farnesyltrimethylstannane 7 (0.23 mL, 0.62 mmol) was added at the end (dropwise). The 

mixture was allowed to warm up to –20 0C during the course of 2 hours. The temperature 

was then brought down to –40 0C and 10 mL of saturated NaCl solution was added and 

the cooling bath was removed. The mixture was vacuum-filtered to remove the excess 

Ag2O. The aqueous layer was extracted with CH2Cl2 and the organic layer was dried 

under MgSO4. The crude oil (red, 283 mg) was concentrated under vacuo. Column 

chromatography was used in order to purify this product. A mixture of 30% ether in 

hexanes was used as the eluting solvent. 56 mg were isolated (30 % yield). Rf values: 

starting quinone: 0.48, product of interest: 0.56, byproduct (rearranged products): 0.78, 

farnesyl choride: 0.95 (although an NMR shows that farnesyl chloride has partially 

decomposed.). Almost no starting quinone was identified. 19:  1H NMR (300 MHz, 

CDCl3): δ 1.55 (s, 3H), 1.56 (s, 3H), 1.65 (s, 3H), 1.75 (s, 3H), 1.99 (m, 10H), 2.18 (s, 

3H), 3.36 (d, 2H, J = 6.9), 5.05 (m, 3H), 5.12 (s, 1H), 5.26 (s, 1H). 13C NMR (500 MHz, 

CDCl3) δ 187.71, 186.80, 143.04, 140.22, 140.20, 140.12, 136.90, 134.97, 131.09, 

124.24, 123.79, 119.43, 39.59, 39.58, 39.50, 26.65, 26.33, 26.22, 25.58, 25.47, 17.54, 

16.19, 15.90, 12.24, 12.21, 12.03. HREIMS m/z calcd for C23O3H33
79Br, [M + 1]•+ 

437.1613; found 437.1592; C23O3H33
81Br, [M + 1]•+ 439.1685; found 437.1675. 

 

                                                 
XVIII Although Ag2O was added, the isolated product was not oxidized. The identity of the product was 
confirmed by MS and NMR. 
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V. Synthesis of Trimethylquinone-3 (TMeQ3). 

       (20)                                                                 (21) 

Trimethylbenzoquinone (21). Trimethylhydroquinone 20 (0.5 g, 3.3 mmol) was dissolved 

in 10 mL of CH3CN and cooled to 0 °C (ice bath). Cerium(IV) ammonium nitrate (CAN) 

was dissolved in 15 mL of H2O and cooled in an ice bath to 0 °C also. The CAN solution 

was added to trimethylhydroquinone and the solution turned yellow. It was allowed to stir 

at 0 °C for 20 min and the reaction was quenched by addition of 15 mL of H2O. 

Extraction was carried out with dichloromethane. The organic layer was dried under 

Na2SO4 and concentrated in vacuo. The Rfs are as follows: for the quinol 0.47; and for 

the quinone 0.74;  the solvent was ethyl acetate/hexanes 1:4. This reaction afforded 

yellow crystals. 21: 1H NMR (250 MHz, acetone-d6): δ 6.59 (m, 1H), 1.99 (m, 6H), 1.96 

(m, 3H). The 1H NMR data were identical to those reported in the literature.139 LREIMS 

m/z for C9H10O2, M+ 151.05. 
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                (21)                                                                              (22) 

Trimethylbenzoquinone-3 (22).  Trimethylbenzoquinone (273 mg, 1.82 mmol) was placed 

in a reaction vessel that was previously evacuated and filled with argon gas. Immediately 

after, dichloromethane (6 mL) was added and the mixture was cooled to –78 °C (dry 

ice+acetone bath). Then BF3·OEt2 (0.685 mL, 5.46 mmolXIX) was added and stirred for a 

few minutes; the solution turned red. Farnesyltrimethylstannane 7 (1.4 mL, 2.18 mmolXX) 

was added dropwise over the course of 5 minutes and the mixture became more red. The 

reaction was allowed to proceed for 1 hour and during this time, the temperature 

increased to about –68 °C. The solution was brought to room temperature by removing it 

from the acetone + dry ice bath and it was quenched with brine and extracted with ether. 

After evaporation of the solvent, an excess of FeCl3 (5 mol eq as compared to quinone) 

was dissolved in 1:1 (v/v) methanol/water, a slight rise in temperature was observed, 

therefore the solution was cooled to room temperature and added to the residual oil that 

contained the crude hydroquinone under argon. The reaction was allowed to proceed for 

30 minutes in the dark and at the end of the reaction the mixture had acquired a brown 

                                                 
XIX It is important to add 3 mol eq. as compared to quinone. The addition of any more can encourage 
rearrangements. 
XX Note that the tail was used without purification and contained 50% of farnesyl chloride. Equivalents 
used = 1.2. 
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color. The product was washed with aqueous NaCl, extracted with ether and the organic 

phase was dried under Na2SO4. Flash chromatography was used to purify the quinone. 

First a mixture of 10% ether in hexanes was used to separate the starting material from 

the product + farnesyl chlorideXXI Rf values are as follows: Product: 0.8, farnesyl 

chloride: 0.97, quinone: 0.71. Subsequently, a second column was used to separate 

farnesyl chloride with 5% ether in hexanes. Rf values are as follows: product: 0.51, 

farnesyl chloride: 0.73.  This method provided trimethylbenzoquinone-3 as a yellow-oil 

in about 96% yield. 22: 1H NMR (300 MHz, CDCl3): δ 5.03 (m, 2H), 4.93 (t, J = 6.9 Hz, 

1H), 3.18 (d, J = 6.9 Hz, 2H), 2.02 (s, 3H), 2.01 (s, 6H), 2.05 (m, 8H), 1.75 (s, 2H), 1.67 

(s, 3H), 1.58 (s, 3H), 1.57(s, 3H). 13C NMR (300 MHz, CDCl3) δ 187.71, 186.80, 143.04, 

140.22, 140.20, 140.12, 136.90, 134.97, 131.09, 124.24, 123.79, 119.43, 39.59, 39.58, 

39.50, 26.65, 26.33, 26.22, 25.58, 25.47, 17.54, 16.19, 15.90, 12.24, 12.21, 12.03. 

HREIMS m/z calcd for C24H34O2,  [M + 1]•+ 354.2559; found 354.2551. 

 

              (23)                                                                              (24) 

                                                 
XXI This was left from previous steps of the synthesis. 
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VI. Synthesis of Ubiquinone-3 (Q3, part I). 

Ubiquinone-0 23 (300 mg, 1.65 mmol) was placed in a reaction vessel that was 

previously evacuated and filled with argon gas. Immediately thereafter, dichloromethane 

(6 mL) was added and the mixture was cooled to –78 °C (dry ice+acetone bath). Then 

BF3·OEt2 (0.62 mL, 4.94 mmolXXII) was added and stirred for a few minutes; the solution 

turned red. Farnesyltrimethylstannane (1.4 mL, 2.18 mmolXXIII) was added drop wise 

over the course of 5 minutes and the mixture became more red. The reaction was allowed 

to proceed for 1 hour and during this time, the temperature increased to about –68 °C. 

The solution was brought to room temperature by removing it from the acetone + dry 

icebath and it was quenched with brine and extracted with ether. After evaporation of the 

solvent, an excess of FeCl3 (5 mol eq as compared to quinone) was dissolved in 1:1 (v/v) 

methanol/water. This solution had a slight rise in temperature; therefore it was cooled in 

ice and added to the residual oil that contained the crude hydroquinone under argon. The 

reaction was allowed to proceed for 30 minutes in the dark at room temperature, and at 

the end of the reaction the mixture had acquired an orange color. The product was 

washed with aqueous NaCl, extracted with ether and the organic phase was dried under 

Na2SO4. Flash chromatography was used to purify the quinone. A mixture of 5% ether in 

hexanes was used to separate the starting material from the product + farnesyl 

chlorideXXIV Rf values are as follows: Product: 0.5, farnesyl chloride: 0.92, starting 

                                                 
XXII It is important to add 3 mol eq. as compared to quinone. The addition of any more can encourage 
rearrangements. 
XXIII Note that the tail had 50% of farnesyl chloride left from previous steps. Equivalents used = 1.2. 
XXIV This was left from previous steps of the synthesis. 
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quinone: 0.08. This method did not yield ubiquinone-3; the isolated compound showed 

two doublets at δ3.16 which does not agree with published results.140 Therefore, the same 

procedure was repeated with freshly distilled BF3·OEt2; however the same results were 

obtained. 

 
 
VII. Synthesis of Ubiquinone-3 (Q3, part II). 

Ubiquinone-0 23 (300 mg, 1.65 mmol) was placed in a reaction vessel that was 

previously evacuated and filled with argon gas. Immediately after, dichloromethane (6 

mL) was added and the mixture was cooled to –78 °C (DRY ICE + acetone bath). Then 

BF3·OEt2 (0.62 mL, 4.94  mmolXXV) was added and stirred for a few minutes, the solution 

turned red. Farnesyltrimethylstannane (1.4 mL, 2.18 mmolXXVI) was added dropwise over 

the course of 5 minutes and the mixture became more red. The cooling bath was removed 

and the reaction was allowed to proceed for 2 hours; during this time, the temperature 

increased to 23 ºC within one hour. The solution was quenched with 10 % (v/v) HCl and 

extracted with ether. After evaporation of the solvent, the crude product was resuspended 

in a small amount of ether (about 6 mL) and an excess of Ag2O (5 mol eq as compared to 

quinone) was added to the mixture and allowed to stir for 1.5 hr in the dark at room 

temperature. 

At the end of the reaction the mixture had acquired a brown color. The product was 

washed with aqueous NaCl, extracted with ether and the organic phase was dried under 

                                                 
XXV It is important to add 3 mol eq. as compared to quinone. The addition of any more can encourage 
rearrangements. 
XXVI Note that the tail had 50% of farnesyl chloride from previous steps. Equivalents used = 1.2. 
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Na2SO4. This crude product did not show the typical 1H NMR doublet at 3.16 

characteristic of UQ-3; therefore formation of the desired product did not take place 

under these conditions.  

 

VIII. Synthesis of Ubiquinone-3 (Q3, part III). 

The same reaction was attempted one more time at low temperature (aprox. –65 °C) for 

one hour followed by an oxidation with Ag2O in ether. The purification took place on a 

silica column using solvent gradient during elution: In order to remove farnesyl chloride 

and  a small amount of impurites a mixture of 5% ether in hexanes was used (Rf values 

are as follows: Impurity: 0.50, farnesyl chloride: 0.92. Then a mixture of 25% ether in 

hexanes was used to separate the compound of interest from the starting quinone (Rf 

values as follows: product: 0.40, starting quinone: 0.22). This procedure yields 65 mg of 

24, red oil in 95% yield. 1H NMR (300 MHz, CDCl3): δ 5.04 (m, 2H), 4.91 (t, 1H), 3.97 

(s, 3H), 3.96 (s, 3H), 3.16 (d, J = 6.9 Hz, 2H), 2.03-1.91 (m, 11H), 1.71 (s, 3H), 1.65 (s, 

3H), 1.57 (s, 3H), 1.55 (s, 3H). The 1H NMR data were identical to those reported in the 

literature.140 LREIMS m/z for C24H34O4, [M + 1]•+ 386.25. 
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CHAPTER 3 
 

SPECTROELECTROCHEMISTRY AND CYCLIC VOLTAMMETRY OF                    
p-QUINONES 

 
The aim of this chapter is the determination of midpoint potentials of a number of 

different p-quinones synthesized in this laboratory (Chapter 2) and commercially 

available. Both techniques employed: spectroelectrochemistry (SEC) and cyclic 

voltammetry (CV), are useful for determining midpoint potentials in solution. In buffered 

aqueous solutions, the redox reaction of p-quinones is believed to take place as 2e-, 2H+ 

reduction to give hydroquinols as the final products. Based on this previous assumption, 

if reduction of quinones consumes protons, the redox potentials for these molecules must 

be pH dependent. Cyclic voltammetry is the quickest and most versatile electroanalytical 

technique for providing information about an electrochemical reaction. In CV the voltage 

is swept between two values, in different directions and the average voltage value 

between the two current peaks is the reduction potential. Spectroelectrochemistry on the 

other hand, makes use of spectroscopy to closely monitor the electrochemical reaction, by 

calculating the ratio of [oxidized] and [reduced] forms of the electroactive species present 

at any applied potential, and use of the Nernst equation. Oxidation states are changed 

electrochemically by addition or removal of electrons at an electrode surface, while 

spectral measurements of the solution are made simultaneously. This technique is 

convenient for obtaining information about the intermediates involved in an 

oxidation/reduction reaction.  
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I. Experimental Section. 

All quinones were purchases from Aldrich Chemical Co. and were used without 

further purification. All aqueous solutions were prepared with deionized water run 

through a UV system to remove organics. Buffers were prepared with a concentration of 

100 mM. The buffer materials employed were the following: Citrate (pH 3), acetate (pH 

4-5), phosphate (pH 6-8) and glycine + NaOH (pH 9). All samples were purged with 

argon for at least thirty minutes prior to all experiments. CV measurements of RQ3 and 

BrQ3 were performed in mixed solvent ethanol + buffered H2O (50% by volume) due to 

their poor solubility in water. DUQ and Q3 (see Figure 3.1) were slightly more soluble in 

the aqueous medium. Therefore a mixture of solvents was not necessary. Non-buffered 

solutions were prepared with 100 mM KCl and deionized water. Cyclic voltammetry 

measurements were carried out in a single compartment cell at 27 oC with a glassy carbon 

electrode, a platinum wire counter electrode, and a Ag/AgCl reference electrode. The 

working electrode was polished with alumina, rinsed with methanol and dried before all 

measurements. A BAS CV50W voltammetric analyzer running Windows software was 

used to record cyclic voltammograms and control potentials during 

spectroelectrochemical measurements. The optically transparent thin-layer electrode cell 

(OTTLE) used for spectroelectrochemical measurements was composed of a three-

electrode system: a thin gold minigrid working electrode, a gold minigrid counter 

electrode and a Ag/AgCl reference electrode. Midpoint potentials are expressed in either: 

1) mV vs Ag/AgCl or 2) mV vs SHE (standard hydrogen electrode) by using the 
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following relationship: ESHE = E Ag/AgCl + 205 at 27 oC. Spectrophotometric 

measurements were made in the UV/Vis region with a Perkin Elmer Spectrophotometer.  

The following steps were taken in order to record spectroelectrochemical data:  

1. Potentials were swept stepwise in two directions. First, the potential was set at a 

very negative value (e.g., –600 mV vs Ag/AgCl) to allow for complete reduction 

of the quinone and of any other reactive species such as left-over oxygen that was 

not purged by argon. This procedure allows us to see the immediate changes in 

UV-Vis spectra of the fully oxidized and fully reduced species. This direction is 

referred thereafter as “reverse direction.”  The “forward direction” involves 

setting the potential a very positive value and then sweeping the potential in the 

opposite direction, starting with the very positive value (e.g. 350 mV vs Ag/AgCl) 

and then moving stepwise toward a more negative potential.  

2. In the reverse direction, while the reduction takes place, one wavelength is 

constantly being monitored. The wavelength chosen is ideally one that changes its 

absorbance value (A) when the quinone is fully reduced. Once (A) of the chosen 

wavelength remains constant, we can be certain that the quinone is fully reduced 

and at equilibrium.  

3. At this point the potential can be swept (changed) stepwise in small increments of 

20-50 mV toward more positive potentials. After each increment, one must 

observe the changes in (A) of the chosen wavelength and once equilibrium is 

reached (no fluctuations in A value), the spectrum can be recorded.  
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4. The experiment can be stopped once the A for the chosen wavelength returns to 

its initial value before the reduction of the starting quinone.  

5. In the forward direction an initial equilibration time is required (at the initial 

positive potential) in order to make sure that no apparent changes are observed 

and that the quinone is at equilibrium before the beginning of the experiment.  

 

II. Results and Discussion. 
 

The quinones studied in this work are shown in Figure 3.1. Five representative p-

benzoquinones were studied in great detail (Figure 3.1, RQ3, Q0, DQ, BQ and DDQ), and 

their results are discussed individually in the following section. The Em values of the rest 

of the quinones in Figure 3.1 were only measured by CV and their results are shown in 

Tables 3.5 and 3.6. In addition, we report the midpoint potentials at pH ~ 8 of the p-

quinones used for activity measurements in Chapter 4.  
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Figure 3.1. The quinones studied in the present work.  
 
A. p-Benzoquinone (BQ). 
 

p-benzoquinone is the simplest of all p-quinones due to the absence of 

substituents. With this quinone, we were able to determine a relationship between 

buffered and unbuffered solutions. The cyclic voltammogram (CV) of buffered and 

unbuffered solutions of p-benzoquinone at pH 7 is shown in Figure 3.2. It is evident that 

the peak-to-peak separation is different for the two cases. For a thermodynamically 

reversible reaction a Nernstian system would have a separation of about 59.5 mV for a 

one-electron transfer, and 30 mV for a two- electron transfer at 27 oC. A much larger 
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separation may be due to irreversibility or slow kinetics. The unbuffered case (blue) 

appears to have a “quasi-reversible” behavior (quasi-reversible meaning that the peak-to-

peak separation is not too large (≤ 150 mV), whereas the buffered case (pink) shows an 

“irreversible” behavior (irreversible meaning that the peak-to-peak separation is very 

large, ~300 mV) and the shape of the anodic and cathodic waves is different. The same 

type of irreversibility was observed at other pH values as can be seen from Table 3.3. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.2. CV of BQ buffered H2O pH = 7.11 (100 mM KH2PO4/K2HPO4) (pink), and 
unbuffered H2O in 100 mM KCl (blue). E1/2 buffered: 81.5 mV. E1/2 unbuffered: –133.5 
mV. The E1/2 was calculated by taking the average value between the cathodic and anodic 
peaks. 
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BQ      

pH  Cathodic peak
Anodic 
peak Separation

E½ vs 
Ag/AgCl 

E½ vs 
SHE 

5 3 453 450 228 433 
6 -36 385 421 174.5 379.5
7 -86 334 420 124 329 
8 -81 214 295 66.5 271.5
9 -146 208 354 31 236 

 
Table 3.1. All pH values studied for p-benzoquinone (BQ) using cyclic voltammetry at 
27 oC.  
  

These results are similar to what has been reported for 1,4, p-benzoquinone in the 

past by Smith and coworkers.96 In order to understand this phenomenon better, 

spectroelectrochemical measurements were carried out with this quinone in aqueous 

buffered (pH = 7) and unbuffered solutions. 

The results from spectroelectrochemistry of buffered solutions at pH ~7 show that 

the half-wave potential E1/2 values, are different depending on the direction of the 

titration. Furthermore, we were able to identify the products of the redox reaction, an 

absorption maximum λmax = 245 nm was assign to benzoquinone and another λmax = 288 

nm was assigned to hydroquinone (Figure 3.3). Assignments of the bands were made 

from the spectra recorded from authentic compounds and they agree with literature 

values.95 No radical intermediates were identified, and the excellent isosbestic points 

argue against its presence to any measurable extent.  
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Figure 3.3. Identification of reactants and products from the redox titration of BQ at pH 
~7 in well buffered solution.  
 
 
The E1/2 can be calculated by using the Nernst equation (3.1) at one wavelength: 
 
 

[ ]
[ ]d

Ox
nF
RTEEapp Re

ln+= oo                       (Eq. 3.1)                                             
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From Figure 3.4 it is clear that the midpoint potential, Em values, are different 

depending on the direction of the titration. Figure 3.4 shows that the two sweeps yield Em 

values that are about 95 mV different.  

 
Figure 3.4. Electrochemical titration of BQ. The two sweeps show different values of Em. 
Both experiments were run under the same conditions, pH ~7. All potentials are 
presented in mV vs Ag/AgCl. 
 

Interestingly results show that when spectroelectrochemical measurements are 

carried out in non-buffered solutions, both directions show about the same value of Em,7 

as can be seen from Figure 3.5, and the absorption spectra were identical for both 

sweeps.  
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Figure 3.5. Electrochemical titration of BQ. The two potential sweeps show Em that 
differ only by 18 mV. All potentials are given in mV vs AgCl. No buffer is present. 
 

In buffered solutions, spectroelectrochemical Em values for benzoquinone show 

different values depending on the direction of titration, however, the average value of 

those two measurements, coincides (within 18 mV) with the value calculated from CV 

(Figure 3.2). In contrast, for benzoquinone in unbuffered solutions, 

spectroelectrochemical results for Em,7 show just about the same value for both directions 

of titration (within 18 mV). The spectroelectrochemical Em,7 differs from that of the CV 

measurements of unbuffered solutions. These experiments clearly show that there is 

something intrinsically different about the redox reaction carried out in unbuffered 

solution as compared to well-buffered solution.  

The apparent overpotential observed in buffered solutions can only be due to the 

kinetics of the reaction. An overpotential is defined as the deviation of the potential from 

the equilibrium value,141 in other words, it is an experimental potential that is different 
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than the one that is expected based on thermodynamics. Once a big change is observed in 

the UV-Vis spectrum, it simply means that the reaction is fast enough to be detected. At 

other potentials (when no big changes are observed on the UV-Vis spectrum), the 

reaction is so slow that it may take a very long time to reach equilibrium. 

Let us take a careful look at the absorbance of p-benzoquinone and hydroquinone 

from spectroelectrochemical measurements (Figure 3.6). In pink we observe the buffered 

case where p-benzoquinone has an absorbance peak at λmax = 245 nm. Upon complete 

electrochemical reduction, that absorbance peak is gone and the peak for the 

hydroquinone has appeared at λmax = 288 nm. In blue we have the unbuffered case with 

an absorbance peak for p-benzoquinone at the same λmax as the buffered case (245 nm). 

However, upon complete electrochemical reduction, the hydroquinone peak is now 

shifted, relative to the “buffered hydroquinone peak,” to λmax = 300 nm. It is evident that 

while p-benzoquinone remains the same for buffered and unbuffered solutions, 

hydroquinone is in some way different for the two cases. The complete balanced equation 

for the reduction of p-benzoquinone at pH 7 is the following equation 3.2: 

Q + 2e- + 2H2O → QH2 + OH–                         (Eq. 3.2) 

Due to the generation of OH- the pH of the solution (if it is not buffered) may shift to 

more basic values by forming a deprotonated species of hydroquinol (QH- or Q-2).XXVII 

In summary, the CV and spectroelectrochemical results with BQ indicate that 

when determining the midpoint potential of quinones in aqueous solutions, it is 

absolutely indispensable to keep the pH constant, even when this makes the half-waves 

                                                 
XXVII This was validated by adding base to the hydroquinone and measuring its absorption spectrum.  
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very broad and non-reversible. As far as CV is concerned, the pH at the surface of the 

electrode may not be the same as in the bulk of the solution if no buffer is used; this leads 

to differences in CV potentials and peak-to-peak separation for BQ between buffered and 

unbuffered solutions. Furthermore, there is a kinetic component (overpotential) that 

shows differences in potentials calculated from spectroelectrochemical measurements.  

Bowman and coworkers93 have pointed out the disproportionation of semiquinone species 

in aqueous solution, which could have a large effect on the kinetics of the redox 

reactions. Lastly, if these redox reactions involve the transfer of protons, the reduction 

product of Q in a spectroelectrochemical cell that does not contain a buffer may not be 

hydroquinone but rather a deprotonated hydroquinone species (Figure 3.6).  

 

Figure 3.6. p-benzoquinone, with λmax = 245 nm, has the same absorbance in a buffered 
and unbuffered solution. However, hydroquinone has different λmax for the two cases 
upon electrochemical reduction of p-benzoquinone. 
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B. Duroquinone (DQ). 
 

The cyclic voltammograms (CVs) of duroquinone were recorded at pH values 3, 

5-8. All scans were taken in the negative direction and all pH values show very broad 

peaks and a very wide peak-to-peak separation between cathodic and anodic peaks.  

Figure 3.7 shows the CV of duroquinone at pH 7, with a peak-to-peak separation of 394 

mV.  

 
  
 

Figure 3.7.  CV of DQ at pH 7, scan rate 100 mV/s. The arrows indicate reductive and 
oxidative peaks at –309 mV and 85 mV vs Ag/AgCl, respectively. 
 
 

Redox equilibria involving both H3O
+
 and e- may be written according to the 

following equation86 (3.3):  

 

 

 

rRed + wH2O (Eq. 3.3)aOx + ne- + hH3O+
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Assuming equal concentrations of Ox and Red, the Nernst equation reduces to equation 

3.4 shown below (at 25 oC) where E represent the reduction potential, Eθ is the standard 

reduction potential, h is the number of H3O+ and n is the number of electrons involved 

the electrochemical reaction.  

 
If the Em values calculated in this chapter (from SEC and CV) are true midpoint 

potentials, then the slope of the equilibrium line on an E-pH diagram should be -59h/n 

mV per pH unit.86 Figure 3.8 shows the E vs pH diagram for DQ, which shows a 

reasonable value (-56 mV), assuming that 2e– and 2H+ are necessary for the completion 

of the redox reaction.  

 

 
Figure 3.8. E1/2-pH diagram of DQ. Potentials represented in mV vs Ag/AgCl. The 
equation of the line indicates the slope of the equilibrium line. R2 is the correlation 
coefficient of the linear regression. 
 
 
 
 

E = E - 0.059 (h/n) pH (Eq. 3.4)
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Duroquinone 
(DQ)     

pH  Cathodic peak Anodic peak
Peak 

Separation
E1/2 vs 

Ag/AgCl 
E1/2 vs 
SHE 

3 -130 246 376 58.0 263 
5 -259 234 493 -12.5 192.5 
6 -230 61 291 -84.5 120.5 
7 -309 85 394 -112 93.0 
8 -392 -89 303 -241 -35.5 

 
Table 3.2. All pH values studied for duroquinone (DQ) using cyclic voltammetry 
measured at 27 oC.  
 

It is possible that due to the large separation of cathodic and anodic peaks, the 

slope (–56 mV) slightly differs from the ideal value of –60 mV at 27 oC. Another 

possibility is that these midpoint potential values are not true thermodynamic half-wave 

potentials. In order to find out if the measured half-wave potentials are true half-wave 

potentials, we studied DQ by using spectroelectrochemistry (UV-vis SEC), since 

reactions are carried out as equilibrium electrochemical titrations.  

UV spectra of duroquinone were recorded at pH = 3, 5-9.XXVIII Figure 3.9 shows 

the family of spectra observed at pH 7. Similar spectra were obtained at all pH values. At 

very positive potentials, two broad absorption bands assigned to duroquinone were 

observed with absorption maxima at λ = 257 and 285 nm. And at very negative potentials 

the only absorption band present was assigned to durohydroquinone λ = 290 nm.   

                                                 
XXVIII See supplementary information for more details. 



 

 

91
 

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

215 220 225 230 235 240 245 250 255 260 265 270 275 280 285 290 295 300 305 310 315

Wavelength (nm)

A
-600

-400

-350

-330

-310

-290

-270

-250

-230

-210

-190

-170

-150

-130

-110

-90

-70

-50

-30

-10

10

30

50

70

90
 

Figure 3.9. A family of spectra recorded during oxidation of DQ at gold electrode at 
indicated potentials in mV vs Ag/AgCl. Isosbestic points are not as good as for BQ, but 
the deviation is a baseline problem.  
 
 

Unfortunately, no stable intermediate species on the spectroelectrochemical 

timescale were observed at any of the pH values studied. However, from these studies 

we can still calculate an Em by using the Nernst equation (3.1). 
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Figure 3.10 shows the Em predicted by the Nernst equation at one wavelength, 

280 nm. Surprisingly, at all pHs studied, the values for E1/2 calculated from SEC are very 

different from those calculated from CV. For example, SEC measurements at pH 7 show 

two potentials (-85 and 148 mV vs SHE) and both values are different from the half-wave 

potential calculated from CV spectra (+93 mV vs SHE).  

 
 

Figure 3.10. Midpoint potentials of duroquinone at pH 7 (labeled E1 and E2) measured 
from absorbances at 280 nm. See supplementary information for potentials at other 
wavelengths, pH 7 (240, 260, 275 nm). E1 and E2 values remain the same regardless of 
the wavelength used to calculate them. 
 
 

Furthermore, at pH 8 the direction of the electrochemical titration was reversed 

and the Em values for the forward direction are different than the values for the reversed 

direction. In general, if a redox reaction is reversible, both directions should yield the 
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same value. However, Figure 3.11 shows that the positive and negative directions of 

titration do not coincide.  

In summary, although the potential-pH diagram gives reasonable results, 

spectroelectrochemistry yields different potentials depending on the direction of the 

electrochemical titration.  

 
Figure 3.11. The two sweeps show different values of Em with DQ. Both experiments 
were run under the same conditions at pH = 7, Em values were calculated from 
absorbances at 270 nm. All potentials are presented in mV vs Ag/AgCl. 
 
 
C. Coenzyme Q0 (Q0). 
 

Coenzyme Q0, due to its similarity to UQ10, was also studied (Q0 contains all the 

substituents present in UQ10 except for the isoprene unit, which is replaced by a hydrogen 

atom). As can be seen from Figure 3.12 the CV shows a very large peak-to-peak 

separation (~400 mV). 
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Figure 3.12. Cyclic voltammogram (CV) of Q0 at pH 7. E1/2 = -21 mV vs Ag/AgCl. 
 
 
The cyclic voltammograms (CVs) for all other pH values studied (Table 3.3) showed 

similar shapes as to that shown in Figure 3.12.  

 
Q0      

pH 
 Cathodic  

peak 
Anodic  
peak    

Separation
(mV) 

E½ 
vs Ag/AgCl

E½ 
vs SHE 

3 -108 432 540 162 53 
4 -194 442 636 124 71 
5 -212 430 642 109 129 
6 -216 322 538 53 88 
7 -214 174 388 -20 124 
8 -274 204 478 -35 -35 
9 -297 10 307 -144 -365 

 
Table 3.3. All pH values studied for coenzyme Q0. Potentials are given in mV and 
measured at 27 oC. 
 

The E1/2 determined by spectroelectrochemical experiments is different depending 

on the direction of the potential sweep. As can be seen from Figure 3.13, the two values 

are different by about 200 mV. In addition, the peak-to-peak separation in the CV for 
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buffered Q0 is very large (~400 mV, see Figure 3.12). Q0 also shows irreversible 

behavior for CV peaks of buffered solutions and the potentials calculated from SEC 

measurements depend on the direction of the titration. 

 

 
Figure 3.13. Spectroelectrochemical titrations for Q0 at pH 7. Em values are expressed in 
mV vs Ag/AgCl.  
 
D. 2,3-Dichloro-5,6-Dicyano-p-benzoquinone (DDQ). 

Results for DDQ were similar to those of other quinones. The peak-to-peak 

separation is large (~160 mV) and the SEC measurements for the two directions of 

titration are about 100 mV different. As can be observed from the following figure 

(Figure 3.14), the E1/2 value calculated from CV, once again, coincides with the 

average value of spectroelectrochemical measurements.  
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Figure 3.14. Both spectroelectrochemical measurements and CV for DDQ were 
performed at pH = 6. The E1/2 for CV is –144 mV vs Ag/AgCl and the average value for 
spectroelectrochemical measurements is –147 mV Vs Ag/AgCl. The separation between 
CV peaks is 165 mV. The difference in Em for the two scan directions is 59 mV. 
 



 

 

97

In summary, obtaining potentials of commercially-available p-benzoquinones in 

aqueous solutions proved to be very challenging. However a few overall trends can be 

found: 

1. It is paramount to keep the pH constant when measuring redox reactions of 

quinones due to the required transfer of protons. 

2. The peak-to-peak separation of cyclic voltammograms in buffered solutions is 

irreversible (very large) for all quinones studied.  

3. Potentials calculated from spectroelectrochemical measurements in buffered 

solutions are different depending on the direction of titration.  

The reduction potential for the oxidation of QH2 to QH• or QH–• is impossible to 

measure accurately in aqueous solutions due to the kinetics of the reactions. A possible 

explanation for this phenomenon was introduced by Bowman, et al.93 as the 

disporportionation of the semiquinone species in the solutions.  

 

E. Rhodoquinone-3 (RQ3). 
 

Studies with DQ showed that although the CV peak-to-peak separation was very 

large, reasonable potential-pH diagrams could be obtained. Therefore, RQ3 was studied 

with CV from pH 2–9 and a potential-pH diagram was generated (Figure 3.15). 

Unfortunately we were not able to study RQ3 by spectroelectrochemistry due to 

the low solubility in water. In order to solubilize RQ3, we used 50% ethanol in buffered 

water. Attempts to take spectroelectrochemistry measurements with the same solution 

were unsuccessful because of the Ag/AgCl reference electrode stopped working during 
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the course of the experiment.XXIX The most likely cause was that the Vycor® tip became 

plugged with NaCl from the filling solution due to the difference in concentration 

between the ethanol-water mixture and the filling solution (saturated aqueous NaCl). 

Figure 3.15. RQ3 in 50% ethanol and 50% buffered water at pH = 8.3. Potentials in 
mV vs Ag/AgCl measured by CV. Corrected pH refers to the effective pH in a 
mixture of 50% ethanol and 50% buffered water.142 R2 is the correlation coefficient of 
the linear regression. The symbol “+/-” represents the standard error for the slope 
estimation.  

 

As can be seen from Figure 3.15, the slope of the line changes according to 

equation 3.2. The reason for the change in slope is outlined in Scheme 3.1. It is likely 

that the pKa of the amino group is ~6 (see Table 3.4). The CV measurements in Figure 

3.15 were carried out in 50% ethanol and 50% buffered water at pH = 8.3. Addition of an 

organic solvent to water changes the H3O+ concentration in that medium. Therefore, 

                                                 
XXIX The approximate length of each experiment is 4 hours for each titration direction. Since a typical CV 
can be obtained in a few minutes, the AgCl reference electrode can be used without a problem for CV 
measurements.  
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corrected pH (y-axis in Figure 3.15) gives an estimation of the hydronium ion 

concentration in a mixture of ~50% ethanol and 50% buffered water, based on studies by 

Lahiri et al.142 We did not measure the midpoint potential of RQ3 at pH values greater 

than 9 due to the tendency of certain quinones to decompose at high pH.143 However, we 

assume that at least some of the quinone is present in the dianioic form at pH > 9.   

 
 

 
 
Scheme 3.1. The possible protonation states of the amino group in RQ3. The estimated 
pKa ~ 5.6. 
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Table 3.4. Determination of the pKa of RQ3. The E1/2 is taken as the average of oxidative           
and reductive peaks. 
*In mV Vs Ag/AgC 
 #Taken as the average of two oxidative peaks.  
 ##For the measurement in approximately 50% ethanol.142 
Therefore, the pKa of the amino group was determined to be approximately 5.6.  

Superoxide production studies and activity measurements with RQ3 and bc1 (WT 

or T61V) were performed at pH 8 (Chapter 4) and, based on the pKa value of the amino 

group of RQ3, it is unlikely that at pH 8 this group is protonated. However, a detailed 

discussion of this pKa value is presented in Chapter 4 as it relates to activity 

measurements at room temperature for WT and T61V Complex III.   

 
F. Other quinones attempted (using cyclic voltammetry). 
 

In addition to the previous work, a more extensive study of RQ3 and DUQ 

(decylubiquinone) by CV was also undertaken. Similar to what has been reported with p-

benzoquinone,89 CV peaks move toward more negative potentials as the pH increases. An 

example is RQ3 in Figure 3.16 below. Based on Figure 3.18, we can see that the 

separation of the CV peaks for RQ3 increases up to pH 3 and after that it levels off at 

Corrected 
pH## pH

Reductive 
peak*

Oxidative 
peak* E1/2*

0.69 0.96 14 277 146
1.97 2.24 -140 198 29
2.38 2.65 -309 233 -38
3.49 3.76 -369 198 -86
4.48 4.75 -403 86 -159
5.61 5.88 -465 53 -206
6.73 7.00 -403 -69 -236
7.73 8.00 -582 65# -259
9.30 9.57 -560 -62 -311
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about 400 mV. These results are similar to what has already been discussed in the present 

work. The same occurred with DUQ (see supplementary data). One way of roughly 

testing if a reaction is reversible is to look at the function of current vs (scan rate )1/2.  

This relationship is derived from the Randkes-Sevčik equation.144 If the redox reaction is 

reversible, the function should be linear and increase with scan rate as can be seen from 

Figures 3.17 and 3.20.XXX This shows that the redox reactions of p-quinones in aqueous 

solutions are considered reversible based on the current vs (scan rate )1/2 plots.  The large 

separation (see Figure 3.18) may be attributed to slowness of the electron transfer 

process that yields peaks that have a separation greater than 59/n mV (where n is the 

number of electrons). One simple test of slow electron transfer is to plot the peak-to-peak 

separation (y-axis) against the (scan rate)1/2 (x-axis).144 The graph should be linear, and 

is, as can be seen in Figure 3.19. Anthraquinone (AQS) was also briefly studied and the 

results are shown in the supplemental section. DUQ was not studied by 

spectroelectrochemistry (SEC) because of its poor solubility in water. 

 

                                                 
XXX Measurements at all pH values were analyzed and results were the same. A representative pH is show 
on the figures.  
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Figure 3.16. CVs of RQ3 at different pH values and scan rate 100 mV/sec. Red: pH 1, 
blue: pH 4, brown: pH 7, pink: pH 8. 
 
 
 
 
 
 
 

 
Figure 3.17. Representative figure at pH 7 of current vs (scan rate)1/2 for RQ3. A linear 
relationship is found for cathodic (pink) and anodic (bottom) peaks.  
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Figure 3.18. RQ3 potential separation at different pH values. The separation is not at all 
near the ideal reversible value at any pH value. 
 
 
 

 
 
Figure 3.19. RQ3 separation of CV peaks vs (scan rate)1/2 shows a linear relationship 
which may suggest slow electron transfer. This is a representative plot at pH 7.  
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Figure 3.20. Representative plot of current vs (scan rate)1/2 for DUQ at pH 8 that shows a 
linear relationship for cathodic (blue) and anodic (pink) peaks.  
 
 
 
 
 
 

 
 
 
Figure 3.21. DUQ has a small dependence on scan rate but the increase is very small. 
This is a representative graph at pH 8.  
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Tables 3.5 and 3.6 (see Figure 3.1 for structures) show the Em for all the 

quinones used for activity measurements in Chapter 4. Table 3.5 shows the quinones that 

contain a “tail” such as an isoprene unit or an alkane chain. Table 3.6 contains quinones 

without a tail. CV was used to determine the Em, which represents the midpoint potential 

for a 2 e- and  1 H+ transfer at pH ~ 8 (see captions for exact values of pH). In aqueous 

solutions, the cathodic and anodic peaks are very broad because they represent the 

potentials for the transfer of two electrons.145 This would imply that the E1 and E2, or the 

individual potentials for each electron transfer, are very close in value. 
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Table 3.5. Midpoint potentials (Em) of quinones that contain a tail, obtained from CV 
measurements at pH = 8.3. (*) RQ3 and BrQ3 were measured in 50% ethanol and 50% 
aqueous buffer to increase their solubility. Values shown are the average of three 
measurements and the standard deviation is reported. Midpoint potentials are expressed 
in mV vs SHE. The Em was calculated by taking the average value between the cathodic 
and anodic peaks.  
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Table 3.6. Midpoint potentials (Em) of quinones that contain a tail obtained from CV 
measurements at pH = 8. Potentials are expressed in mV vs SHE and arranged in order of 
decreasing potential. The Em was calculated by taking the average value between the 
cathodic and anodic peaks.  
 

Tables 3.5 and 3.6 show the trend for E1/2 and the contributions from electron 

withdrawing (EW) and electron donating (ED) groups. The Em values in these tables are 

in line with the idea that ED groups, due to their reducing power, cause a more negative 

potential; while EW groups, due to their electronegativity, cause a more positive 
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potential.  Despite the large peak-to-peak separation, the potentials still reflect 

contributions from their respective quinone substituents. For example in Table 3.6, p-

benzoquinone (BQ), which has hydrogens as the only substituents, has a positive 

potential, whereas duroquinone (DQ) with four ED groups (methyls) has a more negative 

potential. One interesting case that is not shown in the table is 2,3-dichloro 5,6-dicyano 

p-benzoquinone (DDQ) with an Em = 58 mV vs SHE. DDQ should have a potential that 

is very positive due to the EW character of CN and Cl, however its Em is less positive 

than 2-chloro-p-benzoquinone (2ClBQ) with only one Cl substituent (Em = 221 mV vs 

SHE). It is well known that DDQ is not very stable in water146 and therefore DDQ may 

exist as a different form that contains OH groups in place of CN (CN are very good 

leaving groups), which would give it more reducing power and thus a more negative 

potential than expected. In Table 3.5 DUQ contains one more ED group as compared to 

Q0 (in Table 3.6).XXXI Therefore, DUQ has a more negative potential than Q0. Another 

example is BrQ3 in Table 3.5, which contains a halogen (EW group), thus giving it the 

most positive potential of the quinones in that table. The Em values reported in Tables 3.5 

and 3.6 may be different once the quinones are bound to the active sites of the bc1 

complex (see Chapter 5 for a more in depth explanation), however the trends should still 

be the same.  

 
III. Conclusions. 
 

In buffered solutions, Em values measured from spectroelectrochemistry for 

several p-quinones show different values depending on the direction of titration, 

                                                 
XXXI That extra group in DUQ is the long 10 carbon tail that is substituted by a proton in Q0. 
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however, the average value of those two measurements, coincides (within 18 mV) with 

the E1/2 value measured by CV.  In contrast, in unbuffered solutions, 

spectroelectrochemical results for Em show just about the same value for both directions 

of titration (within ~18 mV). It is very likely that the overpotential observed with 

spectroelectrochemical measurements is also responsible for the large peak-to-peak 

separation of CV peaks. If the redox reaction is slow i.e., if electrons move slowly 

through the quinone to the electrode, there could be a perceptible time lag between the 

potential at the voltage source (the potentiostat) and that at the electrode. This can cause 

Em values from spectroelectrochemical measurements to be shifted to extreme potentials. 

At the same time, it can cause the cyclic voltammograms to have peak separations that 

are very far from ideal values. However, during the course of spectroelectrochemical 

measurements, we allowed enough time (~10 min between measurements) for 

equilibration to take place, therefore it is unlikely that slow electron transfer is causing 

these anomalies. It is more probable for the proton-transfer step to be the slow part of the 

reaction. 

Theoretical calculations of the kinetics of electron transfer in buffered solutions 

are available in the literature for the p-benzoquinone system, assuming that the proton 

transfer steps occur at equilibrium.147 These results do not explain the overpotential 

phenomenon observed in this work, nor the large peak-to-peak separation in the CV 

peaks. Cape and coworkers133 explained that it is nearly impossible to measure redox 

potentials of quinones in aqueous solutions due to the disproportionation of semiquinone 

intermediates. Equation (3.5) below may be the cause for the apparent slow electron 
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transfer observed in this work with SEC and CV. This phenomenon, known as 

disproportionation, has been studied by a number of authors.148,149  

                                                        (Eq. 3.5) 

The Em values from CV measurements represent the transfer of 2 e- and (at least    

1 H+). Therefore we assume that the Em values for the individual electron transfer steps 

(E1 and E2) are very close in value. Overall, if we look at the E1/2 calculated from CV 

data, at one pH (Tables 3.5 and 3.6) and compare all the quinones studied, we can 

observe trends in potential that correspond to whether the substituent is an electron 

withdrawing (EW) or electron donating group (ED). Furthermore, regardless of the peak-

to-peak separation, the current vs (scan rate)1/2 functions for RQ3 and DUQ3 show a linear 

relationship, which would not be the case for a completely irreversible reaction.  

With RQ3 we were able to show that potential depends on pH as can be seen from 

the E-pH diagram for RQ3 (Figure 3.15), however, we are assuming that the reaction 

involves the transfer of 2 electrons and 1 or 2 protons and that the peaks have a very wide 

separation due to slow kinetics. We found no evidence of the semiquinone intermediate 

in aqueous solutions which may be explained by its instability and likelihood to 

disproportionate.133 Finally we were able to predict the approximate pKa value for the 

amino group of RQ3 (pKa ~ 5.6). Therefore, at physiological pH, protonation of this 

group is unlikely. 

 

Q + Q2- 2Q
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CHAPTER 4 

ACTIVITY OF THE ENZYME 

 The turnover number of an enzyme is defined as the maximum number of 

substrate molecules converted to products per active site per unit time, or the number of 

times the enzyme "turns over" per unit time.150 In order to study the kinetics or rate of 

reaction (also referred to as activity) of the wild-type and mutant bc1 enzymes the 

reduction of cytochrome c was monitored over time, in the presence of various quinol 

substrates. The reduction of cytochrome c can be observed spectrophotometically by 

following its α-band absorbance at λ = 550 nm (or any other wavelength where the 

difference in absorbance between the oxidized and reduced portion is large) during the 

course of the reaction. Additionally, we studied superoxide bypass reactions by supplying 

the reaction with CuZn-superoxide dismutase  (SOD). The difference in rates between the 

presence and absence of SOD represents the extent of the superoxide bypass reaction (or 

superoxide production). All rates were measured by using a stopped-flow 

spectrophotometer which allows for rapid mixing of reactants at low temperature (10 ± 2 

oC) and room temperature (27 ± 1 oC).  The R. sphaeroides bc1 enzyme concentration 

was estimated spectrophotometically by taking the difference between reduced and 

oxidized b heme absorption spectra at 562-577 nm. Our hypothesis was that the mutant 

would have lower activity as compared to the WT because the midpoint potential of heme 

bL in the T61V mutant bc1 complex is more negative (as compared to that of the WT bc1 

complex). Furthermore, we hoped to be able to restore the activity of the T61V mutant by 

using a different quinone substrate. 
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I. Experimental Section. 

A. Concentration of bc1 estimation. 

The bacterial bc1 complex was expressed in Rhodobacter sphaeroides and isolated as 

chromatophores which were directly used for activity measurements. The concentration 

of cytochrome bc1 complex was determined spectrophotometrically by UV-vis from the 

difference in absorbance of reduced minus oxidized cyt b hemes extinction coefficient of 

21.5 mM-1cm-1, as reported by Wenz et al.111,134  

 Potassium ferricyanide oxidizes all electron carriers, then ascorbate reduces the 

high-potential redox centers (Fe-S cluster and cyt c1, leaving b hemes oxidized) and 

finally, dithionite fully reduces the complex. The buffer used is the same as the assay 

buffer used for steady-state turnover measurements (50 mM Tris-HCl, 100 mM NaCl, pH 

8). Stock solutions of potassium ferricyanide (18 mM) and ascorbic acid (1 M) were 

prepared in the reaction buffer.XXXII A 1/10 dilution of chromatophores was made for 

measurements (1 mL from freezer chromatophores in 9 mL of buffer).  

1. 700 µL of 1/10 dilution is placed into a cuvette and 4µL of 18 mM 

K3(FeCN)6 is added (100 µM) and incubated for 5 min. 

2. After a baseline is collected (ScanOx), 7.0 µL of 1 M ascorbate is added 

(10 mM). Spectrum is taken immediately and repeatedly (every 1 min) 

until no changes in the spectrum are observed. (ScanAscorbate) 

                                                 
XXXII Only a small amount of both stock solutions is used up. Therefore, 18 mM = 59 mg of K3(FeCN)6 in 
10 mL of buffer. 1 M = 4.0 g of sodium ascorbate in 20mL of buffer. 
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3. About 2 mg of sodium hydrosulfite or dithionite (~10 mM) are added 

and more spectra are collected at 1 min intervals until the spectrum 

changes no further (ScanRed). 

The following formula is used to calculate the concentration, which includes previously 

published extinction coefficients151: (ScanRed)-(ScanOx) spectra36 = (∆A562-

577nm)*3.539x10-2-(∆A 553-540nm)*1.713x10-3 mM 

 

B. Steady State turnover measurements. 

Buffer: The reaction buffer employed was the same as that used for the 

determination of the concentration of bc1 complex (50 mM Tris, 100 mM NaCl, pH 8). 

This buffer was degassed by bubbling argon over the solution (~3 hr) before making the 

cytochrome c stock solution and the rest of the activity measurements. A pH = 8 was 

chosen because it was proposed by Ugulava and Crofts that a His proton (with a pKa 

close to 8, part of the Rieske center) is involved in hydrogen-bonding of the quinone 

substrate and the Rieske center at the binding site.152,153 

Substrate: A 25 mM stock solution of quinol substrate was made in 50% (by 

volume) ethylene glycol:ethanol.XXXIII This mixture greatly increases the solubility of 

quinones. 1 mL of the 25 mM stock solution is chilled in ice and ~2 mg of NaBH4 are 

added and allowed to react for 5 minutes (most quinones are colored: yellow, green, 

purple, etc), color should almost completely disappear after the 5 min period.XXXIV Then 

                                                 
XXXIII A final volume of 3 mL for the 25 mM stock solution is enough. 
XXXIV With the exception of RQ3 which purple when oxidized and even upon reduction it remains light 
purple.  
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addition of 9 µL of concentratated HCl (~0.1 M) aids in decomposing the remaining 

NaBH4 and stabilizes the reduced form.  All midpoint potentials of the substrates in 

Tables 4.1-4.2 and 4.6 were measured against a reference Ag/AgCl electrode (see 

Chapter 3) and values were corrected to the standard hydrogen electrode (SHE) scale 

using the relationship ESHE = EAg/AgCl  + 205 mV at 27 oC. 

Cytochrome c: The cytochrome c stock solution is made by mixing 10 mg of  cyt 

c (50 µM, from Sigma product number C2506 horse heart cytochrome c) and 1mg NaN3 

(1 mM) in 16.1 mL of reaction buffer. NaN3 is used to eliminate activity from trace 

contaminants of cyt c oxidase. 

Instrumentation: The OLIS RSM 1000 stopped-flow spectrophotometer was used 

for activity measurements. To control the temperature, an external water circulator was 

used to maintain the temperature either at 10 ± 2 or 27 ± 1 oC. 

Steady state kinetics: At 10 ± 2 oC the experiment was designed so that the 

observed activity is proportional to the amount of enzyme present (zero order rate). Such 

conditions can be attained if all components such as substrate (quinol) and product 

(reduced cytochrome c), except for the enzyme (bc1 complex), are present in excess. In 

this way the concentration of enzyme (bc1 complex), is the only limiting factor. The 

observed rate was obtained at different enzyme concentrations; which were varied from ~ 

10 nM to 30 nM (from undiluted chromatophore solution that was previously kept frozen 

at –20 oC) and 3-5 measurements at each concentration were performed. The 

concentration of cyt c used was always kept at 50 µM and that of the substrate at 200 µM. 

The temperature during kinetic experiments was kept at 10 ± 2 or 27 ± 1 oC with the help 
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of the water chiller bath. Preliminary studies showed that at room temperature it was not 

possible to attain enzyme concentration dependence on the observed rate, therefore at 

room temperature we used one concentration of bc1 (~10 nM) and kept the concentration 

of cyt c and substrate the same (50 µM and 200 µM respectively). Prior to kinetic 

measurements, 1 mL of the stock chromatophore solution was thawed in ice and ~1 mg 

of dodecyl maltoside (DM) was added and incubated in ice for about 1 hour. The addition 

of surfactant DM breaks up the chromatophores in order to isolate the cyt bc1 from the 

rest of the complexes (Complexes I, II, IV and V as explain in Chapter 1, as well as the 

photosynthetic reaction center). The cytochrome c stock solution and buffer were also 

placed in ice. The solutions placed in the stopped-flow mixing chambers are:  

1. 1 mL of buffer + 16 µL of quinol 

2. 1 mL of cyt c + X µL of cyt bc1 (see above for concentrations used). 

This volume was enough to allow for 3 measurements at each concentration. Absorbance 

of cyt c at 552 nm was monitored. Cancellation of background noise was performed by 

subtracting absorbances A552 – A545 (where 545 nm is close to an isosbestic point). The 

reduction of cytochrome c was monitored at 552 nm with an extinction coefficient of 

21.5 mM-1cm-1, as reported by Wenz et al.111,134  

For superoxide bypass experiments, the buffer was supplied with 300 units/mL of 

CuZn-SOD (S7446 Sigma-Aldrich). Addition of 400 and 600 units/mL did not make a 

difference in the rate calculated. Addition of any less than 30 units/mL produced results 

that were very similar to the rate of cyt c reduction in the absence of SOD. CuZn-SOD is 

resistant to NaN3 added to the cyt c solution and it has been used in the past as an 
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alternative for the more expensive Mn-SOD.134 The rate of superoxide anion formation is 

equal to the SOD-sensitive rate of cytochrome c reduction. The rate of superoxide 

production was taken as the rate of cyt c reduction in the presence of SOD minus the rate 

of cyt c reduction in the absence of SOD. The inhibitor antimycin-A (AA) was also used 

for some of the assays. It was added to the buffer in a concentration of 3 µM (1 µL of a 

10 mM stock solution of AA in DMSO). The following section summarizes the results 

obtained. 

 

C. Treatment of data at low temperature (10 oC). 

All rates are reported in units of s-1 but they are reported in two different ways:  

1. For representation purposes the graphs in Figures 4.2-4.12, 4.14-4.21, 4.23-

4.29 do not report a rate that includes propagation of errors. There is an error associated 

with determining the concentration of bc1 (experimental Section I) and an error 

associated with the rate obtained from the slope of the graphs in Figures 4.2-4.12, 4.14-

4.21, 4.23-4.29. The rates in these graphs include only the error associated with 

determining the slope of each graph. All the graphs have the y-axis as mM of cyt c/s (the 

observed rate of cyt c reduction).  The x-axis has the concentration of bc1 used in mM of 

bc1. The slopes of the graph lines correspond to the overall turnover rate with units of s-1.  

2. Tables 4.1 and 4.2 and Figures 4.30-4.32 report rates that have been adjusted 

for error propagation. These rates include the error associated with determining the 

concentration of bc1 (experimental section I) and the errors associated with the 

determination of the slope of the line. 
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The errors were propagated by using the following equation:  

2
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2

2
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B
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A ∆

+
∆

=
∆  

where A, B and C are real values and ∆A, ∆B and ∆C are the standard deviations. And the 

data were treated in this way: turnover rate (slope of the line) was first converted to a rate 

with units of 
mLs

mmol
⋅

by using the volumes of bc1 and cyt c used for each experiment. 

Therefore, the concentration of bc1 was expressed in mL (x-axis) and the concentration of 

cyt c (y-axis) was expressed in mmol/sec so that the units for rate are:  

)( 1bcofmLRate
s

ccytmmol
∗=  

mLs
mmolRate
⋅

=  

This rate was then divided by the concentration of bc1 (calculated as explained in 

experimental section I) to obtain a rate with units of s-1. The new rates are reported in 

Table 4.1 and 4.2. 

smL
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mL
mmol 1
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=÷

⋅
 

 

II. Results and Conclusions (10 oC). 

A. Quinones with no tail measured at low temperature (10 oC). 

Kinetic measurements were performed with wild type (WT) and mutant (T61V) 

bc1 complex. Decylubiquinol (DUQH2) has been used for activity measurements in the 

past due to its similarity with coenzyme Q10
93,133,154 and to its moderate water-solubility. 
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The quinones with “no tail” or “tail-less quinones” that were investigated are shown in 

Figure 4.1:  

 

Figure 4.1. Commercially-available “no tail”quinones that were investigated in 
the present work.  
 

Some of the tail-less quinones that were investigated did not show a linear activity 

dependence, as can be seen from the following Figures (4.2, 4.3, 4.4), which show the 

WT case (T61V had similar results).  This means that at 10 oC the turnover rate for these 

quinones cannot be determined. 
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Figure 4.2. 2-MeBQ has very fast kinetics with the WT enzyme even at 10 oC. 
 
 
 
 
 
 
 
 

 
 
Figure 4.3. 2-ClBQ does not show a linear relationship for WT. 
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Figure 4.4. BQ does not show a linear relationship (with WT) at the concentrations of 
bc1 studied. 

 

2,6-diMeBQ; 2,3,5-triMeBQ and DQ were determined to have very low turnover 

rates as can be seen from Figures 4.5-4.9.  

 
 

Figure 4.5. Rate of cyt c turnover at 10 ± 2 oC for the mutant with 2,6-diMeBQ. The 
turnover rate (slope of the line) was determined to be 12 ± 2 s-1. 
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Figure 4.6. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with 2,6-
diMeBQ. The turnover rate (slope of the line) was determined to be 10 ± 3 s-1. 
 

 
 
Figure 4.7. The rate of cyt c turnover at 10 ± 2 oC for the mutant bc1 complex shows a 
low turnover rate (slope of the line) of 2.1 ± 0.2 s-1. Assuming that the rate of the WT bc1 
complex with 2,3,5-triMeBQ would be very similar to that of the mutant, the wild-type 
measurement was not performed. 
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Figure 4.8. Rate of cyt c turnover at 10 ± 2 oC for the mutant with bc1 complex DQ. The 
turnover rate was determined to be 5.0 ± 0.2 s-1. 

 

 

Figure 4.9. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with DQ shows a 
low turnover rate of 5.2 ± 0.4 s-1. 

 

In addition, Q0 was the only tail-less quinone that showed a high rate (comparable 

to DQH2 as can be seen from Figures 4.10 (WT) and 4.11 (T61V). 
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Figure 4.10. The rate of cyt c turnover at 10 ± 2 oC for Q0 with the WT bc1 complex has 
a turnover rate of 15 ± 3 s-1. 

 

 

Figure 4.11. The rate of cyt c turnover at 10 ± 2 oC for Q0 with the T61V mutant bc1 
complex has a turnover rate of 10 ± 3 sec-1. 
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Q0 lacks an isoprenoid tail. The rest of the substituents are the same as those for 

CoQ10.  Surprisingly, the rate of cyt c reduction is, within experimental error, the same as 

that with DUQH2 (Figure 4.12) for the WT bc1 complex. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12. Rate of cyt c turnover with the WT bc1 complex and Q0 or DUQH2. Pink is 
for the data for Q0 and blue is for the data for DUQH2. Both have the same rate within 
experimental error. Q0 = 33 ± 6; DUQH2 = 38 ± 4 s-1 
 

If we compare the midpoint potentials of the quinones in Figure 4.1, obtained 

from CV measurements in aqueous solutions at pH = 8 (same pH at which steady state 

turnover measurements were carried out); and the turnover rates reported in this chapter 

(adjusted for error propagation), we observe no relationship between midpoint potentials 

and activities, as can be seen from Table 4.1.  For example, Q0, with a midpoint potential 

of 83 mV and 2,6-diMeBQ with a very similar midpoint potential of 77 mV have very 

different turnover rates for both the WT and mutant, when the difference in potentials is 

only 6 mV!  
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Table 4.1. Activities and Em values for quinones with no tail at pH = 8 with WT and 
T61V mutant bc1 complex.  Potentials expressed in mV vs SHE. Activities are expressed 
in s-1 but they have been corrected for the propagation of errors from calculating the bc1 
concentration, which will be explained later in this chapter. 

 

Furthermore, in vivo the isoprenoid unit is known to allow CoQ10 to move through 

the inner core of the hydrophobic mitochondrial membrane.155 In vitro, although a small 

amount of dodecyl maltoside (DM) is used to break up the membrane, the quinone still 
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has to be soluble enough to reach the binding sites. Therefore the influence of the 

presence and length of the tail was explored by using quinones with varying numbers of 

isoprene units.  

B. Tailed quinones measured at low temperature (10 oC). 

Commercially available quinones were purchased from Aldrich that contain one 

and two isoprene units. Q4 was also purchased (with four isoprene units) but it was not 

soluble, even in very polar solvents such as DMSO. Also CoQ10 was purchased and we 

observed the same solubility problems. Therefore Q4 and CoQ10 were not further 

investigated. The synthesis of Q3 is outlined in Chapter 1.  The quinones that were 

investigated are shown in Figure 4.13.  

 

Figure 4.13. Quinones with tail used in the present work for activity measurements.  

 Q1, Q2 and Q3  (Figure 4.13) showed very high rates as compared to DUQ. The 

activity graphs are shown in Figures 4.14-4.22 in units of s-1. 
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Figure 4.14.  Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with Q1. The 
overall turnover rate (slope of the line) was determined to be 47 ± 3 s-1. 
 
 

 

Figure 4.15.  Rate of cyt c turnover at 10 ± 2 oC for the T61V mutant bc1 complex with 
Q1. The overall turnover rate (slope of the line) was determined to be 32 ± 3 s-1. 
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Figure 4.16. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with Q2. The 
overall turnover rate was determined to be 54 ± 3 s-1. 
 
 

 
Figure 4.17.  Rate of cyt c turnover at 10 ± 2 oC for the T61V mutant bc1 complex with 
Q2. The overall turnover rate was determined to be 50 ± 4 s-1. 
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Figure 4.18. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with Q3. The 
overall turnover rate was determined to be 12 ± 2 s-1. 
 

 
 
Figure 4.19. Rate of cyt c turnover at 10 ± 2 oC for the T61V mutant bc1 complex with 
Q3. The overall turnover rate was determined to be 4.2 ± 0.5 s-1. 
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Figure 4.20. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with DUQ. The 
overall turnover rate was determined to be 38 ± 4 s-1. 

 

Figure 4.21. Rate of cyt c turnover at 10 ± 2 oC for the T61V mutant bc1 complex with 
DUQ. The overall turnover rate was determined to be 17 ± 1 s-1. 
 
 Table 4.2 shows the rates after propagation of errors. From this table it is very 

clear that the rates for WT are much higher than those for T61V for all the quinones 
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shown in Figure 4.13. The activity for the mutant is 2-4 times lower than the activity for 

the WT. 

 
Table 4.2. Activities and Em values of tailed quinones at pH = 8.3 in the WT and 
T61Vmutant bc1 complex. Potentials expressed in mV vs SHE. (*) RQ3 and BrQ3 were 
measured in 50% ethanol: 50% aqueous buffer at pH = 8 due to their limited solubility in 
water. The effective pH of this mixture is ~ 7.7 (see Chapter 3). Activity rates are 
expressed in s-1, and they have been corrected for the propagation of error from 
calculating the bc1 concentration explained earlier in the chapter. Turnover rates with 
RQ3 were not measured at 10 oC due to its rapid re-oxidation which will be discussed 
later in the chapter.  
 

When quinones without tail are used for activity measurements (Section I in this 

chapter) the WT and mutant enzymes have very similar rates. When tailed quinones are 

used however, the rates are significantly different when comparing the WT and T61V 
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mutant bc1 complex. The fact that there is a substantial difference between rates for the 

WT and T61V mutant bc1 complex when tailed quinones are present, suggests that the 

tail is important for complete turnover of the enzyme. Most likely, the tail increases the 

solubility of the quinone inside the phospholipid membrane, which allows it to reach the 

binding site(s). The assumption that the tail is important for activity measurements has 

been postulated before,93 but this is the first time, to our knowledge, that quinones with 

tail and without tail have been studied under the same conditions.  The fact that the 

activity for the mutant enzyme is 2-4 times lower than the activity for the WT is a very 

remarkable result. The mutant has only a hydrogen bond that has been changed as 

compared to the WT enzyme, yet this single hydrogen bond causes a dramatic change in 

the activity of the enzyme. 

DUQ, Q1 and Q2 and Q3 have the same substituent groups attached to the quinone 

head but their tails are different. Theoretically they should all have relatively the same 

potential; however that is not what is observed. This difference in potentials may be due 

to the solubility of these quinones in aqueous solutions. Midpoint potentials are 

determined in water at pH = 8; therefore the length of the tail may give each quinone a 

slightly different solubility in the aqueous medium and the stability of either the reduced 

or oxidized form may be different for each case, which would have an impact on the 

midpoint potential value.  

Four different quinones were synthesized that contain electron donating (ED) or 

withdrawing (EW) groups attached to the quinone head (Figure 4.22). It was 

hypothesized that these quinones would have significantly different midpoint potentials 
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and therefore their activities would also be very different. As it turns out, TMeQ3 and 

RQ3 have very similar redox potentials (-52 and -54 mV respectively), as can be seen 

from Table 4.2.  This is possibly due to the fact the amino group of RQ3 is a strong ED 

group and all four groups of TMeQ3 are weak ED groups as well. Furthermore, if we take 

a look at the WT enzyme, we can see that Q2, with a midpoint potential of 16 mV vs 

SHE, shows a fairly high activity rate (24 ± 3 s-1), whereas TMeQ3, with a potential of –

52 mV (68 mV difference), shows a rate that is barely detectable of 2.0 ± 0.3 s-1. 

Figure 4.22. Quinones synthesized in this work that contain different substituents 
attached to the quinone head while the tail remains the same for all four.  
 

The activity of RQ3 was not measured at low temperature because the reduced 

form (the form used for activity measurements, see Experimental Section) is easily 

oxidized. Therefore, the activity of this quinone was only measured at room temperature 

(see Section IV). It was not possible to observe a linear relationship for BrQ3 

(Supplementary Section). Figures 4.23-4.24 show the rate obtained without propagation 

of errors for TMeQ3 and Table 4.2 shows the corrected rate for all quinones at 10 oC. The 
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results in Table 4.2 suggest that the potential window that make the enzyme active is 

narrow, perhaps spanning ~100 mV.   

 
 
Figure 4.23. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with TMeQ3. 
The overall turnover rate was determined to be 4.6 ± 0.5 s-1. 
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Figure 4.24.  Rate of cyt c turnover at 10 ± 2 oC for the T61V mutant bc1 complex with 
TMeQ3. The overall turnover rate was determined to be 2.0 ± 0.3 sec-1. 
 
 

C. Bypass reactions measured at low temperature (10 oC). 

 All the rates reported in Section II of this chapter are believed to be the rates 

independent of bypass reactions. The y-intercept was initially hypothesized to be the rate 

that includes bypass, which would be the rate of cyt c reduction in the absence of 

enzyme.  To test this hypothesis, the superoxide bypass reaction to see if the y-intercept 

is related to the reduction was investigated of cytochrome c by superoxide. The first 

approach taken to study the superoxide bypass reaction was to reduce the concentration 

of oxygen in the system by bubbling argon gas into the buffers before each experiment. 

Figure 4.25 shows the rate of cyt c reduction before and after bubbling argon into the 

system with DUQ acting as the substrate. It is clear that the rate of cyt c reduction 

remains the same for both cases (within experimental error), but the y-intercept is 
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decreased. It has been reported in the past that under uninhibited conditions and in the 

presence of DUQ, insignificant superoxide reduction of cyt c is observed.36,93,111 This is 

congruent with our observations, although we are using a method of determining turnover 

rates that, to our knowledge, has never been reported in the literature. However, the y-

intercept does not equal zero. In the absence of bc1 and independently of the superoxide 

pathway, no cytochrome c should be reduced! Therefore, we used superoxide dismutase 

(SOD), an enzyme that reacts with superoxide at a rate of ~109 M-1s-1, as reported in 

Bielski et al,156 a rate that is much faster than the rate of cyt c reduction by superoxide, 

which is reported to be ~106 M-1s-1 by Koppenol et al.157 

 Figure 4.25. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with 
DUQ. Decreasing the amount of oxygen reduces the y-intercept and rate of turnover 
remains the same. Rate is indicated by “y=” in units of s-1 with its corresponding error 
“(+/-).”   
 

Although CuZn-SOD was used for most of the experiments in this section, a short 

trial with Mn-SOD was done in order to determine whether there was a difference in rates 
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depending on the type of SOD used. Figure 4.26 shows that Mn-SOD gives a very 

similar rate as compared to CuZn-SOD.  

 
 
Figure 4.26. Rate of cyt c turnover at 10 ± 2 oC for the T61Vmutant bc1 complex with 
DUQ in the presence of CuZn-SOD and Mn-SOD.Although a very small amount of Mn-
SOD was available, each point on the Mn-SOD line (brown) represents the average of 
three measurements and the slope seems to be very similar to that of CuZn-SOD (pink).  

 

SOD was added to the buffer when the WT and DUQ (substrate) was examined. 

The results were similar as those obtained when argon was bubbled into the buffer 

(Figure 4.25). The rate remains the same, the y-intercept decreases but it is still not equal 

to zero, as can be seen from Figure 4.27. The fact that the y-intercept substantially 

decreases agrees with our hypothesis that the y-intercept represents a rate that includes 

bypass reactions. What is the meaning of the y-intercept in the presence of SOD? One 

possibility would be that the substrate (DUQ) can directly reduce cyt c with the very low 

rate indicated by the y-intercept in Figure 4.27.  
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Figure 4.27. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with DUQ in the 
presence (pink) and absence of  SOD (blue). Rates are reported in s-1 without accounting 
for the error associated with the estimation of bc1 concentration.  
 
  

 

When DUQ is used in the absence of the enzyme (bc1), cytochrome c is reduced 

as indicated by the graph in Figure 4.28 with a very low rate. Therefore, the y-intercept 

indicates two bypass reactions, the reduction of cyt c by the substrate and by superoxide 

anion. The same is true for the mutant T61V enzyme (Figure 4.29). 
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Figure 4.28. Y-intercepts of turnover rates for the WT bc1 complex with DUQ at 10 ± 2 
oC. All three bar graphs in this figure represent the y-intercepts from graphs similar to 
that in Figure 4.27. In yellow, we have the intercept in the absence of SOD. SOD was 
added to the reaction assay in purple. The small amount of cyt c reduced (blue) is due to 
direct reduction by the substrate.  
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Figure 4.29. Y-intercepts of turnover rates for the T61V mutant bc1 complex with DUQ 
at 10 ± 2 oC. All three bar graphs in this figure represent the y-intercepts from graphs 
similar to that in Figure 4.27 for the T61V bc1 complex with DUQ as the substrate. In 
yellow, we have the intercept in the absence of SOD. SOD was added to the reaction 
assay in purple. The small amount of cyt c reduced (blue) is due to direct reduction by the 
substrate.  
 
 

With the WT enzyme, the bar graph in Figure 4.30 represents the rate in s-1 with 

error propagation, and it clearly confirms what has been reported in the past,36,93,111,133 

that when DUQ is used as the substrate, insignificant amounts of superoxide are detected.   
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Figure 4.30. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with DUQ in the 
presence and absence of SOD. Superoxide production is defined as the turnover rate in 
the presence of SOD minus the turnover rate in the absence of SOD. The WT bc1 
complex shows almost no superoxide being formed. Turnover rates are 12 ± 2 s-1 with 
SOD and  17 ± 3 s-1 without SOD (propagated errors). 
 

When AA was added to the reaction buffer, we confirmed what has been reported 

by Muller et al.,36 that AA reduces the rate of cyt c reduction by about 2% and adding 

SOD did not change that rate significantly. This behavior with AA was observed for both 

the WT and T61Vmutant enzymes, as can be seen from Figure 4.31. The SOD and AA 

measurements reported in this work agree with published results with respect to the WT 
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bc1 complex with DUQ. Therefore we are confident that our method of determining 

activities is quite robust and reproducible.  

 

Figure 4.31. Rate of cyt c turnover at 10 ± 2 oC for the WT bc1 complex with DUQ and 
AA in the presence and absence of SOD. Turnover rates are for the WT: 0.29 ± 0.05 s-1 

with  SOD+AA and 0.37 ± 0.06 s-1 with AA. For the T61V mutant enzyme: 0.21 ± 0.04 s-

1 with SOD+AA and 0.11 ± 0.04 s-1 with AA. (Propagated errors shown). 
 

When the mutant T61V in the presence of SOD was examined a rate of 

cytochrome c reduction was obtained that is in fact higher than the turnover rate in the 

absence of SOD, as can be seen in the circled graph of Figure 4.32. This is the first time 

that SOD has caused an increase in the activity of the bc1 enzyme. Furthermore, it 

appears as if addition of  SOD returns the activity to the mutant enzyme!  
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Figure 4.32. Rate of cyt c turnover at 10 ± 2 oC for the T61V mutant enzyme with DUQ 
in the presence and absence of SOD. The T61V mutant results are circled with turnover 
rates of: 16 ± 1 s-1 with  SOD and 4.1 ± 0.4 s-1 without SOD. The wild-type enzyme is 
included here for comparison, with rates of: 12 ± 2 s-1 with  SOD and 17 ± 3 s-1 without 
SOD. Propagated errors are shown. 
 

There are different ways of determining superoxide production (SOP) reported in 

the literature.  Cape et al.93,133 (Table 4.3) use the following formula SOP = (Rate + AA) 

- (Rate + AA + SOD). This method is used because AA binds at the Qi site blocking 

reduction of Q at that site. Therefore, the authors argue that the SOP from this method 
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represents superoxide formation only at the Qo site. If we use this method we obtain the 

results listed in Table 4.4.  

 Q3 RQ3 
Rate (s-1) 143 76 

Rate + AA (s-1) 3 88 
Rate + AA+ SOD (s-1) 2 59 

SOP93,133 1 29 
 
Table 4.3. SOP data for Q3 and RQ3 from Cape et al. Published data where SOP = (Rate 
+ AA) - (Rate + AA + SOD) or difference between the two.93,133 The authors studied 
substrates Q3 and RQ3, which are also investigated in the present work. Rate refers to 
turnover rate. 
 

 WT + DUQ T61V + DUQ 
Rate (s-1) 17 ± 3 4.1 ± 0.4 

Rate + AA (s-1) 0.37 ± 0.06 0.11 ± 0.04 
Rate + AA+ SOD (s-1) 0.29 ± 0.05 0.21 ± 0.04 

SOP 0.08 ± 0.08 0.10 ± 0.06 
 
Table 4.4. SOP data for the WT and T61V mutant enzyme with DUQ. Data where SOP = 
(Rate + AA) - (Rate + AA + SOD) or difference between the two. Substrate: DUQ with 
the WT and mutant T61V enzymes. Rate refers to turnover rate, measured at 10 ± 2 oC. 
 

Another method that has been used by other investigators to determine the 

contribution of cyt c reduction by superoxide involves taking the difference between the 

rate of cyt c reduction in the presence and absence of CuZn-SOD.111 Table 4.5 shows the 

SOP calculated from this work based on this method.  

 WT + DUQ T61V + DUQ T61V + 
TMeQ3 

Rate (s-1) 17 ± 3 4.1 ± 0.4 0.5 ± 0.1 
Rate +SOD (s-1) 12 ± 2 16 ± 1 0.4 ± 0.1 

SOP 5 ± 4 12 ± 1  0.1 ± 0.1 
 
Table 4.5. SOP data from this work in the absence of AA. Superoxide production defined 
as: SOP = (Rate) – (Rate + SOD) or difference between the two. The rate for TMeQ3 + 
WT (not shown) was exactly the same with SOD and without measured at 10 ± 2 oC. 
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 In conclusion: Using both methods we see the same result for wild type: Almost 

no superoxide is produced in the presence of decylubiquinone (DUQ). The mutant has 

different SOP depending on the method used. With Cape’s method, we see that the 

mutant has negligible superoxide production (0.10 ± 0.06 s-1) but when using the other 

method (employed by Trumpower, Hunte and Kramer)36,111,134 the mutant enzyme has a 

very high production of superoxide (12 ± 1 s-1) as compared to the wild type enzyme (5 ± 

4 s-1). 

Based on the SOD and AA studies it is possible that an additional bypass reaction 

is present with the mutant, T61V. This bypass reaction does not involve the superoxide 

pathway and depends on the concentration of bc1. A few possible scenarios that may help 

explain this additional bypass reaction are listed separately in the following paragraph. 

Scenarios 1-3 were presented by Kramer et al.,36 when trying to explain the rates 

observed in the presence of myxothiazol. All scenarios (1-4) begin with the oxidation of 

quinol by the Fe-S cluster, which leads to the formation of an unstable semiquinone 

radical, as proposed for the normal Q-cycle. 

1) The semiquione head lies close to the hydrophilic side of the membrane in the 

mutant T61V bc1 complex so that the semiquinone can reduce cyt c directly. Based on the 

studies presented in this work with the y-intercept, the quinone can in fact reduce cyt c 

directly. However, the T61V mutant complex has a mutation close to heme bL and the 

quinone would be expected to reside in the same position for both WT and mutant. 

2) The semiquinone state of the T61V mutant bc1 complex may wait long enough 

for the Fe-S cluster to rotate back (after reacting with cyt c1), to be re-reduced by the Fe-S 
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cluster, which therefore reduces cyt c indirectly. However, the relative rate of rotation of 

the Fe-S cluster is probably the same for both WT and mutant.  

3) Since it has been shown in this work that the quinone can reduce cyt c directly, 

it could be that the semiquione can escape from the binding site and reduce cyt c directly. 

One way to test this idea would be to measure the activity of the WT and T61V mutant 

bc1 complexes in the presence of different concentrations of substrate.134 In general, the 

turnover rate is a combined mechanism of quinone reduction at the Qi site and quinol 

oxidation at the Qo site. Therefore, since there are two binding sites, the interpretation of 

Km (dissociation constant obtained from measuring rates at different concentrations of 

substrate and assuming that product formation is the rate limiting step) would be difficult. 

However, any difference between the WT and T61V mutant enzyme would indicate 

different utilization of the substrate for turnover. 

4) The midpoint potential of the heme bL of the T61V mutant enzyme measured in 

our lab in collaboration with Dr. Berry and Hongjun Zhang (both also from our lab), has 

a potential that is 30 mV more negative than the WT. Thermodynamically, it is more 

difficult for an electron to be transferred to heme bL in our mutant than for the heme bL of 

the WT enzyme. Therefore it may be possible that in the absence of SOD the activity of 

the mutant is low (4.1 ± 0.4 s-1) because cyt c is being reduced mostly by the superoxide 

pathway. This would imply that superoxide anion formation is also dependent on the 

concentration of bc1 complex. In fact, it has been reported that the oxidation of ubiquinol 

(to form semiquinone) by the Fe-S protein is the rate-limiting partial reaction in the bc1 

complex.158,159 Therefore, in order to form superoxide, the semiquinone radical needs to 
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be formed first, and this radical formation depends on the concentration of the bc1 

complex. Once SOD is added to the reaction assay, the activity of the mutant goes back to 

“normal” (same as in the WT, Figure 4.32, circled graph) because SOD eliminates the 

possibility for superoxide to reduce cyt c directly. If this is the case, then the method used 

in this work to determine the turnover of the enzyme (that we initially thought report 

rates independent of bypass) needs to be done in the presence of SOD with all quinones 

at 10 oC, to make sure that we report true turnover rates. Furthermore, if the superoxide 

pathway is eliminated, and if electron transfer through heme bL in our mutant is 

thermodynamically less favorable, is it possible for two electrons to go through the high 

potential chain? Therefore, we plan to investigate the environment of the Fe-S cluster 

(using EPR, Chapter 6:Future work) in the WT and T61V mutant enzymes to see if by 

making a mutation near heme bL we have also changed the environment near the Fe-S 

cluster. 

 

III. Room temperature measurements.  

There are a few discrepancies with the turnover measurements at 10 °C (sections 

II-III) using tailed quinone substrates. Even though substrates DUQ, Q1, Q2 and Q3 have 

relatively the same midpoint potential we observe quite different activities for the T61V 

mutant: 4.1 ± 0.4, 8 ± 1 and 12 ± 1 s-1 (for DUQ, Q1, Q2 and Q3 respectively). In addition, 

to our knowledge, there are no studies in the literature that examine SOD reactivity at 10 

°C. Therefore we decided to examine turnover rates at room temperature.  
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Samples were prepared in the same manner as in the experimental section with a 

few minor modifications: The reduction of horse heart cyt c was used to determine 

turnover rates at room temperature (27 ± 1 oC). The absorbance of cyt c was followed 

over time by the OLIS RSM 1000 stopped flow spectrophotometer. The reactions were 

started by rapid mixing of  two different solutions: 1) 10 nM  cyt bc1 and 50 µM cyt c in a 

buffer (50 mM Tris, 100 mM NaCl, pH = 8). 2) An equal volume of the same buffer, but 

now containing 200 µM substrate.  For each experiment, five data sets were averaged 

after subtracting the background reduction of cyt c in the absence of bc1. The substrate 

was reduced with NaBH4 before mixing the two solutions (see Experimental Section). 

The vial containing RQ3 was purged with argon before and after the addition of NaBH4 + 

HCl. Cancellation of background noise was performed by taking the difference of peaks 

550–544 nm, and the extinction coefficient of 21.5 mM-1 cm-1 at 552 nm was used.111,134 

For superoxide bypass experiments the buffer was supplied with 300 units/mL of CuZn-

SOD. Turnover numbers have units of moles of cytochrome c reduced per mole of bc1 

complex per second under steady state conditions.  
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IV. Results and Conclusions at room temperature (27 oC). 

 Table 4.6 shows the turnover rates for the WT and T61V mutant bc1 complex in 

the presence and absence of SOD. The superoxide production (SOP) is equal  to the 

SOD-sensitive rate of cytochrome c reduction or SOP = (Rate) – (Rate + SOD).111,134  

 
Table 4.6. Activities (at 27 ± 1 oC) and Em values for the WT and T61V mutant bc1 
complex with tailed quinones at pH ~ 8 in the absence and presence of SOD. Em values of 
RQ3 and BrQ3 were measured  in 50 % ethanol: 50% buffer at pH = 8.3 due to their 
limited solubility in water. The effective pH of this mixture is ~ 7.7 (see Chapter 3). 
Activity rates are expressed in s-1.  
 

Unfortunately, when the rate of cyt c reduction in the presence of Q1 and Q2 was 

measured, very high rates for both WT and T61V complexes were obtained (130-145 s-1 

supplementary data). These high rates did not change in the presence of SOD. At low 

temperature, we also observed  abnormal activities with Q1 and Q2: with DUQ, Q1, Q2 

and Q3 the mutant complex had the following rates  4.1 ± 0.4, 8 ± 1 and 12 ± 1 s-1 

respectively. These quinones have the same midpoint potential and therefore they should 

have the same activity. Therefore we concluded that Q1 and Q2 are not soluble inside the 

phospholipid membrane. One can envision that during activity measurements, these 
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WT
(s–1)

Em (mV 
vs SHE)
pH ~ 8 

Quinone

14 ± 517± 65 ± 13 ± 47 ± 43 ± 1103 ± 3BrQ3

16 ± 3

16 ± 2

62 ± 4

61 ± 2

Activity 
T61V 

mutant

16 ± 5

13 ± 5

4 ± 8

8± 6

WT
SOP

8 ± 3

17± 2

86 ± 4

79 ± 2

WT + SOD
(s–1)

16 ± 2

10 ± 2

53± 1

54 ± 7

T61V 
+SOD

024 ± 5-54 ± 3RQ3

6 ± 330 ± 4-53 ± 3TMeQ3

9 ± 482 ± 712 ± 4Q3

7 ± 771 ± 637 ± 4DUQ

T61V
SOP

Activity 
WT
(s–1)

Em (mV 
vs SHE)
pH ~ 8 

Quinone
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quinones must sit very close to the surface of the membrane and are more accessible to 

cyt c, therefore they can reduce cyt c by one electron more readily. As explained in 

Chapter 1, the substrate has to be soluble enough to reach the binding sites, which are 

located in the hydrophobic part of the membrane. In addition, there is evidence in the 

literature that points to the fact that the substrate needs to have at least three isoprene 

units (or a long chain of at least ten carbons) in order to be soluble inside the 

membrane.160-162 Although these authors used different methods to come to this 

conclusion, such as measuring the electron transfer ability of the enzyme, we have also 

arrived to their same conclusion.160-162   

In general, we observed that the mutant has slightly lower activity (as compared 

to the WT) with DUQ, Q3 and TMeQ3 as can be seen in Table 4.7 and Figure 4.33.  It is 

important to note that the activities reported in this work were measured in the detergent 

solubilized complex. The detergent (DM, see Section II, steady state kinetics) is known to 

break up the chromatophores (see Chapter 1). In fact, molecules of DM are found to co-

crystallize with the bc1 complex in X-ray crystal structures when it was used in order to 

grow crystals.23 Although DM breaks up the chromatophores making the bc1 complex 

more exposed to the aqueous face, some of the phospholipid membrane (chromatophore) 

must still be present to keep the complex together. In fact, when activity measurements 

were carried out five hours after the addition of DM, no activity was observed (data not 

shown), and we hypothesize that if the membrane is completely disrupted by DM, all the 

important subunits of the complex fall apart. We still believe that even with the 

detergent-solubilized complex, the substrate needs to have enough solubility inside the 
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phospholipid membrane to find the binding pocket at the N center (Qo-site) to deliver its 

two electrons.  

 

 

 

 

Table 4.7: Percent activity of the mutant relative to the WT. Percent activity determined 
from Table 4.6 (blue numbers) assuming that the WT has 100% activity for each 
substrate. BrQ3 (not shown on the table) has the same activity as WT within experimental 
error. RQ3 with T61V (not shown) has slightly higher activity than the WT with the same 
substrate. This case will be discussed later in the text. 
 
 
 
 
 
 

58 %TMeQ3

61 %UQ3

68 %DUQ

% Activity 
T61V

Quinone

58 %TMeQ3

61 %UQ3

68 %DUQ

% Activity 
T61V

Quinone
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Figure 4.33. Rate of cyt c turnover at 27 ± 1 oC for WT and T61V. In the presence of 
DUQ, Q3, TMeQ3 the mutant has slightly lower activity as compared to the WT. In the 
presence of BrQ3 both WT and T61V have the same rate. RQ3 seems to slightly restore 
the activity of the mutant but only to the extent of TMeQ3.  

 

Table 4.7 and Figure 4.33 are based on true turnover rates that are independent of 

the superoxide bypass reaction (blue numbers in Table 4.6). The fact that the mutant has 

lower activity than the WT was also observed with the data sets obtained at 10 oC. 

However, the difference in activities between WT and mutant is more significant at 10 oC 

(Section II). This difference may be due to the fact that rates are simply higher at room 
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temperature. Nonetheless we can observe a difference in rates for WT and T61V at both 

temperatures with DUQ, Q3 and TMeQ3.  

Substrate BrQ3 seems to act as an inhibitor for the WT and T61V mutant bc1 

complexes, and it gave very low rates of cyt c reduction (Table 4.7). This low activity is 

most likely a result of unfavorable midpoint potential. BrQ3 has a very positive potential, 

as seen in Table 4.6 (Em = 103 mV vs SHE, pH ~ 8), which gives this quinone a very 

weak ability to donate electrons (∆Eo ~ ─163 mV). 

 Additionally, RQ3 seems to slightly increase the activity of the mutant enzyme. 

The true turnover rate, i.e., turnover independent of bypass, of the WT enzyme in the 

presence of RQ3 is 8 ± 3 s-1
, whereas the true-turnover rate of the T61V mutant enzyme 

with the same substrate is 16 ±  2 s-1. Based on these numbers, we see an improvement in 

the activity of the mutant of ~ 100 % (from 8 ± 3 to 16 ± 2 s-1). Although we have not 

restored full activity of the mutant (assuming that full activity is ~ 80 s-1, the activity of 

WT with DUQ or Q3), we see a measurable increase in activity. Furthermore, if we 

compare the activity of the T61V mutant enzyme + RQ3 (16 ± 2 s-1)  and that of WT + 

TMeQ3 (17 ± 2 s-1) we see that they are the same within experimental error. Therefore, 

RQ3 restores the activity of the mutant to the extent of TMeQ3. This is not surprising, 

given that the midpoint potentials of TMeQ3 and RQ3 are the same (see Table 4.6). 

However, given that TMeQ3 and RQ3 have the same midpoint potential, one would 

expect the same true turnover for the WT enzyme in the presence of either of these 

substrates which is not what we observed. In Chapter 3 (see Scheme 3.1), we determined 

the pKa of the amino group of RQ3 to be ~5.6 so that at pH 8 (the pH at which activity 
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measurements were carried out), the amino group is believed to be deprotonated. 

However, the pH inside the phospholipid membrane may be different than in 

homogenous solution, and if the amino group is protonated, its midpoint potential may be 

more positive than the one reported, This can explain, in part, the difference observed 

with the WT. Very recently Nasiri et al.98 measured the midpoint potentials (using cyclic 

voltammetry) of several 2-methyl-1,4-napthoquinone (vitamin K3 or menadione) 

derivatives in dimethoxyethane (DME) where one-electron-transfer reaction is 

predominant. Based on their measured values and in addition to theoretical calculations 

and X-ray crystallographic data, they concluded that conformational changes upon 

binding of quinones (such as orientation position of the side chain relative to the quinone 

ring), as well as formation of hydrogen bonds between quinones and their biological 

targets, dramatically change the electron affinities of the substrates.98 For example, the 

experimental Em value of vitamin K3 is –635 mV vs Ag/AgCl in DME.98 However, upon 

the formation of a hydrogen bonded complex with methanol, the midpoint potential 

becomes –457 mV vs Ag/AgCl,XXXV a difference of 178 mV! This large change would 

make RQ3 behave similarly to BrQ3, however that is not what we observe, since the 

activates are very low in the presence of BrQ3 for both WT and T61V. However, 

although a protonated amino group (-NH3
+) and a halogen substituent (-Br) would both 

be electron withdrawing groups, their effects are slightly different. A protonated amino 

group (-NH3
+) is a strong electron withdrawing group due to inductive effects i.e., the 

withdrawal or donation of electrons through a σ bond due to electronegativity and the 

                                                 
XXXV This is a predicted value based on electron affinity values.  
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polarity of bonds in functional groups. On the other hand, a halogen group (-Br) is a 

strong electron withdrawing group based on inductive effects, but it is also a weak 

electron donating group due to resonance effects i.e., the withdrawal or donation of 

electrons through a π bond due to the overlap of a p orbital. Due to the interplay of 

resonance and inductive effects, one would expect the  Em of BrQ3 to be higher (more 

positive) that that of RQ3
+. This would explain, in part, why we see a slight improvement 

in the activity of T61V in the presence of RQ3 (as compared to the activity of the WT in 

the presence of the same substrate).  

The fact that the mutant has lower activity (with DUQ, Q3 and TMeQ3) as 

compared to the WT is in accordance with our previous finding that indicates that heme 

bL in the T61V mutant bc1 complex has a more negative potential than heme bL in the WT 

bc1 complex  (see Chapter 1). A more negative potential would mean that the transfer of 

an electron to mutant heme bL is slightly more uphill and therefore the turnover is lower. 

With DUQ, Q3 and TMeQ3, the lower activity observed for the T61V mutant bc1 complex 

is not related to higher superoxide bypass reaction (as compared to the wild type), since 

mutant and wild type showed about the same production of superoxide (Table 4.7 red 

numbers and Figure 4.35). TMeQ3 and RQ3 have the same midpoint potential, so they 

behave similarly regarding the amount of superoxide production (Table 4.6).  

We have confirmed that the potential window that makes the bc1 enzyme active is 

quite narrow, and spans only ~ 80-90 mV. Additionally, the potential window seems to 

be slightly shifted toward more negative potentials for the mutant (Figure 4.34). This 
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finding corroborates our studies at low temperature (10 oC), where we found that the 

potential window was about ~100 mV.  

 
Figure 4.34. Potential window at room temperature for the WT (top) and T61V mutant 
bc1 complex (bottom). The y-axis represents the “true” turnover rates from Table 4.6 
(blue numbers) in the presence of SOD on which the superoxide bypass reaction has been 
cancelled out.  
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There is a key difference between TMeQ3/RQ3 and BrQ3 regarding the amount of 

superoxide produced: the mutant bc1 complex has high superoxide production (14 ± 5) 

with BrQ3 but not with TMeQ3/RQ3 (6 ± 3 and 0 respectively), whereas the WT complex 

has high superoxide production with TMeQ3/RQ3 (13 ± 5 and 16 ± 5 respectively) but not 

with BrQ3 (3 ± 4). This may suggest that heme bL is involved in the superoxide 

production pathway to different extents for the WT and T61V mutant enzymes, 

depending on the Em of the quinone. This is consistent with the mutant having a slightly 

more negative Em than the WT (30 mV more negative).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.35. Superoxide production in the wild-type (top) and T61V mutant enzyme 
(bottom). The values are the average of five measurements. The assay was carried out in 
the presence of 10 nM bc1, 50 µM cyt c, and 200µM quinone in the presence and absence 
of 300 units/mL of CuZnSOD at 27 oC. 
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In general the immediate precursor to superoxide formation is thought to be the 

semiquinone radical, but its path to O2 is not well known.93 It has been suggested that if 

heme bL is involved in the superoxide pathway, it is possible for reduced heme bL to 

transfer its electron to an oxidized quinone and the semiquinone radical formed from this 

transfer can in turn reduce oxygen to superoxide.21,163,164  How does formation of 

superoxide through heme bL take place? The following arguments address this question 

by discussing the WT and T61V mutant enzymes separately.  

For the wild-type enzyme, in the presence of TMeQ3 and RQ3, we observe a large 

production of superoxide. This is in accordance with what has been reported for RQ3 by 

Cape et al.,133 and given that the midpoint potential for this quinone is very negative (–54 

± 3 mV vs SHE at pH ~ 8) and very similar to that of TMeQ3 (–53 ± 3 mV vs SHE at pH 

~ 8), one would expect similar superoxide production. In addition, the WT and BrQ3 

show a very minimal superoxide production (3 ± 4, essentially zero)  and again this is in 

accordance to what was reported by Cape et al. for 2,3-dimethoxy-5-chloro-6-undecyl-

1,4-benzoquinone93 which is a quinone that contains a halogen attached to the quinone 

head. The theoretical estimation of reduction potential for that particular quinone at pH 8 

is +178 mV vs SHE,93 which is consistent with our results that show the measured 

potential of BrQ3 to be also very positive (+103 ± 3 mV vs SHE at pH ~ 8). 

In the WT enzyme, when TMeQ3 or RQ3 are used as the substrates, after the 

transfer of the first electron to the Fe-S cluster, the semiquinone radical transfers its 

second electron to heme bL. This electron exchange is very favorable (∆G ~ -37 kJ/mol), 

even more so than the transfer of an electron from DUQ to heme bL (∆G ~ -28 kJ/mol).  
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Table 4.8 shows the predicted ∆G values for the electron transfer from semiquinone to 

heme bL in the WT and T61V mutant enzymes.  

 

Table 4.8. Prediction of ∆G values of quinones studied in this work and heme bL from 
the WT and T61V mutant enzyme. Heme bL of the WT enzyme (top table) has a midpoint 
potential of –60 mV vs SHE, an average value from those found in the literature.72,111,165 
Heme bL of the T61V mutant enzyme (bottom table) has a midpoint potential of –90 vs 
SHE (assuming that the potential for the mutant is  30 mV more negative than that for the 
wild type). “Corrected Em” are the midpoint potentials of these quinones inside the 
membrane (see Chapter 5). ∆E = midpoint potential of the electron acceptor minus the 
midpoint potential of the electron donor.    
 

If after the transfer of the second electron to reduce heme bL (bL
+3 + e– = bL

+2), the 

quinone formed at the Qo-site has a very high binding constant (small dissociation 

constant), it can remain attached at the Qo-site instead of dissociating; therefore there 

heme b L WT -60 mV

Quinone
Potential (mV 

vs SHE)
Corrected Em 

(mV vs SHE)
∆Em (mV 
vs SHE) ∆G (KJ/mol)

BrQ3 103 -287 227 -21.9
DUQ 37 -353 293 -28.3
Q3 12 -378 318 -30.7

TMeQ3 -53 -443 383 -37.0
RQ3 -54 -444 384 -37.1

heme b L T61V -90 mV

Quinone
Potential (mV 

vs SHE)
Corrected Em 

(mV)
∆Em (mV 
vs SHE) ∆G (KJ/mol)

BrQ3 103 -287 197 -19.0
DUQ 37 -353 263 -25.4
Q3 12 -378 288 -27.8

TMeQ3 -53 -443 353 -34.1
RQ3 -54 -444 354 -34.2
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would be enough time for reverse electron transfer (from  bL
+2 → quinone) to occur 

(Figure 4.36). In other words, the transfer of an electron from reduced heme bL (bL
+2) to 

a quinone bound at the Qo-site may take place if the molecule remains bound, and thus 

form a semiquinone radical that can potentially reduce O2. This hypothesis stems from 

studies carried out by Drose et al.,163 where it was observed that the rate of superoxide 

production by cyt bc1 is maximal if the ubiquinone pool is partially oxidized (Figure 

4.36). 

In the case of BrQ3, we observe low activity because the transfer of the second 

electron to heme bL is thermodynamically less favorable due to the high potential of BrQ3 

(see Table 4.8). Perhaps BrQ3 is more loosely bound so it escapes from the binding 

pocket before reverse electron transfer can take place and superoxide production is thus 

low although we cannot prove this. This is consistent with our calculations in Chapter 5 

(Table 5.2) that indicate that the high potential of BrQ3 make it an unlikely candidate to 

reduce O2 (∆G = +3.2 kJ/mol). 

Figure 4.36. Proposed mechanism of superoxide formation involving heme bL by reverse 
electron transfer.163  
 

heme bL
+2

heme bL
+3

O

O
OH

O

O2

O2



 

 

161

On the other hand, for T61V and TMeQ3/RQ3, we observe a lower superoxide 

production as compared to that of the WT enzyme with the same substrates (see Table 

4.6).This may be explained by the fact that transfer of the second electron from the 

semiquinone radical of TMeQ3/RQ3 to mutant heme bL is slightly less thermodynamically 

favorable (–34 kJ/mol, see Table 4.8) than in the WT (–37 kJ/mol with TMeQ3/RQ3). We 

may argue that reverse electron transfer between reduced-heme bL (bL
+2) of our mutant 

and TMeQ3/RQ3 is less likely to occur and we observe low superoxide production. This 

would mean that TMeQ3/RQ3 are more loosely bound at the Qo-site of T61V so they 

escape from the binding pocket before reverse electron transfer can take place. Why 

would the binding affinities of the substrates be different for the wild-type and mutant? 

Trumpower et al.40 studied mutations in cytochrome b that affect kinetics of the electron 

transfer at the Qo-site (or center N) in the cytochrome bc1 complex of yeast. Some of 

these mutations slightly modified the midpoint potential of the b hemes and lowered the 

electron transfer rates. From these results, and with the help of molecular modeling, it 

was suggested that these mutations alter the binding of quinone ligands at center N, 

possibly by widening the binding pocket and thus increasing the distance between the 

substrate and the bH heme.40 Perhaps our T61V mutation has also changed the binding 

pocket and thus substrates may dissociate at different rates depending on their structure.  

 However, with BrQ3 we observe a large production of superoxide in the T61V 

mutant enzyme, which is similar to that of WT with TMeQ3/RQ3 (see Table 4.6). As 

mentioned earlier, the high potential of BrQ3 makes it a bad candidate to effectively 

donate electrons to O2 (see Chapter 5, Table 5.2). Even if it escapes from the binding 
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pocket before reverse electron transfer can take place, it would be unlikely for it to reduce 

O2 based on our previous arguments. However, if we assume that the binding pocket of 

our mutant has widened (as suggested by Trumpower et al.), more water molecules can 

enter that pocket which would have an effect in pH and perhaps make the reduction of O2 

more favorable (please refer to Chapter 6, Section I where the importance of pH in O2 

reduction is discussed in detail).  

Although the point mutations studied by Trumpower et. al. are near heme bH and 

our mutation is located near heme bL, it is well established that the reduced Fe-S cluster 

from the ISP rotates to a position near heme c1 (to reduce it by one electron) only after the 

reduced heme bL is oxidized by heme bH.166 In other words, both b hemes function in 

concert, and an effect near one heme may affect the other heme. Therefore, it is not 

impossible for the N center of the cyt bc1 complex in R. sphaeroides to have experienced 

some changes after the T61V mutation. 

The notion of reverse electron transfer has recently been analyzed in the context 

of a dimeric complex were electrons from reduced heme bL (bL
+2) can equilibrate 

between monomers.167 A shift in the equilibrium of one reaction influences the equilibria 

of all remaining reactions.168 

Why does reverse electron transfer occur only in the WT bc1 complex with 

TMeQ3/RQ3 but not in the T61V mutant? Why does BrQ3 dissociate from the binding site 

in the T61V mutant bc1 complex to produce so much superoxide, but not in WT? These 

questions may be addressed by measuring the apparent binding constants for these 

quinones (Chapter 6).  
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 In principle, it is well established that the rate determining step of the Q-cycle is 

the first electron transfer to the ISP. Therefore any change in activity observed on the 

T61V mutant complex must be related to a change on the ISP. Since we do observe 

differences between the WT and T61V mutant bc1 complexes, it is worth studying the 

effects that this mutation had on the ISP (See Chapter 6).  
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CHAPTER 5 

THERMODYMANICS OF ELECTRON TRANSFER  
 

I. Superoxide (O2¯•) formation.  
 

The electron transport chain (particularly Complexes I and III) is one of the main 

sites for one-electron redox chemistry to form superoxide (O2¯•). To understand the 

formation of superoxide, we need to understand some key aspects about O2 chemistry. A 

thermodynamic requirement for the reduction of molecular oxygen is that the electron 

donor must have a lower (less positive or more negative) midpoint potential at the pH of 

interest, than the couple O2(g)/O2¯•. This needs to be the case so that the change in 

midpoint potential (∆Em,pH) between the electron acceptor and the donor can give a value 

that would make ∆G < 0 (thermodynamically favorable reaction). The reduction potential 

or midpoint potential (Em) is a measure of the tendency to accept or donate electrons, and 

it is related to ∆G through the Nernst equation. 

∆G7º = -nF∆Em,7                                  (Eq. 5.1) 

where n is the number of electrons transferred, F is a proportionality constant called the 

Faraday constant (96485 J/V•mol), ∆Em,7 is the difference in midpoint potentials at 

standard state and pH 7 (which by convention is expressed as Em
  of the electron acceptor 

minus Em of the electron donor) and ∆G7
o or standard state free energy of the reaction at 

pH 7 (or other chosen pH). A strong reducing agent is poised to donate electrons and has 

a more negative reduction potential, whereas a strong oxidizing agent is ready to accept 

electrons and has a more positive reduction potential. The Em,7 of molecular oxygen has 

been quoted for many years to be –330 mV169 for the couple O2(g)/O2(aq)¯•. This value has 
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been revised to a higher value of Em,7 = -140 mV.170 This is because O2¯• is in 

equilibrium with H2O2 (aq) and O2 (aq) via disproportionation, although the equilibrium 

constant heavily favors H2O2 (aq) + O2 (aq). Therefore, the value Em,7 = -140 mV 

corresponds to equation 5.2.  

 

                (Eq. 5.2) 
 
This value indicates that a strong reducing agent is required to reduce molecular oxygen. 

However, it is important to stress that midpoint potential is a measure of thermodynamics 

and it cannot always be used to predict the outcome of a reaction. In some occasions, it 

may be possible that although a reaction is thermodynamically favorable, kinetically it 

may be so slow that it has no biological relevance and does not happen at all. In any case, 

free radical reactions, due to their low activation energies are expected to follow 

thermodynamic arguments.  

 Experimentally, O2¯• production has been observed in some complexes of the 

mitochondrial electron transport chain, but not in others.  In accordance to 

thermodynamics, O2¯• has been observed in Complex I and III. This is because the 

oxygen reducing agents in those two complexes (i.e. quinones) have midpoint potentials 

that are lower than that of the O2(g)/O2¯• couple. Very recently, it has been observed that 

Complex II (which also employs quinones as substrates), under certain circumstances 

(such as light induction or mutations) can also produce reactive oxygen species 

(ROS)171,172 including O2¯•. For the remainder of this section, the discussion will focus in 

the production of superoxide in Complex III, where it is still debated whether it is within 

O2 + HO2
- + OH- = 2O2

-. + H2O
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the enzyme itself that superoxide is produced, or whether it is the intermediate 

(semiquinone) or product (ubiquinol) which triggers this damaging production.  

 

Component Em,7 
Qo¯•/QH2 (free solution) 90 mV 

Qo¯•/QH2 700 to 300 mV 
Qo/ Qo¯• –300 to –400 mV 

Qi¯•/QH2 (yeast) 200 mV 
Qi /Qi¯• (yeast) 110 mV 
Cytochrome bL –90 mV 
Cytochrome bH 50 mV 
Rieske 2Fe-2S 290 mV 
Cytochrome c1 220 mV 
Cytochrome c 260 mV 

 
Table 5.1.XXXVI Midpoint potentials for all the redox components in the cytochrome bc1 
complex.8,173 Potentials are indicated in mV at standard state and pH 7. Qo indicates a 
quinol molecules bound at the Qo site of the enzyme and Qi indicates a quinone molecule 
bound at the Qi site or the opposite site of the enzyme (see Chapter 1 for a detailed 
discussion of binding sites).  
 

Table 5.1 gives the midpoint potentials of the redox centers and substrates of the 

cytochrome bc1 complex.165 It is very important to note that the values for the 

semiquinones bound to the membrane greatly differ from the values in free solution. 

Furthermore, the midpoint potential of the semiquinone bound at the Qo site is different 

than the midpoint potential of the semiquinone bound at the Qi site. Although Muller has 

given this simple table as a reference, it is important to make a few clarifications. The 

potential in free solution is basically the midpoint potential of the quinone pool in the 

membrane, i.e. the midpoint potential measured by EPR of all possible quinone/quinol 

species.174,175 Midpoint potentials at the Qo site were measured indirectly. The rate of 
                                                 
XXXVI Muller does not indicate the protonation state of the semiquionone radical. In this chapter we are 
assuming that the bound quinone is not protonated, in other words, it has already transferred its protons. 
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reduction of heme bH was measured in the presence of AA and equilibrium constants at 

different temperatures were obtained. From those data and after the generation of an 

Arrhenius plot, an activation barrier was obtained. Assuming that the Qo¯• species is at an 

energy level close to the activation barrier, midpoint potential values were calculated at 

pH 7.176 Midpoint potentials at the Qi site were measured by observing an EPR signal at 

room temperature in the presence of different mediators. This signal appeared to remain 

unchanged at pH 7.4 and 8.4.173 However, it seems unlikely that this method could have 

measured the midpoint potential of only the quinone species bound at the Qi site. In fact, 

evidence appears in the literature that two populations of semiquinone radicals are 

observed by EPR.49 How Muller was able to deduce these values from the reference 

provided, which is based on EPR data, is puzzling. In any case, very recent evidence does 

suggest that the semiquinone radical bound at the Qi site has a midpoint potential of 150 

mV in chromatophores.177 This is confirmed because upon the addition of AA, the EPR 

signal disappears. This value is higher than that of the quinone pool by 60 mV in R. 

sphaeroides.177,178 The fact that the quinone bound at the Qi site has a higher midpoint 

potential than the quinone bound at the Qo site and quinones in free solution is still valid. 

The following section discusses why there are such big differences in potentials when the 

quinone species is the same in all cases.  

Although the groups attached to the quinone head modulate the midpoint potential 

of the substrate, the binding site can also control the potential of the quinone. Despite 

having the exact same chemical composition, the quinone species bound at the Qo site has 

a much more negative potential (–400 to –300 mV)176 than the species bound at the Qi 
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site (110 mV, Table 5.1).173 If the quinone bound at the Qo site has a lower midpoint 

potential than the O2(g)/O2¯• couple, and the quinone bound at the Qi site has a potential 

that is incapable of thermodynamically reducing molecular oxygen, this might explain, in 

part, why the production of superoxide is greatly associated with the Qo site and not with 

the Qi site.  

How can the protein binding pocket itself control the potential of the substrate? 

The modulation of midpoint potential has to do with preferential binding of the transition 

state.179 This is simply how enzymes work! During catalytic activity of an enzyme, the 

protein can choose to bind the transition state more tightly than either reactant(s) or 

product(s). In this way, the enzyme can stabilize itself and lower the activation energy for 

the chemical reaction.150 And of course, activation energy is related to ∆G, which is in 

turn related to midpoint potential. For example, Complex III can modulate the midpoint 

potential of the quinone species at the Qo site by binding either reactant (ubiquinol) or 

product (ubisemiquinone) much more strongly than the transition state. In doing so, it 

controls the potential so that the activation energy for the chemical step can be lowered. 

This may only be the case if the first law of thermodynamics is followed (the law of 

energy conservation), so that the arithmetic mean of the midpoint potentials of the first 

couple (QH2/Q¯•) and the second couple (Q¯•/Q), must be equal to that of the two 

electron transfers (Q/QH2).8  

Based on the available X-ray crystal structures of Complex III, there are two 

possible locations where the reduction of O2(g) could take place, in the aqueous phase or 

inside the phospholipid membrane: 
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 If formation of O2¯• takes place in the aqueous phase, then the semiquinone 

radical or an electron somehow needs to escape the binding pocket in order to react in the 

hydrophilic side with O2(g). In fact, there is a tunnel at the top of the Qo site, which is used 

by the ISP to oxidize UQH2. The majority of amino acids that are located close to the Qo 

site are hydrophobic,3 so it is through this tunnel that the Qo site connects to the aqueous 

phase. Equation 5.3 shows the reaction that would take place if the semiquinone radical 

transfers one electron to O2(g) in the aqueous phase. 

 (Eq. 5.3) 

This reaction takes into account the fact that O2¯• is in equilibrium with H2O2 (aq) 

and O2 (aq) and the midpoint potential for the O2(g)/O2¯• couple would be Em,7 = -140 mV. 

Although escape of an electron through the tunnel that connects the Qo site with the 

hydrophilic side of the membrane is a plausible scenario, the contact area between the 

Q¯• and the aqueous phase remains relatively small, and it is very unlikely that the 

semiquinone radical,XXXVII which so reactive, could remain intact as it travels through the 

tunnel to meet an O2 molecule in the aqueous phase. An alternative mechanism proposed 

by Dr. Florian Muller is the production of O2¯• inside the phospholipid membrane.165  

 There are several reasons to believe this mechanism is possible: O2(g) is soluble in 

the lipid phase, which results in a steady state concentration of oxygen of about 8-fold 

higher in the phospholipid membrane than in an aqueous environment.165 The x-ray 

                                                 
XXXVII The semiquinone radical is shown as Q¯• since it is believed to be deprotonated by glutamic acid of 
the conserved cytochrome b PEWY motif (E272 in yeast and E295 in R. sphaeroides. 

QH. + O2 + HO2
- + OH- O2

-. + Q + H2O + H+
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crystal structures available show a very spacious cavity at the Qo site, where oxygen 

could easily diffuse to react with the semiquinone at that site. Although that cavity needs 

to be filled with something, probably water molecules, dioxygen could diffuse into the 

cavity, and displace water molecules. The oxygen molecules could diffuse into the 

docking site along the long isoprenoid tail of the substrate. One may think that if this is 

the case, the longer the isoprenoid tail, the more oxygen that can diffuse into the Qo site. 

However, studies show that the length of the tail is not a critical factor in the quinone 

antioxidant activity. This was determined by incorporating Q0, Q1, Q3 and DUQ 

(decylubiquinone) into egg lecithin vesicles and measuring antioxidant activity by 

inducing lipid peroxidation in the vesicles. In fact, what was concluded from these 

experiments is that as long as the quinone is able to incorporate into the phospholipid 

membrane, i.e. if the quinone is soluble in the lipid phase, the length of the tail has no 

effect in antioxidant activity.160,180 However, superoxide production was not directly 

measured. In any case, regardless of the length of the tail, oxygen can diffuse from inside 

the membrane along the ubiquinol tail. In the lipid phase the Em for the O2(g)/O2¯• couple 

is Em = -700 mV because that a negative charge is generated in an aprotic environment,181 

and equation 5.4 shows the chemical reaction: 

 (Eq. 5.4) 

where (lipid) refers to molecules inside the phospholipid membrane. 

A midpoint potential of –700 mV is fairly low and according to Table 5.1, 

semiquinone would not be able to produce superoxide. But if we say instead that the 

QH. + O2(lipid) HO2
.
(lipid) + Q
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semiquinone reacts inside the membrane to produce the protonated form of superoxide: 

HO2
• (hydroperoxyl or peroxy radical) then the redox potential would be Em = –261 mV 

at pH 7, so that: 

                   (Eq. 5.5) 
 

Dr. Muller used the following reasoning to arrive at the previous Em value: The 

Em of O2(g)/HO2
• derived from ∆Go is +152 mV.170 Since this value is calculated at pH 0, 

we need to convert it to pH 7. Using the Nernst equation, we obtain a value of –261 mV 

at pH 7. According to Muller, if we account for the low dielectric environment of the Qo 

site the number should be somewhat higher, perhaps around –200 mV;165 however, he 

does not provide any calculations to explain the “somewhat higher” value. In any case, 

once HO2
•
(lipid) is formed, it could then diffuse to either side of the membrane and 

equation 5.6 highlights what would happen once it is in contact with water outside the 

membrane:  

                           (Eq. 5.6) 
or if the pH is high, equation 5.7 would apply: 
 

                 (Eq. 5.7) 
 

 This is a very plausible scenario, since it is well known that O2¯• is a strong base 

and the pKa of its conjugate acid HO2
• has been measured as 4.8 in aqueous solution.156 

Inside the phospholipid membrane this value may be somewhat higher, given the fact that 

QH. + O2(lipid) O2
-. + Q + H+

HO2
.
(lipid) + H2O O2

-. + H3O+

HO2
.
(lipid) + OH- O2

-. + H2O



 

 

172

the membrane is hydrophobic, with the presence of only a few water molecules. 

Therefore, at pH 7 (outside the membrane), superoxide is mainly deprotonated, but inside 

the hydrophobic membrane O2¯• could compete for protons at the Qo site. The proton 

could come from the UQ•H itself (there is experimental evidence that this could happen 

in vitro at appreciable rates)182 or from E272 in yeast or E295 in R. sphaeroides (glutamic 

acid located on cyt b). There is also good evidence that HO2
• can cross biological 

membranes based on experiments with synthetic membranes. It was reported that O2¯• 

generated inside synthetic phospholipid membranes, at pH 7.3183 rapidly 

disproportionates before reaching the outside of the membrane. HO2
• should have about 

the same ability to cross membranes as H2O. 

 If we use the logic presented by Muller to determine the midpoint potential of 

HO2
• at pH 8, the pH at which the quinones in this work have been measured, we obtain a 

value of –320 mV for the O2(g)/HO2¯• couple. Can the quinones studied in this work 

reduce oxygen inside the membrane to produce HO2
•? The midpoint potentials for the 

quinones measured in this work (Table 5.2)XXXVIII are values in aqueous solutions and we 

must convert these values to predicted values inside the membrane. From Table 5.1, we 

know that quinones bound at the Qo site have a midpoint potential that is 390-490 mV 

more negative than those in free solution (+90 mV for free solution quinones vs –300 to  

–400 mV for quinones bound at Qo). The column in Table 5.2 labeled “corrected Em” 

                                                 
XXXVIII Although it was determined in Chapter 4 that Q1 and Q2 are not soluble inside the phospholipid 
membrane, they are included in this table simply for comparison. Although the most recent X-ray crystal 
structure of Complex III in R. sphaeroides shows Q2 bound at the Qi site (PDB 2QJY), this is simply a 
model created during the refinement of the structure. Due the long tail of native Q10, the quinone falls 
rapidly into discontinuous electron density and therefore was modeled with only two isoprenoid units.  
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makes the assumption that the bound-quinone-potentials are at least 390 mV more 

negative than those measured at pH 8 in aqueous solution.  

 

 
Table 5.2. Predicted midpoint potentials and ∆G8

o values at pH ~ 8 for the reduction of 
O2. Midpoint potentials expressed in mV at pH ~ 8 (see Chapter 3 for exact conditions).  
∆G8

o for the reduction of molecular oxygen to give HO2
• was calculated based on Eq. 5.8 

below. ∆Em was calculated based on Eq. 5.9 where the potential for the electron acceptor 
is the Em for the O2(g)/HO2¯• couple (-320 mV); and the potential for the  electron donor 
is the quinone (“corrected Em”). Corrected values are based on Muller data and are 
explained in the text.  
 
 

                                         ∆G8º = -nF∆Em,8                                                 (Eq. 5.8) 

∆Em = Em (electron acceptor) – Em (electron donor)                    (Eq. 5.9) 

 

The corrected Em values are the result of subtracting 390 mV from the measured 

values at pH 8.  This correction factor is based on Muller’s data (Table 5.1), where it is 

indicated that quinones in free solution (quinone pool inside the membrane) have a 

potential that is more positive than the potential of quinones bound at the Qo site. The Em 

for the Q¯•/QH2 couple in free solution is +90 mV whereas the Qo¯•/QH2 (semiquinone 

bound at the Qo site) is –300 to –400 mV.  These values reflect a difference in potentials 

of at least 390 mV. The midpoint potentials measured in aqueous solutions at pH ~ 8 are 

Quinone
Potential (mV 

vs SHE)
Corrected Em 

(mV vs SHE)
∆Em (mV 
vs SHE) ∆G (KJ/mol)

DUQ 37 -353 33 -3.18
Q1 27 -363 43 -4.15
Q2 24 -366 46 -4.44
Q3 12 -378 58 -5.60

TMeQ3 -53 -443 123 -11.9
RQ3 -54 -444 124 -12.0
BrQ3 103 -287 -33 3.2
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potentials for the Q/QH2 couple. Assuming that the value for the Q¯•/QH2 couple is very 

similar to the two-electron transfer (see Chapter 3), by subtracting 390 mV we would at 

least have an estimate of the potentials inside the membrane at the Qo site. Although the 

calculations in Table 5.2 are carried out at pH 8, and we do not know the exact pH inside 

the Qo site cavity, we can make the assumption that the pH is perhaps close to 

physiological pH and therefore pH 8 is a close approximation. Based on the values 

calculated for ∆G8
o the reduction of O2 by the quinones studied in this work to give HO2

• 

is a thermodynamically favorable reaction (∆G8
o < 0). These rough calculations give 

rather small negative free energy values for DUQ, Q1, Q2 and Q3, which explains, in part, 

why there was not a significant production of superoxide in their presence, which thereby 

leads to high activity of the enzyme and little or no bypass (Chapter 4). In contrast, when 

TMeQ3 and RQ3 were studied, a very low activity was observed, perhaps due the higher 

likelihood of these quinones to reduce O2 (as compared to DUQ). The formation of HO2
• 

depends on pH, and given that the pKa of the conjugate acid of O2¯• has been measured 

as 4.8, at pH 8 it would be largely deprotonated. This argument agrees with our 

hypothesis that HO2
•, after diffusing to either side of the membrane, rapidly deprotonates 

(equations 5.6 and 5.7).  However, inside the membrane, (where the HO2
• is hypothesized 

to be made), even if superoxide is formed, it can compete for protons (the pKa of E272 in 

yeast is approximately 5.7).134,184 In summary, it is conceivable that HO2
• is produced 

inside the membrane instead of the well-known O2¯• by low potential semiquinones.  

Can midpoint potentials alone predict the formation of HO2
• by ubiquinone? In a 

very recent publication,182 a number of experiments were carried out in vitro, which 
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included detailed kinetic and mechanistic investigations by laser flash photolysis, 

inhibited autoxidation studies, and theoretical calculations provide many important 

insights of the reaction of 1,4-semiquinones with O2. The experiments were carried out in 

acetonitrile and chlorobenzene, which are solvents that could mimic the environment 

inside the membrane in the sense that they are aprotic solvents of medium to high 

dielectric constant and the membrane is mostly hydrophobic.XXXIX These studies suggest 

that the formation of HO2
• can take place by an unusual hydrogen abstraction mechanism 

that takes place in two steps: 1) addition of the semiquinone radical and 2) intramolecular 

hydrogen atom transfer concerted with elimination of HO2
• as shown in Scheme 5.1. If 

the mechanism occurred through electron transfer, in acetonitrile (a more polar medium 

than chlorobenzene), one would expect to observe an enhancement in electron-transfer 

rate. However, the rate constant actually decreased by an order of magnitude in 

acetonitrile as compared to that in the more apolar chlorobenzene.182 In other words, the 

mechanism does not involve electron transfer of semiquinone to O2!! 

                                                 
XXXIX Although a few water molecules may diffuse into the membrane, aprotic organic media is a more 
appropriate model for lipophilic natural or synthetic hydroquinones. 
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Scheme 5.1. Proposed mechanism for the formation of peroxyl radical by the reaction of 
1,4-p-benzoquinone with molecular oxygen. 
 
 The addition of oxygen to the hydroxyl carbon of the semiquinone is expected 

based on spin distribution calculations.182 In addition, the peroxyl radical that results from 

such addition is stabilized by hyperconjugation between the σC-OO* and lone pair of the 

oxygen atom of the geminal hydroxyl group. Also, there is added stabilization by the 

subsequent formation of an intramolecular H-bond. In contrast, if oxygen adds to either 

of the ortho positions, the molecule is not benefitted by any of the previous stabilizations, 

in fact the carbonyl group (formerly C-O•) inductively withdraws electron density from 

the C-OO• moiety, destabilizing it.182 

 The calculations determined by Valgimigli et al.182 indicate that the reaction of 

1,4-semiquinone radical with O2 is overall slightly endothermic. They argue that, because 

the reaction involves the same number of reactants and products, the entropy factor can 

be considered negligible, so ∆H is approximately equal to ∆G (see equation 5.7), giving a 

value of ∆G = 9.4 kcal/mol for the reaction of 1,4-semiquinone radical and O2.  

                                                 ∆G = ∆H – T∆S                                                    (Eq. 5.7) 
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In addition, the rate constants determined by Valgimigli et al. (around 106 M-1s-1),182 are 

very similar to those determined in aqueous solutions (at pH 6.8), although the 

mechanism is entirely different (in water the reaction proceeds through electron transfer 

either from the semiquinone radical or from its deprotonated radical anion to O2). This 

evidence suggests that the formation of HO2
• inside the phospholipid membrane, 

although kinetically possible (~106 M-1s-1) it is not very thermodynamically favorable, 

based on the overall positive ∆G (+9.4 kcal/mol). This value also agrees with theoretical 

calculations carried out by Wang and Eriksson.185 Whether the mechanism proceeds by 

electron transfer (as argued by Muller)165 or by addition of oxygen and subsequent proton 

abstraction, both mechanisms lead to the same conclusions: In a hydrophilic 

environment, upon reaction of semiquinone radical with O2, formation of HO2
• is more 

likely to take place rather the often discussed O2¯•; additionally the reaction, although 

kinetically possible, is not thermodynamically possible (∆G = 9.4 kcal/mol182 or 9.9 

kcal/mol185). This is consistent with the observation that the quinones studied in the 

present work can, in principle, reduce O2, yet the ∆G for the process is only slightly 

negative.  

II. Electron transfer to heme bL. 

Based on the preceding arguments, under normal conditions inside the membrane, 

reaction of semiquinone radical with oxygen is possible, yet bypass reactions are almost 

negligible. Therefore, we decided to look at the ∆G for the transfer of an electron to heme 

bL, which would happen during the normal Q-cycle mechanism. After the first transfer of 

an electron through the high potential chain, the semiquinone radical (most likely in the 
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form QH• rather than Q-• based on Crofts’ model) is ready to transfer the second electron 

to heme bL, which has its iron center in the ferric state (Fe+3). The values of midpoint 

potential for heme bL available in the literature are: –90 mV reported by Muller165, –30 

mV of Trumpower111 and –60 mV of Trumpower.19 The ∆G for the transfer of an 

electron to heme bL is reported in Tables 5.3 and 5.4 for the WT bc1 complex and the 

T61V mutant bc1 complex, respectively, using an average value for heme bL of –60 mV. 

Again, potentials for the quinones are reported as “corrected E” based on previous 

arguments.XL  

 

 

Table 5.3. Predicted ∆G for WT in the presence of the quinones studied in this work (all 
values at pH ~ 8). ∆E is the difference between the electron acceptor (heme bL) minus the 
electron donor (quinone) (see equation 5.9). “Corrected” values represent the midpoint 
potential value for quinones inside the membrane. ∆G values calculated based on 
equation 5.8. Activity is the rate of cyt c reduction (independent of bypass) at room 
temperature (Chapter 4). 
 
 
 
 

                                                 
XL Quinones Q1 and Q2 were not included in Tables 5.3 and 5.4, since it was determined in Chapter 4 that 
they are not soluble inside the phospholipid membrane.  

heme b L WT -60

Quinone
Potential (mV 

vs SHE)
Corrected Em 

(mV vs SHE)
∆Em (mV 
vs SHE) ∆G (KJ/mol) Activity (s-1)

BrQ3 103 -287 227 -21.9 3 ± 1
DUQ 37 -353 293 -28.3 79 ± 2
Q3 12 -378 318 -30.7 86 ± 4

TMeQ3 -53 -443 383 -37.0 17 ± 2
RQ3 -54 -444 384 -37.1 8 ± 3
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Table 5.4. Predicted ∆G for T61V in the presence of the quinones studied in this work 
(all values at pH ~ 8). ∆E is the difference between the electron acceptor (mutant heme 
bL,      -90 mV, measured in our lab) minus the electron donor (quinone) (see equation 
5.9). “Corrected” values represent the midpoint potential value for quinones inside the 
membrane. ∆G values calculated based on equation 5.8. Activity is the rate of cyt c 
reduction (independent of bypass) at room temperature (Chapter 4). 
 
 

Based on Table 5.3, for the wild type enzyme, it is clear that in the presence of 

DUQ and Q3, little superoxide bypass reaction takes place. The transfer of one electron to 

heme bL is more thermodynamically favorable than the transfer of one electron to 

molecular oxygen (Table 5.2). Also, the rates of cytochrome c are relatively high, 

presumably because the Q-cycle is uninterrupted. As for Table 5.4, the mutant bc1 

complex shows lower activity with DUQ and Q3 because the transfer of one electron to 

the mutant bL heme is less thermodynamically favorable than in the wild type enzyme. 

However TMeQ3 and RQ3 present a puzzling case. Although transfer of one electron to 

heme bL (in both wild type and the mutant) is more favorable than the transfer of one 

electron to oxygen (Table 5.2), the rates of reduction for cytochrome c are relatively low, 

indicating that the second electron is not being transferred to heme bL. One possibility is 

that although the transfer of one electron to heme bL is thermodynamically favorable 

(more favorable than the reduction of oxygen in the lipid membrane), the reaction may be 

heme b L T61V -90

Quinone
Potential (mV 

vs SHE)
Corrected Em 

(mV)
∆Em (mV 
vs SHE) ∆G (KJ/mol) Activity (s-1)

BrQ3 103 -287 197 -19.0 5 ± 1
DUQ 37 -353 263 -25.4 54 ± 7
Q3 12 -378 288 -27.8 53 ± 1

TMeQ3 -53 -443 353 -34.1 10 ± 2
RQ3 -54 -444 354 -34.2 16 ± 2
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kinetically slow and therefore biologically irrelevant. Instead, the electron goes on to 

reduce oxygen to produce HO2
• (hydroperoxy or peroxy radical) simply because it is 

kinetically more feasible. However, as explained earlier in this section, midpoint potential 

may not be the best predictor of peroxy radical formation if the mechanism involves, in 

fact, the addition of oxygen to the semiquinone radical as unarguably shown by 

Valgimigli et al.182 If this is the actual mechanism, then experimentally measuring ∆Hr 

may be a better way to understand the fate of the second electron transfer.   
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CHAPTER 6 

FUTURE WORK 
 
I. Quinone electrochemistry. 

 In polar aprotic solvents the electrochemistry of p-quinones is relatively simple, 

two electrons are transferred and the midpoint potentials for each electron transfer step 

can easily be measured.186 However, accurately determining midpoint potentials of 

quinones in aqueous solutions is very challenging. First, the potentials for the individual 

steps of reduction are not discernible. Second, protons are also being transferred, which 

makes the reaction pH dependent. To add to the complexity of aqueous quinone 

electrochemistry, disproportionation93,148,149 can lead to apparent irreversibility and slow 

kinetics of electron transfer (this work).  

 Protein film voltammetry (PFV)187-189 has been used in the past to determine 

reduction potentials of redox centers in proteins. The technique is based on the adsorption 

of the protein on the unmodified surface of an electrode (such as a graphite electrode). 

Once the protein is adsorbed, cyclic voltammetry can accurately measure midpoint 

potentials in seconds, and the anodic and cathodic peaks have a very small peak-to-peak 

separation (reversible behavior). Additionally, this technique is useful for studying the 

dynamics of a particular redox system. For example, using varying scan rates, Armstrong, 

et al. studied the movement of protons to and from different redox states of the  [3Fe-4S] 

clusters in ferredoxins.190,191 

 This technique may be useful for studying enzymes that often have redox centers 

deeply embedded within the protein matrix. It would be interesting to see if we can 
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measure midpoint potentials of quinones adsorbed on electrode surfaces or in protein 

films. Schrebler, et al.106 reported studies carried out with UQ10 adsorbed onto a pyrolytic 

graphite electrode in aqueous buffered media. They were able to observe a reversible 

redox process only at pH = 11. At all other pH values (1-13) the process was irreversible. 

However, it is possible that the long 10-unit-isoprenoid-tail could have caused the 

irreversibility. The electrochemical kinetics of the quinone/hydroquinone redox couple in 

aqueous solutions has been found to be very sensitive to the nature of the species 

adsorbed on the electrode surface.192 UQ10 in free solution is known to form micellar 

aggregates,99 and perhaps micelles would adsorb differently as compared to quinones 

with no tail. Therefore, the adsorption of micellar aggregates may impede fast electron 

transfer through the electrode.   

 Uosaki and coworkers193 carried out studies that seem promising.  They studied 

the redox properties of 2-mercaptohydroquinoneXLI adsorbed on a gold electrode in both 

buffered and unbuffered solutions. Reversible waves due to the redox process of the 

immobilized quinone were observed. Furthermore, midpoint potentials varied with pH 

with a slope of –60 mV per pH unit. This represents that the reaction proceeds through a 

2 e-, 2 H+ transfer. Midpoint potentials were also compared to those of free 

quinone/hydroquinone species in solution. It was learned that the midpoint potentials for 

the immobilized quinone were more negative than those of free quinone in solution. This 

finding agrees with a previous report by Muller that found that bound quinones have 

more negative potentials than those of quinones in free solution.165 Although Muller 

                                                 
XLI A hydroquinone with a –SH substituent group. 
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refers to quinones bound at the Qo site of the cytochrome bc1 complex, adsorbed quinones 

seem to behave in the same way. Even when the quinones synthesized in the present work 

have a 3-unit-isoprenoid-tail (12 carbons), the tail is not long enough to form micellar 

aggregates, as long as we keep the adsorbed quinone concentration low. Most likely, the 

higher the quinone concentration, the higher the number of molecules that would adsorb 

on the electrode and thus, the more likely micellar aggregation can take place, leading to 

irreversibility.  

This method may not give us information about one-electron transfer potentials, 

however, if molecules are already adsorbed on the electrode surface, this method, in 

principle, would make the flow of electrons through the electrode more efficient. 

Furthermore, by varying the scan rate we may be able to obtain information about the 

protonation steps.190 Alternatively, we could try to adsorb the bc1 complex itself on an 

unmodified electrode (such as a graphite electrode), with our newly synthesized quinones 

bound at the active sites of the enzyme. Some models suggest that the natural substrate is 

only loosely bound at the active sites.176 If we add a very large excess of a synthetic 

quinone, the naturally occurring UQ10 (in the case of R. sphaeroides) would be displaced. 

In fact this is how several EPR studies on the reduced Fe-S cluster of cytochrome b6f and 

bc1 in the presence of various inhibitors have been carried out. By adding a large excess 

of the inhibitor, the natural substrate can be easily displaced.31,153,194 After adsorption of 

the protein on the electrode surface, we can do cyclic voltammetry and be able to 

measure midpoint potentials of bound substrates. It is true that if we have excess unbound 

substrate that also happens to adsorb on the electrode, CV peak interpretation can be very 
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complicated. However, as mentioned earlier, it has been reported that the midpoint 

potentials of bound quinones are more negative than those in free solution, which can be 

a useful piece of information when interpreting data.74,165 

The presence of so many redox centers (Fe-S and hemes bL, bH and c1 in each 

monomer) can also add to the complexity of CV interpretation. Another alternative route 

to measure midpoint potentials of bound quinones is to measure the redox potential of the 

Qo site by addition of excess Antimycin A (inhibitor known to bind at the Qi site). In this 

way, we can isolate the Qo site and then, use spectroelectrochemistry (SEC) to measure 

the redox potential of  the Fe-S cluster (in the presence of our synthesized quinones), as 

we vary the potential with the help of a potentiostat. By observing the amplitude of the gy 

resonance of EPR spectra and by using the Nernst equation for a one electron transfer, we 

can measure the Em of the Fe-S cluster in the presence of various quinones. This 

technique has been used before in the presence of inhibitors such as MOA 

(methoxyacrylate)-stilbene and DPA (diphenylamine)30,195 and in measuring the potential 

of several ISP mutants.12  

If we want to measure the one-electron transfer potentials, the more relevant 

process for lipophilic quinones, we can use an aprotic organic solvent where the one-

electron transfer reduction is predominant.98 Additionally, aprotic solvents mimic the 

hydrophobic protein environment in which the quinone substrate is embedded. However, 

this medium can only be a model, since the pH inside the binding pocket is altered by 

nearby residues and the number of water molecules present. 
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II. EPR spectroscopy. 

 We have learned with this work that our mutant bc1 complex (T61V) in R. 

sphaeroides has slightly lower activity than the WT complex. It is well-accepted that the 

rate determining partial reaction in the bc1 complex is the transfer of the first electron to 

the Fe-S cluster.33,42,127,158,196 If the rate-limiting step is the first electron transfer, a 

mutation on cytochrome b should not have an effect on the overall turnover of the 

enzyme. Therefore, we think it is important to study the possible changes caused in the 

iron-sulfur protein or ISP (where the Fe-S cluster is located), upon T61V mutation of the 

bc1 complex (in R. sphaeroides) or T46V (in yeast). Furthermore, we can investigate 

changes on the Fe-S cluster caused by the presence of the different substrates studied in 

this work. 

 The EPR signature for the reduced Fe-S cluster of Complex III has been studied 

in the past to assess the environment around this redox center. Daldal et al. have carried 

out studies with several b heme mutants and specific inhibitors at the Qo site. Based on 

these studies, it is evident that, in order to sustain efficient QH2 oxidation, there has to be 

intimate protein-protein interaction between cyt b and the Fe-S subunit.25 Therefore, a 

point mutation of cyt b can potentially have an effect on the ISP and thus affect the 

overall turnover of the enzyme.  

Furthermore, EPR spectroscopy has also been used to observe the Fe-S domain 

movement by using two-dimensionally ordered membrane samples.26 In addition, Borek 

et al. have measured the production of superoxide on a mutant of cytochrome bc1 that 
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severely impedes the movement of the Fe-S cluster (FeS motion knockout).164 They 

found that no superoxide accumulates in this knockout in the presence of SOD. 

Therefore, they have concluded that it is only during the time interval when the Fe-S 

cluster moves to deliver one electron to cyt c1 that the semiquinone radical can reduce 

oxygen. We observed negligible superoxide production for our T61V mutant bc1 complex 

in the presence of decylubiquinone (DUQ), but in the presence of BrQ3 we see a 

significant superoxide production. We argue that this is due, in part, to the fact that we 

have changed the orientation of the histidine axial ligands as well as the midpoint 

potential of heme bL (see Chapter 4). In addition, it would be interesting to study whether 

the flexibility of the Fe-S cluster has also been affected in our mutant and thus caused the 

changes that we have observed. 

There is evidence in the literature that suggests that the Qo site can accommodate 

at most two QH2 molecules.29-31 Knowing the characteristic gx resonances for 0, 1 and 2 

molecules bound at the Qo site (1.765, 1.783 and 1.800 respectively) gives us a starting 

place for investigating the binding of the different quinones synthesized in this work. For 

example, due to the different substituents attached at the quinone head, the enzyme may 

choose to bind 1 or 2 substrates during catalytic activity. Although it was concluded in 

this work that midpoint potentials of the quinones have an influence on the activity of the 

enzyme and in superoxide production, position and identity of the different substituent 

groups and their effects upon binding to the enzyme were not explored. 
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Figures 6.1-6.3 show our preliminary data of different EPR spectra of the Fe-S 

cluster in the presence of native QH2.XLII The typical gx resonance for the presence of 2 

quinone molecules was only observed on purified bc1 (Figure 6.1). If we add an excess 

of our newly synthesized quinones (Chapter 2) we can displace the native quinone and 

observe the interaction between our quinones and the Fe-S cluster.31,153,194 Figure 6.2 

shows the EPR spectrum of a sample with chromatophores and Figure 6.3 shows a 

sample without sodium ascorbate added. These preliminary results tell us that it is 

necessary to purify the bc1 using an ion-exchange column (Supplementary data) and that 

we need to reduce the Fe-S cluster with sodium ascorbate in order to be able to observe 

the gx signal at 1.800. 

                                                 
XLII These samples are from R. sphaeroides and the natural substrate for this bacterium is UQ10. We believe 
that the gx signal arises from the interaction of the reduced Fe-S cluster and reduced UQ10. 
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Figure 6.1. The characteristic Fe-S cluster EPR spectrum with gx = 1.800 that has been 
shown to correspond to two molecules of QH2 bound at the Qo site.30,118 EPR  conditions 
are written in the figure. Spectra taken by Dr. Andrei Astashkin at the University of 
Arizona. The bc1 complex was purified through an ion-exchange column after addition of 
dodecyl maltoside (DM). Sodium ascorbate was added to the sample to reduce the Fe-S 
cluster.  
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Figure 6.2. EPR spectrum of the Fe-S cluster in chromatophores. The gx signal for the 
presence of 2 QH2 (1.808) molecules is not very prominent. EPR conditions are written in 
the figure. Sodium ascorbate was added to the sample to reduce the Fe-S cluster. Spectra 
taken by Dr. Andrei Astashkin at the University of Arizona. 
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Figure 6.3. EPR spectrum of the Fe-S cluster without sodium ascorbate added. This is a 
sample of purified bc1 after addition of dodecyl maltoside (DM). EPR conditions listed in 
the figure. No gx signal is observed. Spectra taken by Dr. Andrei Astashkin at the 
University of Arizona. 
 

III. Binding of synthetic substrates. 

To determine the impact of the side chain, and of the different substituents on the 

quinone head upon binding of the substrate to Complex III, we can measure the activity 

of the enzyme in the presence of varying concentrations of quinone. From these data we 

can determine Km values (dissociation constants obtained from measuring rates at 

different concentrations of substrate and assuming that product formation is the rate 
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limiting step) by linear regression in an Eadie-Hofstee plot.125,134 The Km values would 

give us an idea of how strongly the quinone binds at the active site. An estimation of Km 

values may help explain why the mutant and wild-type give different superoxide 

productions with TMeQ3/RQ3 and BrQ3. As a reminder from Chapter 4, the WT bc1 

complex shows a large production of superoxide in the presence of TMeQ3/RQ3 and a 

low production of superoxide in the presence of BrQ3. However, the T61V mutant  bc1 

complex shows the opposite: a large production of superoxide with BrQ3 and not with 

TMeQ3/RQ3.  

However, we must keep in mind that Km in the cyt bc1 is very complex. This is 

due to the fact that catalytic turnover of the enzyme is a combined mechanism of quinol 

oxidation at the Qo site and quinone reduction at the Qi site. Thus Km cannot be 

interpreted as a direct measure of the affinity of the substrate. However, any observed 

difference between the WT and mutant bc1 complex would reflect different utilization of 

the substrate. It has been reported that quantitative binding of quinols is more accurately 

assessed with the bc1 complex reconstituted in liposomes, as compared to detergent 

solubilized complex.134 Therefore, it is possible that we might have to resort to doing 

measurements in that state. Furthermore, it is important to keep quinone concentrations 

below 50 µM to avoid micelle formation of the substrate as reported by Wenz, et al.134  
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CHAPTER 7 

SUPPLEMENTARY INFORMATION 

I. Spectroelectrochemistry and cyclic voltammetry. 
 

Figure 7.1. Spectroelectrochemical titration of DQ at pH 3. Potential was varied in the 
positive direction from –500 to 330 mV vs Ag/AgCl. E1/2 calculated from absorbance 
data at λ = 270 nm. 
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Figure 7.2. Spectroelectrochemical titration of DQ at pH 5. Potentials varied in the 
positive direction from –600 to +250 mV vs Ag/AgCl. Em calculated from absorbance 
data at λ = 280 nm. 
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Figure 7.3. Spectroelectrochemical titration of DQ at pH 6. Potentials varied in the 
positive direction from –600 to +250 mV vs Ag/AgCl. Em calculated from absorbance 
data at λ = 250 nm. 
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Figure 7.4. Spectroelectrochemical titration of DQ at pH 8. Potentials varied in the 
positive direction from –600 to +70 mV vs Ag/AgCl. E1/2 calculated from absorbance 
data at λ = 290 and 270 nm. 
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Figure 7.5. Spectroelectrochemical titration of DQ at pH 8. Potentials varied in the 
negative direction from +100 to –600 mV vs Ag/AgCl. Em calculated from absorbance 
data at λ = 275 nm. 
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Figure 7.6. Spectroelectrochemical titration of DQ at pH 9. Potentials varied in the 
positive direction from –700 to –140 mV vs Ag/AgCl. Em calculated from absorbance 
data at λ = 280 and 290 nm. 
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Anthraquinone was also studied by spectroelectrochemistry. The potential 

obtained is similar to what has been reported for this molecule.96 However, the potential 

was only determined by titrating electrons in one direction (from negative to positive).  

 



 

 

199

Figure 7.7. Spectroelectrochemical titration of anthraquinone (AQS) at pH 6. Potentials 
varied in the positive direction from –600 to –150 mV vs Ag/AgCl. Em calculated from 
absorbance data at λ = 425 nm. 
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Figure 7.8. CV of Antrhaquinone (AQS) in buffered aqueous solution at pH = 6, scan 
rate: 100 mV/s. 
 
 
 

 
Figure 7.9. CV of AQS unbuffered aqueous solution. Measured pH ~ 6. Scan rate: 100 
mV/s  
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 Figure 7.10. Plot of spectroelectrochemical data for duroquinone at pH 7. Midpoint 
potentials (E1 and E2) of duroquinone at pH 7 measured from absorbances at 240 nm.  
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 Figure 7.11. Plot of spectroelectrochemical data for duroquinone at pH 7. Midpoint 
potentials (E1 and E2) of duroquinone measured from absorbances at 260 nm.  

 Figure 7.12. Plot of spectroelectrochemical data for duroquinone at pH 7. Midpoint 
potentials (E1 and E2) of duroquinone measured from absorbances at 275 nm.  
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II. bc1 expression in R. sphaeroides. 
 
The expression of the bc1 complex (both WT and T61V) was carried out from the 

glycerol stock stored in the –80 ºC refrigerator. The final concentration of antibiotics 

kanamycin and tetracycline (Kan and Tet) should always be 25 µg/mL for Kan and 1.25 

µg/mL for Tet. We always prepare stock solutions of Kan at 25 mg/mL and of Tet at 1.25 

mg/mL or 12.5 mg/mL. These are the general steps: 

 

1. Culture 2 X 4mL tubes of RCVB medium that had been previously autoclaved 

and add 4 µL of Kan (25 µg/mL) and 4µL of Tet (1.25 µg/mL). Grow both tubes 

in a shaker for 2 days at 30 ºC. The tubes should look very cloudy, almost white at 

the end of those two days. 

2. Add Kan (100 µL) and Tet (100 µL) to 2 X 100mL Erlenmeyer flasks containing 

the autoclaved RCVB medium and then add the 4 mL culture to each flask. Grow 

for two days in a shaker at 30 ºC. 

3. Add antibiotics to a 1.5 L medium and then add the two-100 mL Erlenmeyer flask 

culture. Add 1.5 mL (of 1.25 solution) or 150 µL of 12.5 of Tet and 1.5 mL of 

Kan.  

4. Culture 16 liters in the same way. For antibiotics, dissolve 800 mg of Kan in 32 

mL of H2O and for Tet, dissolve 40 mg in 32 mL of 1:1 EtOH:H2O. Divide this 

solution into two for each 16-L bottle.  
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RCVB media for growth of bc1 expressed in R. sphaeroides 
 
Stock solutions, for                           1 liter media.                         16L (need to X 2) 
      1.   1 M KxHxPO4               10mL             160 mL  

1. Malic Acid          4 g    64 g 
2. NaOH until neutralize to pH 7       as needed    as needed 
3. NH4Cl           1 g    16 g 
4. 20% (g/100mL) MgSO4 ·7 H2O    1 mL    16 mL 
5. 7.5%CaCl22H2O         1 mL    16 mL   
6. 0.5% FeSO4 ·7H2O             0.012 g or 2.4 mL   38.4 mL 
7. Trace elements (RCVB type only)1 mL    16 mL 
8. 0.1%Thiamine ·HCl         1 mL    8 mL 
9. 10 mg/100mL Biotin         150 µL    1.2 mL 
10. Add Niacin 0.1%         1 mL    8 mL 
 
 
 
 
 
 
 
 
 
 

Stock solutions, for 1 liter media.           2X16L    16L(1 culture) 
      1.   1 M KxHxPO4                  320mL    160 mL  

11. Malic Acid           128g    64 g 
12. NaOH until neutralize to pH7         as needed   as needed 
13. NH4Cl            32g    16 g 
14. 20%  (g/100mL) MgSO4 ·7 H2O    32mL    16mL 
15. 7.5% CaCl22H2O          32mL    16mL   
16. 0.5% FeSO4 ·7H2O              76.8 mL               38.4 mL 
17. Trace elements (RCVB type only) 32mL    16mL 
18. 0.1%Thiamine ·HCl          16mL    8mL 
19. 10 mg/100mL Biotin          2.4mL    1.2 mL 
20. Add Niacin 0.1%          16mL    8 mL 
 
 
 

 
 

 



 

 

205

RCV fermenter titrant for 3L 
Malic Acid 
KH2PO4 
MgSO or 
MgSO4 ·7H2O 
CaCl2 2H2O 
FeSO4 
Trace Elements (RCVB type only) 
NH4OH 
 

600g 
1.3g 
10.8g or 
 22.1g 
7.5g 
1.25g 
75mL 
120mL

 
For the two 800 mL bottles (make sure to divide into two): 
 
Malic Acid     320 g    
KH2PO4      6.92 g 
MgSO or      5.8 g 
MgSO4 ·7H2O     11.6 g 
CaCl2 2H2O     4 g 
FeSO4·7H2O                46.8 mg 
Trace Elements (RCVB type only)  40 mL 
NH4OH      64 mL 

 
 

Trace Elements solution for 250 mL197 
 
H3BO3 
MnSO4 ·H2O (0.31%) 
Na2MoO4 2H2O 
ZnSO4 ·7H2O 
Cu(NO3)2 ·3H2O 
CoCl2 ·6H2O 
EDTA·2 Na 
NiCl2 ·6H2O 
 

0.7 g 
125 mL or 398 mg 
188 mg 
60 mg 
10 mg 
200 mg 
5.0 g 
200 mg

For R. sphaeroides add: 
 
Chemical 

Nicotinic Acid 
Vitamin B12 
PABA 

 
Stock 

100 mg/10mL 
 

 
10 mg/mL 
100 mg/20mL 
 
 

      Add 
100µL 
 

 
1 µL 
20 µL 
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III. Chromatophore Isolation (for WT and T61Vmutant bc1 complexes). 
 

Chromatophore isolation took place according to Crofts et al. with minor 

modifications.154 In order to break up the cells, they were first suspended in a buffer 

containing 50 mM MOPS at pH 7 and 100 mM KCl with 20% glycerol (about 5 mL 

of buffer per 1 g of cells).  Then, the cells were sonicated for 2 X (30 sec, then rest for 

1 min) in small batches of about 20-40 mL on ice (about 1/3 tin-cup-full). 

Alternatively, DNase I and Rnase A were added to the buffer suspension and 

disrupted in a French press at 12,8000 psi. Next, cells are centrifuged at 100,000g to 

collect broken cells and remove unbroken cells for 10 min (keep the supernatant).  

Then, the cells are centrifuged at 18000 rpm in the ultracentrifuge (rotor: A841 

Sorvall ultra) for 30 min. The supernatant is kept and further centrifuged at 31000 

rpm (same rotor) for 90 min. The pellet is collected (chromatophores that look like a 

red egg yolk). The chromatophores are suspended in the same buffer (50 mM MOPS, 

pH 7, 100 mM KCl) but this time 25% glycerol was added. The final concentration 

was adjusted to ∆A562-577nm = 0.6 and the chromatophores were stored at –20 ºC until 

used. 

 

IV. Purification of the bc1 complex through a Ni column (WT). 

Purification of bc1 took place according to Crofts et. al with minor 

modifications.154 

One volume of chromatophores (∆A562-577nm = 0.6, about 5 mL) was diluted in 

Buffer B and kept in ice. Then a solution of 10% (w/v) dodecyl maltoside (DM) was 
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added drop by dop to a final concentration of 0.66 DM/mg of protein.XLIII The column 

was washed with Buffer C and to reduce the background of unspecific binding, an 

additional washing with buffer C containing 5mM of histidine (see number 3 below) 

was performed. Elution of bc1 took place with Buffer C with phosphatidyl choline 

(see number 4 below). Purified bc1 complex was stored at –80 0C until used.  

The following buffers need to be made.  

1. Buffer C. 50 mM MOPS pH 7.8, 100 mM NaCl, 1mM MgSO4, 0.01 % DM ( 

Make about 200 mL) 

2. Buffer B. 50 mM MOPS pH 7.8, 100mM NaCl, 1mM MgSO4, 20% glycerol, 

5mM histidine (Make about 100 mL) 

3.  Column wash with 5 mM histidine 

Prepared with 25 mL of Buffer C and 19 mg of histidine. 

4. Eluent 

Prepared with 50 mL of Buffer C, 1550 mg of histidine and 30 µL of phosphatidyl 

choline stock solution.  

Buffer C recipe: 

10 mL 1M MOPS stock pH7.8 

20 mL 1M NaCl stock 

0.2 mL 1M MgSO4 stock 

0.2 mL 10% DM stock 

 

                                                 
XLIII Protein concentration was calculated according to Lowry Method. 
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Buffer B recipe (used to add to chromatophores before purification). 

 

5 mL 1M MOPS stock pH 7.8 

10 mL 1 M NaCl stock 

     0.1 mL 1M MgSO4 stock 

20 mL glycerol (if this is weighed out, use 25.2 g of glycerol, d = 1.26 g/mL 

 

Stocks 

DM 10% dissolve 50 mg in 0.5 mL 

Phosphatidyl choline 25 mg in 1 mL  

 

V. Protein determination (WT bc1 complex). 

The total protein concentration was determined according to Lowry method using 

serum albumin as a standard. The method is based on the Pierce BCA protein assay 

kit (No. 23223 23224 23209). This total concentration of protein was necessary in 

order to know how much DM to add right before purification. In general, the method 

involves making 3 different unknown dilutions (5X, 50X and 500X) that contain bc1 

chromatophores in 100 mM phosphate buffer. Also eight standards with different 

volumes of albumin are prepared (including a blank). A working reagent (from assay 

kit) is added to unknowns, standards and blank. All solutions (unknowns, standards 
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and blank) are incubated for 2 hours and then the absorbance of all solutions is 

measured with the spectrometer set at 562 nm. A standard curve is prepared by 

plotting the average blank-corrected 562 nm measurements of each standard vs 

concentration of albumin in µg/mL (Figure 7.13). From this assay, the total protein 

concentration was determined to be: 5.5 mg/mL  

 Figure 7.13. Lowry method calibration curve. This plot was generated from Lowry 
method198 that shows the average blank-corrected 562 nm absorbance vs the 
concentration of albumin in µg/mL.  Pink dots represent two unknowns and blue dots are 
the various standards. 
 
 

VI. Kinetics. 
 

All the graphs presented in this section have the y-axis as mM of cyt c/sec (the 

observed rate of cyt c reduction).  The x-axis has the concentration of bc1 employed 
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and T61V with the same results. The graphs that show rates in the presence of BrQ3 

(Figures 14 and 15) also show the rate in the absence of bc1 or zero bc1 concentration.  

 

  
Figure 7.14. Activity measurements carried out at 27 ± 1 oC with the T61V mutant bc1 
complex in the presence of BrQ3. Shown in pink is the observed activity in the absence of 
enzyme. No linear relationship was found.  
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 Figure 7.15. Activity measurements carried out at 27 ± 1 oC with WT bc1 complex in the 
presence of BrQ3. Shown in green is the observed activity in the absence of enzyme. No 
linear relationship was found.  
 
 

 Table 7.1. Activity measurements of WT and T61V bc1 complex in s-1 at 27 ± 1 oC with 
Q1 and Q2 along with superoxide production. The empty spots reflect experiments that 
were not carried out. Q1 showed a very high rate and upon addition of SOD that rate did 
not change (within experimental error). Errors reported are the standard deviation from 
five measurements. When no error was reported, only three measurements were done. 
Based on Q1 data, it was determined that Q1 and Q2 are not soluble inside the membrane. 
A detailed explanation is presented in Chapter 4.  
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APPENDIX A.  

 
1H AND 13C NMR SPECTRA. 

 
The following spectra show the 1H and 13C NMR spectra for all the molecules 

synthesized in Chapter 2. All 1D 1H NMR and 13C NMR spectra were measured on 

Bruker 250 MHz, Varian 300 MHz or Bruker 500 MHz spectrometers. For most spectra 

CDCl3 was used as the solvent unless indicated in the figure. MestRenova software was 

used to process the data.  
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APPENDIX A: 1H AND 13C NMR SPECTRA  
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