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Abstract

Electron transfer between mitochondrial proteins complexes represents the
primary means by which living things acquire the requisite energy for survival. The
coupling of electron transfer to proton translocation creates an electrochemical gradient
that drives the synthesis of highly energetic compounds such as ATP. The purpose of these
studies is to measure rates of electron transfer and elucidate the important governing
factors in the redox events involving cytochrome bc, cytochrome c and cytochrome
oxidase. Using rapid initiation of redox events triggered by laser flash excitation of
ruthenium compounds, and strategically monitoring unique spectral properties of these
proteins in the visible region of the electromagnetic spectrum, rates of electron transfer
can be determined for native and mutant forms of the proteins. Per Rudolph Marcus'
Nobel-winning theory, reorganization energy (A) and redox potential difference between
two centers (AG) dictate, to a great degree, the rate of electron transfer -- provided that
conformational gating is not rate-limiting. Specifically, the internal kinetics of rapid
electron transfer in cytochrome bc1 from species Rhodobacter capsulatus is reported in
novel fashion. The effects of substrate and inhibitors on the enzyme are discussed. Rate
information for mutant constructs of R. cap bc; is provided to contribute important
structure/function information about the protein and its subunits. Additionally, the effect
of altering the redox potential of cytochrome c on kinetic rates of rapid electron transfer to
the Cua center of cytochrome oxidase is examined, showing for the first time that the

electron transfer from cytochrome c to Cua obeys Marcus' predictions.



Acknowledgements

In contemplation of all the individuals who have assisted me in this journey,
Einstein's quotation "standing on the shoulders of giants" resonates constantly. The
vastness of a small group's influence on my life and stark juxtaposition of this immense
gratitude to my own tiny role in the universe bring me to regularly give silent thanks to
these few. Itis indeed rare when we get the chance to immortalize our gratitude beyond
the infrequent verbalization, which seems trite, transitory, and in danger of coming across
as lip service. Daily, I really try to thank people for the smallest of things -- a favor, or
perhaps holding a door. How strange it is to me that we use the same language for
something so small as we use when someone does something wonderful to project us in a
life-changing manner. In truth, there is no language or verbal mechanism to remind
someone each and every moment of what they mean to us. We hope to say it once as well
as we can, so that it will stick forever with them -- even when they are themselves feeling
down, or ill, or distracted by the all the other individuals in their lives. One can gather hope
in the silent sacred promise one makes to himself in the dark when no one else is looking --
the vow that he will carry himself forward in such a way as to honor these giants that aided
a flea. Perhaps this, then, is the true place where gratitude lives, breathes, and persists.
will try my best to memorialize you, one and all.

Dr. Frank Millett is a wonderful man, instructor, academic, and mentor. [ have never
been able to really say how much I owe to him in this experience. I was an orphan mewling
in the dark when I joined his group. [ found a home with residents Dr. Jeff Havens and
Marti Scharlau, my dearest friends and colleagues on the ground. These three formed a

core of guidance in terms of how scientific inquiry should be conducted. Dr. Bill Durham



provided hands-on training, guidance, and technical expertise. Dr. Suresh Kumar and Dr.
Dan Davis formed the rest of the committee -- supportive, encouraging, and intelligent
gentleman that [ will never forget. I do not know how to say thank you other than to try to
make you proud. Ijust want you to know that it changed my life, and that [ will do my
utmost to pay it forward.

My family struggled with me in these endeavors. To Sita, my partner, my rock, my
love, who carries the household and parenting when I cannot, to you [ want to immortalize
my eternal gratitude. It could not have been easy for you, though you never complained,
and I hope you know I would pick you first for any battle I might ever face. I am sorry if
you've ever doubted that. To my children Lennon, Michael, and Alexander -- I love you all.
Please do not aspire to be like me, but rather be greater as [ know you can. My mother,
Lynn, my brothers Matt and Tom -- though distant in space, you have always had my back.
My father Erik -- your untimely passing brought great sorrow to me but I still have your
hands. [look at them everyday and I see your fingers. [ wish we'd had more time as I think
of some activity every day we will never get to do together again.

[ want to thank all faculty and staff in Fayetteville and Fort Smith -- Dr. Lois Geren,
Marilyn Davis, Dr. Wes Stites, Heather Jorgenson, Leslie Johnson, Mona Dyer, Dr. Jim
Belcher, Dr. Dave McGinnis, Todd Phipps, and Liz Williams, to name a few.

Lastly, for all the wonderful life lessons, [ would like to thank Dr. Paul Adams and
Mrs. Amy Yearry (nee' Webb). I learned from you both that the greatest achievements
come when the stakes are high and the mountain is unforgiving. In the event of inclement
weather at the summit, [ will not ever forget, thanks to you, that other routes may exist, and

that discretion is the better part of valor.



Table of Contents

Chapter 1: Introduction to Metabolism, Biological Electron
Transfer, the Mitochondrial Enzymes Involved Therein, and a

Novel Methodology Employed Toward the Study of These Seminal

Relationships

1.1

The mitochondrial electron transport chain and its

production

1.2

1.3

of ATP
Introduction to electron transfer

Methodology of laser flash photolysis

Chapter 2: Kinetic Studies of the cytochrome bc; enzyme of
Rhodobacter capsulatus

2.1

2.2

2.3

2.4

2.5

2.6

Introduction to cytochrome bc; and its importance
Function and features of cytochrome bc

Flash initiation of redox events within cytochrome bc:
Materials and methods

Results

Discussion

Chapter 3: Assessing the effect of redox potential of human
cytochrome c on the reaction with bovine cytochrome oxidase

3.1

3.2

3.3

3.4

3.5

Introduction to cytochrome oxidase and cytochrome c

Background and significance of cytochrome oxidase and
cytochrome c

Structure and function of cytochrome c

Interaction of cytochrome c and cytochrome oxidase

Materials and methods

18

22

22

24

42

45

47

55

57

57

59

66

70

74



3.6 Results 84

3.7 Discussion 108
References 111
Institutional Biosafety Committee Approval for Recombinant DNA 118

Research



Figure 1.1-1

Figure 1.2-1
Figure 1.2-2
Figure 1.3-1

Figure 2.2-1

Figure 2.2-2

Figure 2.2-3

Figure 2.2-4

Figure 2.2-5

Figure 2.2-6

Figure 2.2-7

Figure 2.3-1

Figure 2.5-1

Figure 2.5-2
Figure 2.5-3
Figure 2.5-4

Figure 2.5-5

List of Figures

The mitochondrial electron transfer chain

Graphical depiction of Marcus Theory (I)
Graphical depiction of Marcus Theory (II)
Laser instrumentation setup

Structure and orientation of the bci dimer in the
membrane bilayer

Comparison of crystal structures of prokaryotic vs.
eukaryotic cytochrome bc

The currently accepted Q-cycle as supported by crystal
structure evidence

Ribbon diagram of cytochrome bc: in two different
conformational states

Schematic depicting the relationship of bc: to the
photosynthetic center in photosynthetic Rhodobacter
sphaeroides

Redox potentials involved in photoexcitation of P870

Figure indicating redox potentials and distances found in
cytochrome bc

Schematic of inorganic complex Ru;D being employed as a
cytochrome c analog

Flash initiated electron transfer within cyt bc; in absence
of ubiquinol

Effect of famoxadone on electron transfer in cyt bcy

Effect of ubiquinol on electron transfer within cytochrome
bc1
Effect of ubiquinol on electron transfer through b-hemes

Effect of stigmatellin on electron transfer within
cytochrome bcy

16

17

21

35

36

37

38

39

40

41

44

49

50

51

52

53



Figure 2.5-6
Figure 3.2-1

Figure 3.2-2

Figure 3.2-3

Figure 3.2-4

Figure 3.3-1

Figure 3.4-1

Figure 3.4-2

Figure 3.5-1

Figure 3.6-1

Figure 3.6-2

Figure 3.6-3

Figure 3.6-4

Figure 3.6-5

Figure 3.6-6
Figure 3.6-7

Figure 3.6-8

Electron transfer in mutant Ala+1 R. cap cytochrome bc
Schematic of proton pumping in cytochrome oxidase

Ribbon diagram of integral membrane protein
cytochrome oxidase

Figure detailing the cycling of cytochrome oxidase (CcO)

Schematic of important amino acid residues involving in
the pumping of protons for CcO

Structure of cytochrome c and its ligation scheme

Important ionic interactions at the surface of Cc and CcO
regulate their interaction

The overall scheme of how cytochrome c (Cc) interacts
with cytochrome oxidase (Cc0O), in addition to the
ruthenium complex

Schematic of light excitation to generate the excited state
of the ruthenium complex

Spectrum of purified WT Cc (K39C-Met80) in oxidized and
reduced forms

Spectrum of purified M80L Cc (K39C) in oxidized and
reduced forms

Spectrum of purified M80Q Cc (K39C) in oxidized and
reduced forms

Theoretical addition spectra of Ru-mobpy and cytochrome
C

Labeled Ru39-Cc (WT and M80X) proteins as purified and
observed via diode array

Redox titration of Human Cc-K39C/M80T
Redox titration of Human Cc-K39C/M80L

Redox titration of Human Cc-K39C/M80K

54

62

63

64

65

69

72

73

83

86

87

88

90

91

93

94

95



Figure 3.6-9

Figure 3.6-10

Figure 3.6-11

Figure 3.6-12

Figure 3.6-13

Figure 3.6-14

Transient indicating a rapid electron transfer from the
laser-excited ruthenium Ru'" to the heme of Cc for Ru39C-
Cc-WT

Transient of heme c of Ru-39-Cc photoreduced by Rul™

Transient of electron transfer from Cua to heme a within
CcO assessed at the 605nm

Transient of Ru39-Cc-M80K indicating electron transfer
from Ru™ to heme c

Theoretical fit of Ru39-Cc-M80K data using established
rate data of Ru39-Cc-WT

Theoretical fit of Ru39C-Cc-M80K depicting a more
accurate set of parameters

97

98

99

105

106

107



Chapter 1: Introduction to Metabolism, Biological Electron Transfer, the
Mitochondrial Enzymes Involved Therein, and a Novel Methodology Employed
Toward the Study of These Seminal Relationships
1.1 The mitochondrial electron transport chain and its production of ATP
Throughout the course of time, man's position in the universe has held an
understandable aura of mystique and wonder for scientists, philosophers, poets, and
anyone that has experienced the miracle of birth or the heartache of tragedy. The
metaphysical questions of how and why life exists are among the most important and
debated questions that define our species. And while science alone may never answer the
questions as to why life exists, the study of metabolism on a molecular level has revealed
some important information into our understanding regarding how life exists and persists.
While one may identify many things and conditions necessary for life, there is one
indisputable requirement that must be included and acknowledged, and which is the point
of interest in studying metabolism: energy. All living organisms exist as fundamentally
challenged entities, sharing the common obstacle of overcoming an entropic, energetically
unfavorable dynamic in their environmental surroundings. From the cumulative sum of
the interactions each living thing has with its environment, there is a necessity to build,
sustain, and reproduce against this running current of entropy. By harvesting the energy
harnessed in chemical bonds, living organisms manifest a compelling case of local
"negentropy,” a term first coined by Erwin Schrodinger to rationalize the phenomenon of
the existence of life and order in a universe that generally favors disorder. Given that
energy is neither created nor destroyed, per the First Law of Thermodynamics, the

processes of metabolism must be extremely efficient in order to result in a net gain of



energy for an organism. On a molecular level, organisms require an efficient means of
coupling and storing the energy yields of their metabolic intake, which is accomplished by
metabolizing food sources to produce a chemical species that serves as the primary
electrochemical energy source used by the cell, known as adenosine triphosphate (ATP). In
order to produce ATP, electrons are transferred between intermembrane protein
complexes while simultaneously establishing and maintaining an electrochemical potential
across the biological membrane via the "pumping"” of protons. Selective pressures on these
redox proteins have led to the evolution of a highly efficient and conserved means of
coupling, as exemplified by the homology found within the diversity of known species in
the evolutionary timeline. The electron transfer systems of metabolism found in the
mitochondria of animals, in the chloroplasts of plants, and in the plasma membrane of
bacteria all share essential structural motifs, functional roles, and enzymatic features.
Thus, though primarily this discourse will, when possible, address this biological system in
its relevance to human beings, on a larger scale these same considerations would be
applicable to all living species. The ubiquitous frequency and presence of these systems in
species great and small strongly reinforces the seminal importance of electron transfer to
supporting life in its providence of the energetic solution to the thermodynamic hurdle of
entropy (1).

The mitochondrial electron transport chain, as depicted in Figure 1.1-1, consists of a
series of protein complexes, which convey electrons along the inner mitochondrial
membrane. The free energy yielded by the redox reactions is spent to actively transport
[H*] across the membrane against the concentration gradient from low [H*] to high [H*], i.e.

from the mitochondrial matrix to the intermembrane space. Since the inner membrane is



impermeable to direct proton transfer, the gradient that is established by this translocation
generates an electrochemical potential across the inner membrane, driving the
phosphorylation of adenosine diphosphate (ADP) to create ATP [ADP + P; --> ATP + H20].
This reaction is catalyzed by ATP synthase, which allows protons that have been actively
pumped against the concentration gradient to then flow from the low pH intermembrane
space {positive side (P)/cytosolic} to the high pH {negative side (N)/ interior}
mitochondrial matrix. To broadly summarize, the energy obtained from caloric intake is
invested in this proton gradient, which creates the impetus for creation of ATP, the
energetic currency of biological systems. Thus, an overview of electron transfer and the
proteins involved in the electron transfer protein complex follows (2).

The electrons from glycolysis and the citric acid cycle, as carried in the form NADH,
are introduced to the electron transfer chains at Complex I (NADH dehydrogenase, NADH-
coenzyme Q reductase). Mitochondrial Complex I has a molecular mass of 980 kDa, as
many as 8 redox centers, and consists of over 44 different subunits; it is by far the most
complex enzyme of the mitochondrial electron transfer chain. A core portion of 14
subunits is highly conserved across prokaryotes and eukaryotes alike, suggesting a highly
conserved role. As a result of this complexity, its structural characterization and the
precise mechanism of its action have yet to be fully elucidated. What is known is that upon
binding NADH by the single flavin cofactor of Complex 1, the two electrons from NADH are
passed through a series of Fe-S cofactors to reduce coenzyme Q and form ubiquinol (UQH2).
In doing so, for every two electrons passed through the enzyme from a single NADH carrier,
4 protons are pumped toward the low pH (high [H*]) side of the membrane. In terms of

structure in regards to proton pumping, Complex I contains a series of transmembrane



helices that form four novel, discontinuous, and somewhat flexible proton channels, each
composed of two distinct halves. Each channel has a central lysine contained and
important glutamate residues modulating pKa to serve as potential H* donor/acceptor
pairs. No less than 9 iron-sulfur (FeS) clusters serve to couple electron flow to the
pumping of protons. Outside of requisite expenditure associated with conformational
shifts, most of the energy generated in the redox process is dedicated to the reduction of
quinone, which is contained in the membrane and serves to carry electrons for reducing
cytochrome bci. These are discussed in greater detail in the following sections (2, 3).

Complex II follows Complex I and is the only integral membrane protein of the inner
mitochondrial membrane that is also part of the TCA cycle. This enzyme, also referred to as
succinate-Coenzyme Q reductase or succinate dehydrogenase in the literature, is the
smallest complex of the electron transfer chain at 140kDa mass and is comprised of only 4
subunits. It functions to oxidize succinate to fumarate, an activity that is concomitant with
the reduction of a bound FAD to yield FADH>. FADH: then passes its electrons sequentially
through an Fe-S cofactor to form ubiquinol (UQHz) via reduction of coenzyme Q substrate.
With a combined pool of reduced electron carrier UQHz achieved from the activities of
Complexes I and I], there is a readily available source of substrate for processing by
cytochrome bcy (2).

As indicated, the ubiquinol (UQH2) molecules produced by Complexes I and II are in
turn used by cytochrome bc; (also known as Complex III, or ubiquinol-cytochrome c
reductase). This novel pathway, termed the Q-cycle, ultimately provides electrons to
reduce cytochrome c coupled with proton pumping across the inner membrane. One of the

unique features of this cycle is the bifurcation of electrons traveling two distinct pathways



through cytochrome bci. As each ubiquinol molecule is oxidized, one electron follows the
most energetically favorable chain, termed the high potential chain. This high potential
chain consists of an Fe-S cluster and cytochrome c; heme redox center, while the other
electron proceeds through a less favorable pathway in terms of sheer redox potential
driving force. This electron re-reduces an equivalent of the oxidized ubiquinone, producing
a semiquinone radical (UQ-). A second turnover of the enzyme provides the electron to
then reduce this radical, regenerating the substrate ubiquinol for further cycling. Each
turnover results in two protons pumped from the matrix. Thus, in terms of accounting, in
consideration of the two turnovers and net products of both the high and low potential
chains of cytochrome bc; through a completed Q-cycle, the enzyme pumps four protons to
the P-side and reduces two equivalents of cytochrome c. Cytochrome bciand its
mechanism will be discussed further in Chapter 2 (2,4).

Cytochrome c (Cc) is the recipient of electrons from heme c: of cytochrome bci.
With a molecular weight of ~12 kDa, Cc is a small and highly soluble protein that plays an
important, non-enzymatic role in this system. Despite not catalyzing a biological reaction, it
serves primarily as an integral shuttle between the otherwise relatively situated, stationary
pair of cytochrome bci and cytochrome oxidase, (Complex IV, CcO). In addition, it is also the
electronic recipient in numerous other redox pathways, and will be discussed in greater
detail in Chapters 2 and 3. Like a wire connecting two electrical components, it is not
possible to overstate its significance in ensuring that this biological circuit is complete (2).

Cytochrome oxidase represents the sequential end of the mitochondrial electron
transport chain. Electrons are transferred to cytochrome oxidase from cytochrome bc; via

cytochrome c, where they are received by molecular oxygen, producing H20. Cytochrome



oxidase has a molecular weight over 160kDa and consists of more than 10 subunits. It
contains two pairs of different heme and copper cofactors (hemes a and as, and copper
centers Cua and Cug). Electrons from cytochrome c are passed sequentially from Cua to
heme a, then transferred to the binuclear center of hemes az/ Cug. From a stoichiometric
standpoint, Complex IV pumps four protons across the membrane for every four electrons
passed through the complex. The overall reaction can be written as:
8H* (in) + 4" + 02 --> 2H20 + 4H* (ouy) (2).

The proton gradient established by the mitochondrial electron transfer chain yields
an electrochemical potential, with both electrical and concentration impetuses acting as a
driving force for protons to flow back across the inner membrane. Per Peter Mitchell's
Nobel winning theory, the free energy difference across the inner membrane may be

expressed as a term accounting for both factors of the electrochemical potential as:

AG = RTIH(MJ + ZFAY

[c,]

where c1 and c2 are the respective concentration of the species across the membrane; Z is
the charge on the species; and F is Faraday's constant of 96,485 C/mole electrons (3).
Since the concentration gradient in this case is that of [H*] and is thus singly positive,

equation 1.1 can be simplified to:

[H" o]

+
m

AG = RTln[ j + FAY

In this manner, the proton gradient established by the electron transfer chain is readily
utilized by ATP synthase to produce ATP. By allowing protons to then travel back across

the membrane to the inner mitochondrial matrix, the energetically favorable direction of



proton mobilization, i.e. high [H*] to low [H*], acts as the mechanical force to turn the F;
subunit by rotating a portion of the Fo subunit, termed the c-ring. The rotation of the c-ring
causes the nucleotide binding sites of the F; subunit to synthesize ATP from ADP and P:.
This final culminating process concludes the process of metabolism, as ATP is the energetic
currency that is used by the cell, and thus the organism, to carry out the various functions

necessary for survival (2,4).



Figure 1.1-1 Depiction of the various constituents of the mitochondrial electron
transport chain. The enzymatic components function in order to produce an
electrochemical membrane potential with H* pumped from the matrix to the
intermembrane space, with electrons serving as electrogenic balance

Cytochrome bc,

Complex I Cytochrome
oxidase

ADP+P; ATP
ATP Synthase



1.2 Introduction to electron transfer

In the previous section, the significance of electron transfer events to living
organisms, as occur between the protein complexes of the electron transfer chain to
generate an H* gradient, is made apparent. Obtaining a usable energy course in the form of
a chemical species such as ATP provides the organism with a means by which to store
energy and control energy consumption efficiently. Electron transfer between protein
cofactors, and the coupling of this electron relocation to H* flow, is a salient feature of
several other metabolic conversions (1). The poignance and relative ubiquity of electron
transfer reactions have driven collective scientific efforts to accurately model these types of
systems. Fundamentally, the rate of a chemical reaction is related to the Arrhenius
equation, which incorporates the concept that some initial thermodynamic hurdle must be
overcome to achieve an activated state to achieve the creation or breaking of a chemical

bond, represented by the following equation:

k= Aexp(_EA j
RT

where Ej, is the activation energy, R is the constant 8.3145 ]J/(mol/K), T is temperature in K,
and A is the pre-exponential proportionality term. However, for reactions limited to true
transfer of electrons between two species such as those found in the mitochondria, the
making and breaking of chemical bonds is not a factor. As the transfer of the electron is
itself not a rate-limiting reaction coordinate in these types of systems, Arrhenius theory
does not adequately model experimentally determined data (5). Rather, a theoretical
description of an electron transfer event must incorporate the Franck-Cordon principle,

which asserts that, in order for electron transfer to occur between two species in solution,



it must be assumed that the actual charge transfer is much more rapid than any requisite
nuclear rearrangements. These nuclear rearrangements are in fact understood to be the
rate-limiting reaction coordinates when no chemical bond is being made or broken, and
when no slower conformational gating is required. While this facet of the principle
presents a relevant distinction to Arrhenius, Franck-Cordon in its purest form also falls
short in accurately summarizing biological electron transfer. Specifically, one problem
with the Franck-Condon principle is that it asserts that vertical excitation from a ground to
an excited state upon harmonic/vibrational overlap is a necessity, which mandates an
energy input. However, since biological electron transfer still occurs even in the dark, the
Franck-Condon principle alone leaves an important question unanswered -- in the absence
of light, from where might this excitation energy originate? Upon the alignment of the
ground and excited states, this energy must come from somewhere (1, 6-8).

Rudolph Marcus, to whom credit for revolutionizing the topic of electron transfer
reactions must be given, reconciled the incongruencies presented by both the Arrhenius
and Franck-Condon theories. Marcus essentially combined the Arrhenius and Franck-
Condon approaches, as follows: Given an electron transfer reaction but prior to the charge
transfer, the nuclei of atoms immediately surrounding each redox center (termed inner
sphere, or Ain) and the long range nuclear orientations influenced by the charge at each
redox center (termed outer sphere, or Aout) must be in configurations necessary to
accommodate the charge transfer. The sum of A out and Ain is broadly described simply as
A, and is termed the reorganization energy. The applied rationale of reorganization energy
in the complex arena of biological electron transport mandates a certain geometric and

harmonic symmetry that must be in place both before and immediately after the actual,

10



instantaneous electron transfer occurs. In order to fuse these independent theories into
mathematical application, Marcus modulated Arrhenius' equation. He accomplished this by
redefining the Arrhenius activation energy (AG* or Ea) as the composite of two
independent yet linked, and possibly even counteracting variables (depending on specific
circumstance). Referred to as the redox potential driving force (AG) and reorganization
energy (A), this represents Marcus's seminal achievement (9,10). In order to simplify the
thought process with respect to these complex systems, Marcus viewed both the product
and reactant states, and all the nuclear reconfigurations pertaining to both, as energetic
parabola. This greatly simplifies hundreds of possible reaction coordinates defining the
system into two simple parabolic functions described by the same basic constraints, yet
displaced along both axes as shown in Figure 1.2-1. In accordance with Hooke's Law, and
as seen in the figure, the activation energy may be expressed in this modified version of the

Arrhenius equation as:

AEA:({AG+AYJ
AART

Thus, the rate of electron transfer may be described as:

—(AG + A)?
k= Aexp(%}

The pre-exponential term, A, may also be described as the rate of electron transfer that

would proceed in the absence of a required activation energy, as such:

—(AG + A)?
k=ky P(%)

11



where Ko is the rate of electron transfer when AG = -A (5,10,11).

From a mathematical perspective, Marcus' theorem makes an unusual prediction for
rates as a function of varying values of -AG. Using Figure 1.2-2 as a reference, one might
logically conclude from the outset that a greater driving force, as marked by increasing
values of -AG, would only speed up an electron transfer. This is consistent with the
physical concept of force and its influence on rates -- for example, a moving object, like a
car or a baseball, could theoretically be accelerated to the speed of light given enough force.
However, at the molecular level, this holds true only up to a point. Specifically, Marcus
theory predicts that the rate of electron transfer will actually decrease if AG is significantly
greater than -A, a situation that Marcus denoted as the "inverted region." At this point and
beyond, the redox potential, which is the driving force and represented by the free energy
term, AG, becomes so great that it actually decreases the rate of reaction. While somewhat
counterintuitive, this is possible because increasing the driving force beyond a certain
critical point results in an increase in the activation energy (AG* or Ea), meaning a greater
overall energy input is required to achieve the transition state. This decreases the
probability of any single donor molecule transferring its electron to an acceptor, and a net
lower ket is expected from the Marcus equation under these circumstances for pure
electron transfer reaction involving no chemical bond breaking/formation.

[t should be noted that Marcus' developmental work was done on electron transfer
between inorganic iron atoms (Fe*?and Fe*3), while the connection to biological systems
was not made until later. When applied to biological systems, Marcus' theory presents
significant evolutionary implications for exactly what selective forces might have acted in

the evolutionary sequence. Specifically, biological redox proteins have likely undergone a

12



gradual tuning process that must have reconciled the two contributing, and yet sometimes
competing, factors of redox potential driving force and the reorganization energy in order
to maximize the efficiency and rate of electron transfer. This phenomenon partially
explains why extremely large (>.85-.90V) potential differences are not observed between
biological redox couples, as the implicitly high AG* ultimately makes the electron transfer
event slower and less efficient. This might also be used to rationalize how added
complexity, involving systems with more steps and/or redox centers, might have evolved
from primordial simplicity to achieve present day levels of elegance and intricacy. The
selective forces of evolution acting on such a multi-component system to achieve maximal
efficiency must at a minimum include -AG and A, as they pertain to -AG* for any given step.
Provided that conformational gating is not the rate-limiting step in an electron transfer, AG
and A will dictate the true rate of electron transfer (ket) for a step (1,6,12,13).

The incorporation of Marcus' perspectives into the biological arena required some
modification, which is discussed in this section. For example, since biological redox
reactions for the most part occur between redox centers separated by some distance, the
pre-exponential term (A) can be further clarified as a function of Boltzmann's constant and

temperature, as such:

1
4m® )2
A= H*
[hZ/IkBTJ e
where Hap is an electronic coupling term that represents the probability of an electron

being transferred between the redox donor and the acceptor (1). Thus, the full expression

of the classical Marcus theorem becomes:

13



1 o 2
2 —(AG +4
k, = [ 4n j H exp(u]

WAk, T 4ART

Furthermore, because electronic coupling term is itself a function of the distance between

the redox centers, Hopfield proposed that the Hap term may be represented as:

H,, = H’wexp(—-B(rDA-1,))

where P is a measure of the capacity of the separating medium to allow for electron
transfer between the two centers (14).

Several different approaches have been used to determine the value of
f for biological redox reactions, as it is of particular mathematical importance to Hopfield's
expansion of Marcus' pre-exponential term. For example, Gray et al. measured
intracomplex rates using photoexcitable ruthenium compounds for several proteins and
derived a general value for  of -1.1 A-1(1,7). Some redox proteins with comparable redox
center distances were found to have vastly different intramolecular electron transfer rates,,
which indicated that a unique f value for each redox system might be likely. In light of
these findings, Beratan et al. introduced a model of pathway analysis to include all the
potential pathways for electronic coupling through the protein medium involving the
coupling of the redox centers. Using this system of analysis, bonding pathways may be
assigned an average f value of -1.1 A1, while non-bonding pathways can be assigned an
average p value of -2.0 A1(1,15).

Alternatively, Moser and Dutton have proposed a different approach to estimating §
values in order to simplify the rather complex nature of prior models. This approach

essentially treats the protein matrix between redox centers as a single homogenous
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barrier. An average f value of -1.4 A1 was empirically determined to be appropriate for
several different redox protein systems (11,12,16,17). By simplifying the complex
quantum mechanical concerns of prior models, the Moser-Dutton equation holds a
considerable advantage to these other models in terms of utility (18,19). One of the
important conclusions of this establishment of a singular value for f is that it suggests a
certain independence of electron transfer from at-large protein structure. This may have
provided some evolutionary advantages, possibly decreasing selective pressure and
thereby yielding more possibilities for optimization. Since redox potential and
reorganization energy have such a drastic impact on the kinetics of redox proteins, as
addressed by Marcus, these together may compose a more limited and focused subset of
evolutionary options for the fine-tuning of redox reactions. The considerable homology
found within these systems across the evolutionary spectrum stands as a testament to the
success of these archetypes. Orientations of redox centers with respect to one another
appear to have been established early in the evolutionary timeline. Later evolutionary
design may have taken a more subtle yet quite effective approach to modulating redox
reactions and relationships by simply altering the distances between cofactors

(12,16,17,19-22).
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Figure 1.2-1 Graphical depiction of Marcus Theory, indicating donor (D) and acceptor
(A), with parabolic expression the pre- (R) and post-electron transfer (P) states. Per
Hooke's law, these are considered identical parabola simply displaced on the x-axis. The
redox driving force (AG), and reorganization energy (A) are indicated as important electron
transfer parameters. Under these circumstances, where redox driving force (AG) = 0, and
given reorganization energy (A), the activation energy (AG* or Ea) = A/4.
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The reorganization energy (4) is defined as the change in Gibbs energy if the reactant state
(D \ A) were to distort to the equilibrium conformation of the product state (D* | A’) without transfer
of an electron.
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Figure 1.2-2 Depiction of Marcus theory of electron transfer to conceptualize the effect
of increasing redox potential (AG%) on reaction rates as governed by activation energy (AG*
or Ea). As the redox driving force becomes greater, rate is shown to predictably increase
until -AGY = A\. Once redox driving force (-AG?) exceeds reorganization energy (A), the
activation energy actually begins to increase and rates begin to decrease, described as the
inverted region.

AG°=0 -AG° < A -AG°® = A -AG° > A

. A Inverted
region!!
@)
. (b)
AG° is zero and
AG* equals A/4  AG° < zero and (C)
AG* decreases AG® is quite
(normal intuition) negative and AG*
becomes zero (d)

AG® is even more
negative and AG*
becomes positive
@ The dot traces the energy of the transition again (!)
state as AG° becomes more negative
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1.3 The methodology of laser flash photolysis

As discussed above, the rate of electron transfer between redox centers is very rapid
as compared to the necessary nuclear rearrangements accompanied by that transfer of
charge between them. From a fundamental standpoint, it stands to reason that any method
designed with the specific intent of studying the rates of electron transfer between redox
proteins must also be very rapid. In fact, if the goal is to determine the true rate of electron
transfer, the method must be faster than the biological electron transfer event itself
regardless of what may be the rate-limiting step. Otherwise, the method is itself rate-
limiting, and, while perhaps useful in a semi-quantitative manner in the determination of
limits or for relative comparison, methods such as these are unable to quantitatively assess
true rates of electron transfer. For example, one such means of studying biological electron
transfer has been the use of stopped flow experiments. These are conducted by directly
injecting two redox proteins into a buffering solution and monitoring redox-dependent
spectral changes as the electron transfer takes place. However, stopped flow experiments
are limited by the rate of mixing and subsequent diffusion of the two proteins into the
solution to interact with one another, such that resolution is typically limited to timescales
on the order of milliseconds. While not useful for the true determination of kinetic rates,
these types of experiments have nevertheless been extremely beneficial in the study of
biological electron transfer for the purposes of establishing redox relationships and
identifying important criteria necessary for electron transfer reactions to take place.
Through comparison of relative rates of distinct systems or species, or as a comparison of
rates of native wild-type protein to that of a mutant construct, a great deal of information

can and has been surmised from such experiments. These experiments are also relatively
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low cost, consume little time, and can often provide valuable insight into the viability of a
project or study. Yet, one is highly unlikely to even remotely approach a measure of true
electron transfer rates at the biologically, catalytically relevant scale using this type of
methodology.

The combined efforts of the labs led by Frank Millett and Bill Durham at the
University of Arkansas-Fayetteville have introduced, developed, and refined an alternative
method of measuring biological electron transfer. This method utilizes the unique
photoactive properties of ruthenium compounds to initiate electron transfer reactions.
These compounds vary in composition and may be covalently attached to strategic sites on
redox proteins, such as specific amino acid residues, or they may be freely diffused into
solution. Rapid laser-flash photoinitiation of sufficient excitation energy triggers activation
of the ruthenium complex to the metal-to-ligand charge transfer state. Depending on the
particular ruthenium complex and the parameters of the biological redox center, the rapid
reduction or oxidation of the redox cofactor occurs on the nanosecond timescale, several
orders of magnitude more rapid than stopped flow techniques. Heme proteins, such as the
ones that are present in the mitochondrial electron transport chain, have large absorption
characteristics within the visible region, such that the subsequent, catalytically relevant
changes in redox state after the flash-initiation can be monitored as the system responds to
the light-activated electron stimulus. A range of ruthenium compounds have been
synthesized to be used for these types of studies to offer a unique perspective into true
rates of electron transfer previously unobtainable using more conventional methods.

A diagram of the laser instrumentation setup is shown in Figure 1.3-1. The laser

flash is directed to the sample to initiate the electron transfer between the ruthenium
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compound and biological redox protein. The broad spectrum light from a tungsten lamp is
focused into the sample and is modulated by a high-pass filter, which serves to prevent
sample degradation. These components act to direct light through the sample for analysis
at pertinent wavelengths as directed by the monochromator. Signals, after amplification by
the photomultiplier tube, are conferred to the oscilloscope to generate files of
transmittance transients, which are further processed to absorbance transients. Computer
software can be used to determine kinetic rate constants and amplitudes from these

absorbance vs. time transients.

20



Figure 1.3-1 Laser instrumentation setup, indicating laser flash, tungsten lamp with lens
and high pass filter to minimize potentially destructive interfering light transmittance to
the sample, monochromator for wavelength selectivity, photomultiplier tube (PMT) for
signal amplification, and oscilloscope. Raw signals processed through fitting software to
generate transients, pictured in bottom left. Figure courtesy of Dr. Jeff Havens.
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Chapter 2: Kinetic Studies of the cytochrome bc; enzyme of Rhodobacter capsulatus
2.1 Introduction to cytochrome bc; and its importance

Cytochrome bcs, also known as Complex III of the electron transport chain is an
integral component of the aerobic energy harnessing system found in the inner
mitochondrial membrane of all eukaryotes and the plasma membrane of prokaryotes.
Through a series of highly concerted and controlled electron transfers in sequence, the
carbon-carbon bond energy of foodstuffs are metabolized by the enzymes of the electron
transport ensemble to actively create an electrochemical gradient of H* -- these protons are
then allowed to cross the mitochondrial membrane from the intermembrane space in order
to drive the production of ATP via the terminal ATP synthase enzyme. Cytochrome bc; is
located at the approximate midpoint of this process, such that its importance to the
existence of life on this planet is quite difficult to overstate. Authors have estimated that
this enzyme and homologous photosynthetic cytochrome bsf account for 30% of total
bioenergetic flux and transmission in the biosphere (23,24). From a practical standpoint,
this enzyme is thus a valuable point of study for several reasons. First, its centrality to
survivability for an organism makes it a viable target for control through the use of
antimicrobial and antifungal agents. Of specific interest, then, is the means by which these
agents inhibit and/or alter the behavior of cytochrome bc; of one species, while in turn not
also disrupting the bioenergetic cycle of another species. This has potential applications in
several profitable arenas, such as in the development and implementation of pesticides and
antibiotic medicines. As a result, the studies of bci by the Millett/Durham collaboration, as
well as other labs, have employed these agents to further elucidate the native, uninhibited

enzymatic process by which this protein receives electrons from its native substrate quinol
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and transfers them to the mobile electron shuttle cytochrome c. Secondly, this enzyme has
received increasing amounts of interest and attention in recent years regarding its
production of superoxides and reactive oxygenated species (ROS), which have been
increasingly implicated in numerous roles detrimental to human health and physiology
(25-34). Beyond these practical applications, and the enzyme's core significance in the
scheme of metabolic energy transduction, a full understanding of cytochrome bc; is likely
to shape and contribute to the theoretical paradigms regarding the nature of enzyme-
mediated catalysis. For example, many of the proposed mechanisms for bci require a
destabilization of the activated intermediate, which is contrary to many other enzymatic
models. The models that exist for many other enzymes typically involve the stabilization,
and not the destabilization, of such an intermediate. Why would nature digress from a
fairly standard mode of catalysis in such a manner? It is with these lines of questioning and
pertinent application in mind that it is of enormous scientific value to investigate and

advance knowledge of this enzyme.
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2.2 Function and features of cytochrome bc;

Eukaryotic cytochrome bci from various species can be comprised of as many as 11
subunits, while prokaryotic species can be found with as few as three subunits (35).
Despite this diversity, it is believed the functional core of these subunits is conserved in
terms of sequence and fold. By extension, this remarkable level of conservation strongly
suggests functional equivalence for the enzyme across species, despite the differences that
persist in subunit variance and complexity (36,37). Additional subunits found in the
eukaryotic forms of the protein are thought to simply aid and assist in regulatory processes
and/or assist in the prevention of possible deleterious side reactions as compared to their
prokaryotic predecessors (36,38,39).

The structure of the bci dimer is shown in the schematic below in Figure 2.2-1,
while a comparison of prokaryotic bci and eukaryotic bcy are shown in Figure 2.2-2. The
enzyme exists as a homodimer, with each monomer containing two functional chains: the
high potential c chain and the low potential b chain, hence named for the c- and b-type
hemes each contains. These two chains provide the separate yet linked interactive redox
pathways of a bifurcated electron transfer pathway that is one of the most seminal and
unique characteristics of this protein. Figure 2.2-3 is provided to illustrate this novel
functionality as first suggested by Peter Mitchell (top), with a schematic of the current
consensus of the Q-cycle as more information from crystal structures has been gathered
(bottom) (35). To summarize, the substrate of the enzyme, quinol, arrives at the binding
site reduced bearing electrons generated from Complex I, whereupon it is oxidized to
quinone. This binding site is located proximal to the low pH side of membrane, i.e. nearer to

the intermembrane space; this site, designated Q,, is positioned between the high and low
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potential chains in a manner such that when the quinol is oxidized to remove two electrons,
the first electron is transferred to the iron sulfur protein (known as the ISP or the [2Fe2S]
cluster in the literature for its atomic composition) of the high potential chain. Tracking
that electron, the ISP is thought to then conformationally rotate to bring the FeS redox
center into the proximity of the c-type heme c:. This facilitates a redox equilibration with
heme c1 until the mobile shuttle cytochrome c arrives in its oxidized form to accept the
electron and proceed to cytochrome oxidase (40-46). Meanwhile, the electron taking the
route of the low potential chain passes through heme by, to reduce heme by. Subsequent
interaction with either a quinone or semiquinone at the Q; site, as shown in Figure 2.2-4
(grey ribbon marked by anticmycin in green), is believed to conserve the electrogenic
partition to the proton motive force and regenerate the quinol substrate. This process is
commonly termed the Q-cycle as first named and proposed by Peter Mitchell, a long
theorized and generally accepted mechanism in the field even before X-ray crystallographic
studies were conducted to further support its existence from a structural standpoint. This
bifurcated transfer of electrons and the cycling of quinol, semiquinone, and quinone forms
of the substrate are coupled to the abstraction of cytosolic protons proximal to the Q;site.
For their respective roles in proton pumping, in fact, Mitchell coined the designation of the
two sites Qo and Q; in reference to the proton pumping "out" and "in," respectively. Overall,
the enzyme functions to convert the free energy of redox reactions into the chemically
useful form of a proton motive force back across the membrane that generates ATP via ATP
synthase. From a stoichiometric evaluation, this concerted activity involves the successful
oxidation of one quinol to pump four protons to the intermembrane space of the

mitochondrion against the concentration gradient -- from low [H*] to high [H*]-- while the
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electrons are efficiently passed to cytochrome oxidase via cytochrome c. The subsequent
fate of these electrons will be discussed in Chapter 3 (4).

Despite prokaryotes having no mitochondria, the function of cytochrome bc; is quite
similar to that of eukaryotes, with the exception that the enzyme is situated in the external
cell membrane. Figure 2.2-5 serves as a visual of cytochrome bc: and its relationship to the
photosynthetic reaction center for such organisms. Rather than Complex I, the large
photosynthetic center P870 acts as the source of electrons to reduce quinone, thus
maintaining a sufficient quinol pool for bci. Light of sufficient excitation wavelength
absorbed by the photosynthetic center triggers the elevation of electrons to an excited
state, denoted as P870%*, drastically changing the redox potential of P870 from +.5V to -.9V -
- a difference of ~ -1.4V (see Figure 2.2-6). The electron is transferred through a series of
redox centers towards the cytosol of the bacterium, where they are transferred to oxidized
quinone to produce quinol. Protons are drawn from the cytosol into the interstital space in
the bilayer in order to facilitate the production of the quinol substrate. Similar to
eukaryotic bci, prokarytic be: functions to oxidize the quinol substrate; this process uses
heme cy, the [2Fe-S] ISP cluster and its seminal rotational mechanism, and the b hemes as
previously described in full detail in Section 2.2. By extracting electrons from quinol,
protons are similarly liberated and pumped back to the extracellular periplasmic space. As
discussed, the ATP synthase enzyme utilizes this established electrochemical gradient to
allow protons to flow to the interior space of the membrane in archetypical fashion. This
results in the phosphorylation of ADP to form ATP for the bacteria's energy needs.
Cytochrome c2 acts to replace donated electrons to P870 by recycling the electrons from

bci, wherein the cycle can begin anew. For the purposes of this study, and given the
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ubiquitous role of bcy in the simplest to the most complex organisms, we seek to gain
insight into the inner workings of bc1 for Rhodobacter capsulatus (R. cap) for comparison to
previously characterized Rhodobacter sphaeroides (R. sph). By extension, we seek to use
these assessments at the prokaryotic level to hypothesize of the enzyme for other species.
A basic question that might be formulated from the initial introduction to this
theoretical mechanism is: What does the additional complexity of this bifurcation
accomplish? After all, it would be much more simple, and thus far less expensive from the
metabolic investment standpoint, to have a single redox center-containing protein for the
electrons to traverse en route to cytochrome c, rather than taking on the additional costs of
constructing a larger protein with multiple redox centers. In fact, cytochrome c in itself has
a single redox center and has been proven to be very successful and efficient in electron
transfer -- why not, perhaps, employ a similarly small, simple protein to act as the
intermediate between Complexes I and III? The answer to this and related questions can be
answered by acknowledgement of at least two different factors, wherein the complexity
and investment can be argued to yield worthwhile dividends. First, it is feasible that
electron transfer could proceed even if a non-bifurcated pathway was in place, given a
suitable redox-mediating entity in place of bci and provided that Marcus Theory
constraints of driving force and reorganization were met. However, the electron transfer
would not yield the concomitant mobilization of protons across the membrane, which is
the seminal goal of the entire electron transport chain. In such a hypothetical case,
sacrificing the contribution of bc: to the electromotive proton gradient would result in
fewer protons being actively transported across the membrane against the concentration

gradient, resulting in decreased ATP production per glucose molecule. Similar to an overall
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comparison of the relative complexities of prokaryotes and eukaryotes, evolution has
favored the additional systemic complexity and costs for the sake of greater net gains and
efficiency. To do so, the electron in the low potential chain is the electrical impetus for the
proton uptake from the cytosol into the cycle, such that even though it is not directed
downstream to cytochrome c and on towards cytochrome oxidase, its emergence at the Q;
site to be recycled back to reduce a quinone or semiquinone is just as important as the role
of the electron taking the high potential chain. Secondly, employment of a single redox
center or pathway in place of bci would extract only one electron at a time. Since each
quinol (QH2) delivers two electrons to Complex II, in the timeframe of turnover for such an
enzyme to return to a suitably oxidized state in order to receive the second electron, a
highly reactive semiquinone (SQ) radical would persist. Thus, for the purposes of efficiency
and such as to minimize the existence of the radical SQ and its potentially deleterious side
reactions, the complexity of bci and bifurcation has considerable merit over hypothetical
alternatives.

Mitchell recognized that in his proposed Q-cycle some level of redox control must be
present in order to suppress side reactions, such as those that occur as a function of oxygen
radicals or the delivery of electrons along the same chain. The necessity of the existence of
such stringent control mechanisms has led to much debate on theoretical models proposed
to account for the enzyme's efficiency and/or the general missive to avoid problematic side
reactions from radical formation in the process. The difficulty of elucidating the intricate
redox exchanges occurring within this single enzyme with multiple active components has
yielded several variants on the Q-cycle model (4). It has been suggested that the various

kinetic methodologies used to study cytochrome bc; are at least partly responsible for the
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lack of consensus in conclusions that are drawn from the various and somewhat conflicting
results of studies. One at-large problem is the fact that many interactions occurring in the
enzyme are "hidden," as kinetics experiments measure the slowest, rate-limiting step and
mask faster events taking place in the mechanism (23).

Though many challenges exist in the study of bci, much progress has been made by
using inhibitors of bci to modulate the kinetic activity of the enzyme. These inhibitors fall
into two separate clases: Py-type (myxathiazol, azo-oxystrobin, and
MOAS/methoxyacrylate compounds) and Ps-type (famoxadone, ]G-144, stigmatellin). These
denotations refer to whether, upon binding, they tend to mobilize (Pw) or fix (Pr) the ISP. X-
ray crystallographic studies from the late 1990's have shown that the presence of such
inhibitors in the Q, pocket changes the orientation of the ISP. For example, when Py-type
myxathiozol is bound, the inhibitor appears to bind closer to heme by and, notably, without
any bonding contact with the ISP. This serves to separate, or block, the ISP from the low
potential b heme proximity to yield a more mobile, disordered state that cannot be
detected in the crystal. When Ps-type stigmatellin is bound, in contrast, the ISP is oriented
towards the b subunit, where a ligand of the [2Fe2S] cluster, His!¢1, and a carbonyl group of
the inhibitor form a hydrogen bond. Thus, the ISP is stabilized at the b position, and is
hence considered fixed. These structural studies suggest that the ISP is a mobile shuttle,
which first binds nearer the b-heme to accept an electron from quinol. Subsequent rotation
of the ISP towards heme c; results in ISP oxidation in the high potential chain previously
discussed. Mutational, cross-linking, and EPR studies have corroborated the mobility of the
ISP and this mechanism. The controlled motion of the ISP domain has been proposed to be

a possible gating mechanism to prevent deleterious side reactions and retain proper
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electron direction within and through the enzyme. Rapid kinetics studies of Paracoccus
denitrificans bc1 by Havens et al. show significantly increased rates of electron transfer
from the ISP to heme c1 for P inhibitors, as monitored at 552nm using the same method
and conditions employed in this study. Prinhibitors, on the other hand, have been shown to
slow the rate of electron transfer between the redox centers to 20-25% of the rate of the
uninhibited enzyme. These results, taken together with crystallographic studies and EPR
results from multiple groups, strongly suggest that the conformations of the Q, site, the ISP
binding crater, and the orientation of the ISP are closely linked together (47).

[t would thus seem that the path and mechanism of the high potential chain is
relatively well understood, and the rate-limiting step of electron transfer, the ISP rotation,
is a generally accepted feature of cytochrome bc;. It is safe to say that many of the details
and mechanistic features of the low potential chain, however, are still topics in an ongoing,
spirited debate. There is mounting evidence for a functional role of cytochrome bc; as a
dimer, rather than just a structural feature. The bulk of the current debate in recent years
has to do with whether or not intermonomer electron transfer occurs across the dimeric
interface. Structural evidence suggests that the distance between the dimers is too great
for catalytically relevant electron transfer in the micro- to millisecond timeframe to occur,
but for one exception. At a bridge formed by the two hemes by, in the center of the dimer,
the distance tapers to 14 A, which is just at the limit of distances between redox centers
that can reasonably facilitate catalytically relevant electron transfer (48).

In February 2013, Anthony Crofts reviewed the mechanism of bc; electron transfer,
areview in which many of the early efforts that sought to prove or support the existence of

intermonomer electron transfer were considered unsubstantiated for essentially a single
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reason: genetic crossover. These studies that were maligned by Crofts hinged on the
premise of knocking out the Q, site of one monomer in addition to deactivating the Q; site
of the other monomer, in turn yielding a heterodimeric mutant that must transfer electrons
across the dimer in diagonal fashion. The crossover argument originated from the
experimental experiences of the Croft group, which indicated that strains designed to force
intermonomer electron transfer essentially showed the same kinetics as wild type enzyme.
Upon follow-up investigation, it appeared that the active colonies had reconstructed the
wild-type monomers via crossover recombination of the unmodified portions of the
plasmid construct to recreate either the fully functional homodimer, or heterodimers with
at least one completely functional monomer. Thus, their attempt to create a mutant
designed to enforce intermonomer electron transfer was unsuccessful, a result that led to
the conclusion that intermonomer-limited mutants could simply not compete under
photosynthetic conditions with strains that had functional monomers (49). Prior to the
Crofts review, Swierczek et al. reported that the "electronic bus bar" across the dimer in the
double knockout intermonomer interaction mutant yielded activity of ~17% of wild type;
however, doubt was cast on this result due to the reasonable possibility for recombination
(50). From Crofts' perspective, it was arguable that what activity existed could be from a
fraction of the protein population with wild-type reconstructs (49). Other researchers
performing similar types of work through 2012 were similarly challenged on this basis. It
was apparent that in order for the field to advance on this issue, a way to cross-link or
otherwise produce and purify these informative constructs with high fidelity was

necessary.
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While many of the details about the nature of bc; have been elucidated, important
questions remain about the interaction of the b-hemes and the possibility of intermonomer
electron transfer. Figure 2.2-7 shows a skeletal view of cytochrome bc; to address the
important redox centers and the distances between them, emphasizing the proximity of
heme b, groups where intermonomeric electron transfer is theorized to take place. As
challenges to data indicating intermonomer electron transfer were largely driven by an
argument based on recombination, in 2013 the Osyczka group published evidence using a
technique designed to circumvent the prospect of recombination. This generated some
very compelling data that seems to support the theory of intermonomer electron transfer
across the dimeric interface. This methodology used to obtain these results involved
covalently fusing two different monomers together at the b heme position: a b subunit from
Rhodobacter capsulatus and a b subunit from Rhodobacter sphaeroides, both containing
R.cap FeS and c1 components. The engineered plasmid -- in which two cytochrome b
subunits are replaced with a single fused hybrid of the two b subunits, one from each
species -- is remarkable. In comparison to the group's previous studies, this system
provides the unique advantage of safeguarding against genetic recombination to maintain
the desired constructs on the genetic level. The 17.6% difference between the two encoded
base pairs on the plasmid is sufficient difference to lower the frequency of recombination,
while the 90% similarity, based on primary amino acid sequence, means that the fusion
protein functions comparable to wild type. Strep-tag affinity is employed for purification,
with Western blotting used to confirm presence of the Strep tag and thus the fusion protein
of the correct size: two times larger than cytochrome b in the membranes. This fairly

exotic system was further manipulated to include mutations G158W, H198N, and H212N as
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knockout points of Q, and Q; sites. The authors cite relevant intermonomer electron
transfer across the dimer from one by, to another as indicated on a 50ms timescale.
Controls of double Q, and double Q; mutants showed no electron transfer, such as might be
expected. The results are the most recent from this group to have been published and
strongly indicate that intermonomer electron transfer does appear to occur (48). With
regards to R. cap bc, the research group of Fevzi Daldal has contributed a great deal to the
understanding of this complex protein. In their 2013 article, Lanciano et al. discuss the
formulation and kinetic studies of heterodimeric protein that has been designed to force
intermonomer transfer. The use of a two-plasmid system is employed, yielding a mixture
of proteins that are further separated using affinity tags in sequence. This provides the
additional advantage of yielding both hetero- and homodimeric constructs from a single
flask. The use of two plasmids does not necessarily prevent the reversion of the proteins to
wild type form in a genetic crossover, but the use of the affinity tags is employed to discern
between the various dimer populations produced and separate them accordingly. Once the
dimers are assembled, they retain their orientation. Mass spectrometry was employed to
probe marker peptides to verify presence of the affinity tags and mutant. Similar to the
Osyczka group's findings, Lanciano et al. report significant cytochromes (c + heme c1)
reduction as measured at 550nm, indicating a functional ISP. More importantly, with
regard to the issue of intermonomer electron transfer, the 560nm signal visibly shows the
initial reduction of the b hemes followed by their slow oxidation as electrons traverse the
low potential chain.

Once the proteins are produced, both the Osyczka and Daldal groups use

comparable systems and conditions to measure the rates of electron transfer in their
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proteins. The use of chromatophores containing photosynthetic reaction centers has its
advantages, but the resolution and quantification of fast phase electron transfer is not one
of them. Detection in this type of system is to a large extent rate-limited by diffusion of
cytochrome c to heme c1, while the rate-limiting step in the protein has been shown to
actually be rotation of the ISP. Thus, the true rate of electron transfer cannot be determined
using this type of system. Per Marcus Theory, the transfer of electrons is instantaneous
once reorganizational energy constraints are met and the geometries of the redox centers
are sufficiently oriented for the transfer event. Evolutionarily, the electron transport chain
has been honed by time and selection to minimize the reorganizational component to
create a masterpiece of speed and efficiency, catalyzing reactions on the micro- to
millisecond timescale. However, the use of chromatophores yields information in the 100-
200ms timescale at best, meaning that the actual electron transfer event is missed and one
is simply observing the state of system components afterwards. The use of photoreaction
centers has undoubtedly been proven to be capable of yielding important information, yet
we have the unique advantage of supplementing their data with our own in order to
quantify true rates of transfer associated with the enzyme. In order to achieve this, the
methods of fast phase electron transfer employed by the Millett/Durham group

significantly diverge from the use of chromatophores, as described in Chapter 1.
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Figure 2.2-1 Structure and orientation of the bc; dimer in the membrane bilayer, with
symmetrical sites indicated along with Q. and Q; substrate processing sites (51).
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Figure 2.2-2 Comparison of crystal structures of prokaryotic vs. eukaryotic cytochrome
bci (35)
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Figure 2.2-3 The Q-cycle as originally proposed by Peter Mitchell (top), and a schematic
of the currently accepted consensus of the Q-cycle as supported by crystal structure
evidence (bottom) (35).

H* H*

\ 7/

by €«——— QH; — ¢

Membrane

37



Figure 2.2-4 Ribbon diagram of cytochrome bci in two different conformational states.
These are defined by the orientation of the FeS cluster (dark blue) in its rotational state. In
its b-state, the FeS is closest to the b hemes (grey ribbon with heme colored red). In the c1
state, the reduced FeS is oriented towards the heme c1 group (green ribbon, with heme c:
in red) to facilitate electron transfer. While in the b-conformation, stigmatellin (cyan)
binds at the Q, site, while antimycin (green) binds at the Q; site.
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Figure 2.2-5 Schematic depicting the relationship of bc: to the photosynthetic center in
photosynthetic Rhodobacter sphaeroides. Key similarities include the rotation of the ISP
and homology of the enzyme as compared to eukaryotes.
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Figure 2.2-6 Redox potentials involved in photoexcitation of P870 and the subsequent
electron transfers through the photosynthetic reaction center to drive reduction of quinone
to quinol.

P870*

-0.6 —
0.4 BPheo a

e>'(V) -0.2 |—  hv Qa

+0.2 | Cytochrome | , - Q pool
bc, complex

+0.4 — Cytochrome?:;

106 | P870

40



Figure 2.2-7 Figure indicating redox potentials and distances found in cytochrome bc;.
Intermonomeric ET across dimer of bc is theorized to take place across the heme by, redox
centers (51).
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2.3 Flash initiation of redox events within cytochrome bc;

Throughout the experiments described in this section, flash initiated redox events
within cytochrome bc; are initiated as shown in Figure 2.3-1 (top). In this method, RuzD
seres as a cytochrome c surrogate to rapidly oxidize the ferrous c1 subunit of cytochrome
bci. From a spectral standpoint, this phase is indicated b a rapid decrease in the
absorbance of the sample at 552nm, which indicates oxidation of the heme redox center.
After this flash oxidation, the experimental pathway then tracks the increase in absorbance
at 552nm as heme c; is re-reduced, which corresponds to the electron transfer from the
pre-reduced ISP to the heme c; subunit. For Rhodobacter sphaeroides, this phase has been
reported to be 80,000 s-1, a value which serves as a point of comparison in the current
studies regarding similar species Rhodobacter capsulatus. Upon oxidation, the mobile ISP is
capable to move towards the Q, site to oxidize the quinol substrate. The ISP is itself re-
reduced in this process, which can be monitored via the slower phase in the 552nm
transients. Further evidence of bifurcated turnover at the Q, site can be monitored at an
isosbestic point for heme c; at the 560nm wavelength, where the redox status of the heme
c1 component of the system is eliminated from consideration. Therefore, any observed
changes in the spectrum at this wavelength correspond specifically to changes in the redox
state of the b hemes associated with the low-potential chain. The reduction of the b-hemes,
as monitored at the 560nm wavelength, thus correlate to the rates of the slower phase re-
reduction of the ISP as monitored at 552nm. The details of these spectral relationships
have been firmly established by several prior studies for the purpose of examining the

internal kinetics of cytochrome bc;.
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In the current experiments, initial conditions deviate from those in prior studies due
to the redox state of the low potential chain prior to flash. Specifically, these experiments
are conducted under conditions favoring reduction of the b hemes across the population of
bci macromolecules prior to the flash initialization. It was noted that there is likely an
equilibration of redox states across the b-hemes. As described in subsequent sections, this
was achieved via maintaining anaerobic conditions and providing ample reduced substrate.
It was noted that even under these conditions, the extent of re-oxidation of hemes b does
not return to the pre-flash baseline. Accounting for the extinction coefficient of heme by at
560nm and heme c1 at 552nm, two equivalents of heme by are observed to be oxidized
following a single turnover at the Q, site.

Using R. cap cytochrome bc; constructs provided from the group of Fevzi Daldal, the
experiments below were designed to determine important, novel rate information for the
bci enzyme for the species. In addition, the experiments were performed to provide insight

into the possibility of intramonomer electron transfer.
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Figure 2.3-1 Schematic of inorganic complex Ru;D being employed as a cytochrome c
analog, serving to oxidize the c1 subunit upon laser flash initiation and providing information
about the internal kinetics of the enzyme (top). Alternatively, ruthenium complexes
covalently attached to cytochrome c can, upon laser flash photolysis, oxidize cytochrome c to
create an analogous electron transfer cascade (bottom).
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2.4 Materials and methods

As mentioned, we employ an alternative technique to examine cytochrome bc; to
characterize fast-phase kinetics using laser flash photolysis. Using the binuclear ruthenium
complex RuzD and laser flash excitation, we photooxidize heme c; to initiate a cascade of
electron transfers. Prior to this event, quite simply, the system is poised in a mostly
reduced state; the b-hemes typically just equilibrate to a partially reduced state, based on
the UV-Vis analysis at 560nm where their characteristic absorbance can be monitored.
This reduced state is facilitated by the use of one of two reducing systems: ascorbate with
TMPD as redox mediator, or the enzyme succinate dehydrogenase/succinate combination.
The protein is ~5uM in 300uL volume, anaerobic as degassed by N; in a sealed cuvette with
septum. The ISP is pre-reduced via decylubiquinol in solution, which is added as an analog
of the native substrate quinol. Lauryl maltoside at.01-.02% simulates a membrane-like
environment to stabilize the protein in our typical choice of buffer: 20mM Tris-HCl buffer
at pH=8.0, along with sacrificial oxidant cobaltpentaamine chloride -- [Co(NH3)sCl]CL.
Unlike for some ruthenium complexes, which are covalently attached to the protein, the
Ru;D is dispersed freely in the solution. Upon flashing, the RuzD is oxidized and draws the
electron from heme c1; the ISP is then able to interact with and reduce heme c1, which we
track by monitoring the 552nm transient as it is re-reduced by the ISP. Similarly, we
perform analysis at 560nm to track the low potential chain of the b-hemes, which gradually
become more reduced relative to their starting pre-flash equilibrated, primarily oxidized
state, as electrons pass through that fork of the