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ABSTRACT

The Rieske/cytochrome b complexes, also known as cytochrome bc complexes, catalyze
a unique oxidant-induced reduction reaction at their quinol oxidase (Q,) sites, in which substrate
hydroquinone reduces two distinct electron transfer chains, one leading to a series of high-
potential electron carriers, the second to low-potential cytochrome b. This reaction is a critical
step in energy storage by the Q-cycle. The semiquinone intermediate in this reaction can also
reduce O, to produce deleterious superoxide. It is yet unknown how the enzyme controls this
reaction, though numerous models have been proposed. In previous work we were able to trap a
Q-cycle semiquinone anion intermediate, termed SQ, in bacterial cyt bc; by rapid freeze-
quenching. In this work, we apply pulsed EPR techniques to determine the location of SQ, in
mictochondrial complex and that mitochondrial SQ, has highly unusual properties. In contrast
with previous semiquinone intermediates, SQ, is not thermodynamically stabilized, or even
destabilized with respect to solution. It is localized in the Q, pocket at a niche, which is distinct
from previously described inhibitor-binding sites, but is sufficiently close to cytochrome b, to
allow rapid electron transfer. Both the location of the binding sites and EPR analysis show that
SQ, is not stabilized by hydrogen bonds to proteins. These results indicate that the formation of
SQ, involves “stripping” of both substrate protons during the initial oxidation to the high
potential chain, as well as conformational changes of both semiquinone species and Q, site
proteins components. The resulting charged radical is kinetically trapped, rather than

thermodynamically stabilized (as in most enzymatic semiquinone species), maintaining redox
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energy to drive electron transfer to cytochrome b;, while minimizing certain Q-cycle bypass

reactions including oxidation of pre-reduced cytochrome b and reduction of O,.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

The Rieske/b and related complexes, e.g., cytochrome (cyt) bc; complex, also known as
ubiquinol: cyt ¢ oxidoreductase, in mitochondria and related cyt b4f in chloroplasts and other bc-
type complexes in many bacteria are essential components of the electron transport chain in
respiratory and photosynthetic systems. These complexes aid in generating an electrochemical
gradient of protons across membrane, also called as proton motive force (pmf). The pmf is
essential for synthesis of ATP and other bio-energetic processes. These complexes translocate
protons across the membrane by oxidizing a range of different quinol (QH,) molecules:
ubiquinol (UQH;) in mitochondria and many bacteria, plastoquinol (PQH;) in chloroplasts and
cyanobacteria, and menaquinol (MNQH;) in many bacteria, to the corresponding quinone (Q),
and they reduce a range of soluble electron carriers, including cyt ¢ in mitochondria,
plastocyanin or cyt ¢4 in chloroplasts and cyanobacteria, and high-potential iron-sulfur proteins
in certain bacteria. Cyt bc; plays an important role in metabolic and energetic pathways both in
humans and wide range of human pathogens (1-4). In addition to the generation of pmf, cyt bc,
can also form superoxide (SO) as a bypass reaction in case of cyt bc; malfunction (5). SO
production within a cell can lead to a cascade of reactions, causing lipid peroxidation and protein
damage (6, 7) or inappropriate cellular signaling (8). Excess SO will cause oxidative stress and

eventually cell death, and has long been suggested as a factor in many pathophysiological
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processes. Many diseases and degradative processes affecting humans can be directly correlated
to mitochondrial dysfunction. The process of aging is integrally linked to the oxidative
degradation of mitochondria and cyt bc; dysfunction (9) and is indicted in certain diseases like
diabetes, heart disease and cancer (10, 11). There is a need to understand the full range of
reactions possible for cyt bc; complex in both normal physiological and diseased conditions.
There is a need to understand how cyt bc; complex maintains the balance between driving pmf
and SO formation in normal physiological condition and how is it disrupted in diseased
conditions.
1.2 Background

The cyt bc; and be-type enzymes are dimeric, integral membrane proteins. Each
monomer consists of anywhere from three subunits in some prokaryotes to eleven subunits in
mitochondria. Each monomer of the active complex consists of three essential catalytic subunits:
cyt b; the Rieske iron-sulfur protein (ISP); and cyt ¢;. The cyt bc; complex transports electrons
through two distinct electron transport chains involving four major redox-active metal centers.
The ‘low-potential chain’ consists of cyt b with its two hemes, heme by and heme b; with
relatively higher and lower redox potentials, bound within the cyt b protein. The ‘high-potential
chain’ consists of a ‘Rieske’ iron-sulfur cluster (2Fe2S) in the Rieske ISP, and another relatively
high-potential carrier: cyt ¢; in the cyt bc; complex and an assortment of other carriers in
complexes from distantly-related bacteria. The cyt bc; complex has two different substrate
(Q/QH>) binding sites. One is in the positive side (p-side) of the membrane and termed as ‘Q,
site” or ‘Q, pocket’ and the other is in negative side (n-side) of the membrane, termed as ‘Q;

site’. The Q, pocket is located at the interface between heme b, and ISP and during normal



turnover oxidizes QH, to Q. The other site, Q; site on the n-side of the membrane in turn reduces

Q to QH,, which can enter in to a subsequent cycle.

Crystal structures provide valuable information about substrate binding and are consistent
with the general outlines of the Q-cycle mechanism (discussed later in this chapter). Though
there are crystal structures of cyt bc; published with and without various inhibitors, there is none
with bound Q/QH; in the Q, pocket (12-18). Crystal structures also showed the ISP in different
conformations indicating large-scale movement of the ISP head-group in the complex. However,
crystal structures represent the stable states along the catalytic cycle and do not show the reactive
intermediates that are vital for understanding the detailed reactions. Though the crystal structures
provide an invaluable structural context in which to formulate and test mechanistic hypotheses,
the details of how substrate bind, how electrons are transferred and the nature of intermediates
and transition states involving the Q, site can only be determined through biophysical

measurements.

1.2.1 The Q-cycle

Electron flow through the cyt bc; and bgf complexes occurs by the ‘Q-cycle’ mechanism
proposed by Peter Mitchell in 1976 and modified several times (19-22). The important structural
and mechanistic features of these complexes that allow them to perform the Q-cycle are still
controversial. Cape et al. have recently grouped these highly-complex Q-cycle working models
to a few recurring motifs to simplify them (23). I will use one of the simplified, yet still
complicated models to explain the cyt bc; functioning and will refer to it as the modified Q-cycle

from now.



Reduced/Oxidized heme ¢
Reduced/Oxidized heme b,
Reduced/Oxidized heme by,
Reduced/Oxidized 2Fe2S

Quinol/Semiquinone/Quinone

Figure 1.1 The Q-cycle in cyt bc; complex. The lower left of the figure shows a cyt bc; in
schematic form with the quinione binding sites, the Rieske ISP and cyt c; labeled. The surface
of the membrane is indicated by the two dashed lines. The substrates and cofactors are
identified along with their redox states by the symbols at the bottom. The different states of
the complex in its catalytic cycle are represented by the individual images with the redox
states of the various cofactors. The different arrows show the electron and molecular motions
that advance each state to its subsequent state.



The modified Q-cycle involves a bifurcated electron transport chain involving both a
high-potential chain and a low-potential chain. For a better understanding of the Q-cycle
mechanism, the reader is referred to figure 1.1 and can follow the different stages in the figure,
as described in the text. To understand the general outlines of the modified Q-cycle, we can
consider it starting with the binding of QH> in the Q, pocket of cyt bc; complex with b hemes of
the low-potential chain oxidized and the ISP and cyt c; of the high-potential chain reduced (A of
figure 1.1). The cyt ¢; is oxidized by transferring an electron to a soluble cyt c. The oxidized cyt
c; accepts an electron from the reduced Fe,S, of ISP (B) and oxidizes Fe,S, (C). The head group

of ISP pivots by ~65° to bring the Fe,S, group near the Q, pocket (D).

The QH, bound in the distal niche, i.e., distant from heme b, of the Q, pocket transfers an
electron to the Fe,S, cluster and one proton across the membrane to the p-side resulting in the
formation of a semiquinone (SQ) species (E). The SQ in Q, pocket quickly moves to the
‘proximal’ niche, i.e., near heme b, (F). It is still controversial whether this ‘movement’ is a
physical relocation of a single SQ in the Q, pocket or some sort of electronic transfer between
two quinone species packed in to the Q, pocket (19, 24). The ISP head group pivots back
towards the cyt ¢; (F-G) and the unstable SQ species donates the electron to the reduced heme b,
of the low-potential chain, along with transferring a proton to the p-side of the membrane,
leaving a Q at the Q, pocket (G). The heme b, transfers an electron to heme by, which in turn
transfers the electron to a Q in the Q; site, leaving a SQ species (G). The Q at the Q, pocket is

replaced by QH; to complete the first sub-cycle.

Similar reactions will occur in the second sub-cycle: oxidation of ISP cluster by
transferring an electron to cyt ¢; (A’), formation of SQ in the Q, pocket by transferring an

5



electron to the oxidized ISP (B’-E’) followed by another electron transfer through the low-
potential chain to the SQ at the Q; site along with uptake of two protons from the n-side of the
membrane to form QH, (F’-G’). At the end of second sub-cycle, the QH, in the Q; site is
replaced by the Q and the Q at the Q, pocket is replaced by QH, to start another cycle of electron
transfer. The result of the full catalytic cycle is the oxidation of two QH; molecules to Q at the
Q, pocket along with translocation of four protons across the membrane to the p-side. On the
other side of the cyt bc; complex, one Q molecule is reduced to QH, at the Q; site by picking up

two protons from the n-side of the membrane.

The unique feature of the Q-cycle is the ‘bifurcated’ electron flow through different
pathways (20, 21, 25, 26). One electron from each quinol is transferred through the high-
potential chain with a large thermodynamic driving force. The other electron transfers through
the low-potential chain with very low thermodynamic driving force. This bifurcation enables the
Q-cycle to transfer two protons per each electron transferred to the cyt ¢ and other downstream
enzymes. The bifurcation, in particular, is one of the major issues in the field. The ability to
study the SQ trapped in the Q, pocket would be of great help to understand the electron transport

in cyt bc;.

1.2.2 Reiske ISP headgroup motion

The cyt bc; complexes have large conformational changes in the ISP during their
catalytic cycles as inferred from crystal structures of a wide range of complexes (27, 28)
including the recent cyt b4f crystal structures (29, 30) and from electron paramagnetic resonance
(EPR) studies of oriented, hydrated membranes in different physiologically relevant states (31-

35). The effect of different inhibitors and mutations on the ISP was studied using EPR
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techniques. Inhibitors such as stigmatellin (stig) block the QH; binding at the Q, pocket, interact
with the ISP and lock it in a single conformation in which the Fe,S; cluster is near the Q, pocket,
and block the electron transport through high-potential chain. Another class of inhibitors that
prevents the reduction of cyt b binds in the Q, pocket in a different way, allowing the ISP
headgroup to move, but blocking electron transport through the low-potential chain. Although
cyt b and ISP reduction blockers bind in the Q, pocket, they seem to interact with and be bound
in different regions of the site. The cyt b reduction inhibitors bind near the heme b;, occupying a
niche in the Q, pocket that is proximal to heme b; and are called proximal niche inhibitors, and
the ISP reduction inhibitors bind farther away and are called distal niche inhibitors. The distal

niche inhibitors do not have any effect on the movement of the Fe,S, head group of the ISP.

1.2.3 Bypass reactions and SO production

There are several alternative reactions to the Q-cycle with larger net driving forces,
leading to short-circuiting ‘bypass’ reactions (36-39). These bypass reactions are
thermodynamically more favorable but less efficient in driving the proton motive force, robbing
the cell of ATP. The reactive intermediates in the Q, site can have several fates besides the Q-
cycle, including (i) reduction of the high-potential chain by both QH, electrons, either by direct
oxidation of SQ, or by relaying an electron from the reduced low-potential chain; (i) SQ, can
escape from Q, site, disproportionate to Q and QHj; and (iii) SQ, can react with cellular O, to
form superoxide (SO). All these reactions decrease energy storage by decreasing proton
translocation. Of all these bypass reactions SO production is more active and toxic to the cells

(40).



These bypass reactions will be more
prominent when the Q-cycle is blocked one or the

other way (figure 1.2). For example, production of

SO is stimulated by the binding of inhibitors such

FraiAA F1bH A as Antimycin-A (AA) at the Q; site (38, 39). The

0, inhibitor AA blocks the Q binding at the Q; site

S‘?{ +0:/k; and further the electron transport from heme by.

1 The Q-cycle reactions will be normal for two

¢ >0 turnovers of QH, at the Q, pocket, but without

Figure 1.2 Bypass reactions. Two possible Q- the oxidation of the low-potential chain, the cyt b
cycle bypass reactions that could generate

SQ hemes remain reduced. Subsequent QH, that bind

at the Q, pocket will be partially oxidized by the Fe,S, of ISP to form SQ,. The SQ, cannot

transfer the electron to the heme b, because both the hemes are reduced and cannot accept

another electron. The unstable SQ, will either react with the O, that enters the Q, pocket and

form a SO and Q; or the SQ, will escape the enzyme and react with cellular O, to form SO and

Q. In either case, more QH, will bind at the Q, pocket and produce more SO and this process

continues.

In the complex Q-cycle reactions there are many ways to induce SO production. One way
is to inhibit the Q binding at the Q; site as described above. Second way is by building
backpressure from a large electrical potential across the membrane that prevents the electron

transport in the low-potential chain (41, 42). Yet another way is the use of quinol analogues or



modified quinols that act as substrates but increase SO production (43). Mutations in the cyt bc;

complex can also shift the equilibrium towards SO production from Q-cycle (44, 45).

SO produced in mitochondria has long been suspected of contributing to ageing-related
and other diseases. SO production within a cell can lead to a cascade of reactions, causing lipid
peroxidation and protein damage or inappropriate cellular signaling even at low yields. Recent
study by Loeb et al., showed that mutations in mitochondria including cyt b have led to
decreased lifespan in plants and premature onset of ageing-related syndromes such as hair loss,
curvature of the spine, osteoporosis and cardiac enlargement in animals (45-47). A causative

connection between these features and the SO production has not been established yet.

Improved mechanistic understanding can improve human health through: new treatment
to combat ageing processes; improved diagnosis and treatment of genetic diseases caused by cyt
bc;; and by the development of new antibiotics. An effort is made to understand the fundamental
features universal to cyt bc; complex in various kingdoms which could lead to specific drugs or

antibiotics targeted to pathogens.

Forquer et al. (48) have shown that SO production and the Q-cycle share an identical or
very similar transition states, suggesting that both processes likely involve the same intermediate.
The “‘transient intermediate’” observed might be SQ, that is rapidly consumed during normal
turnover via oxidation by cyt b, or by superoxide production during partially-inhibited turnover,
and accumulated only when these pathways are blocked (39, 49). Of course, we cannot yet
eliminate the possibility that the Q, site-generated SQ observed in this dissertation represents a
later intermediate in the reaction pathway than the true O, reductant formed during uninhibited

turnover (48). Cape et al. (50) have proposed that SO production by the cyt bc; complex is
9



initiated upon SQ formation and occurs mainly within the Q, pocket. The rate of SO production
is thus likely controlled by two factors. First, the redox properties of the SQ/QH, couple will
control the amount of SQ formed at the site, as demonstrated by the observation that substitution
of UQH; by rhodoquinol transforms the bc; into a ‘‘superoxide factory’” (51). Second, the Q,
site also likely acts as a barrier to O, diffusion into the site, limiting the rate of SO production. In
this case, changes in the permeability of O into the Q, site (i.e., its diffusion rate) should have
large effects on the maximum rate of SO production, and we thus predict that some disease-
related mutations of the cyt bc; will affect the ability of the Q, pocket to ‘‘shield’’ the reactive

intermediates.

The SQ intermediate has been looked for during past 50 years but not found until recently
and only in bacterial cyt bc;, that use SQ during anaerobic photosynthesis where there is no O, to
form SO. Early attempts to detect the postulated SQ, intermediate failed to find one that was
sensitive to Q, site inhibitors (52) that block enzymatic activity. This missing link prevented
understanding of the strict use of two electron transport chains and the proton pumping, which is
widely thought to involve motions of SQ, within Q, and of the ISP subunit. Recent freeze-
quench experiments (53, 54) used different strategies to trap a SQ produced in the Q, site of cyt
bc; of Rhodobacter capsulatus based on specific inhibitors and mutations. Both blocked the
low-potential chain so it could accept only 1-2 electrons, before leaving a SQ, stranded. The cyt
bc; was mixed rapidly with QH, and frozen 7 ms later (53), long enough for 2-3 enzymatic
turnovers to fill the low-potential chain and form SQ, but not for SQ, to react through bypass
reactions (5, 55) or escape from Q,. Electron paramagnetic resonance (EPR) analysis of the

trapped SQ in these freeze-quenched samples showed it to be in or very near Q,. Subsequently,
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Zhang et al. (54) found consistent results in chromataphores of R. capsulatus after flash

excitation of the photosynthetic reaction centers to oxidize cyt bc; complex followed by freezing.

The trapped SQ can serve as a new spectroscopic probe of reactions and interactions in
Q,, but interpretation of such studies depends on where that SQ is finally trapped, while their
relevance to human or even eukaryotic pathophysiology is complicated by the significant
differences between bacterial cyt bc; of R. capsulatus and mitochondrial cyt bc; (56) . These
considerations led us to apply rapid freeze-quench to mitochondrial cyt bc; of Saccharomyces
cerevisiae yeast and to locate the trapped SQ using paramagnetic relaxation enhancement (PRE),
of the unpaired electron spin of the SQ by the cyt b, and cyt ¢; heme cofactors and to
characterize the trapped SQ and its interaction with the environment using pulsed EPR

techniques.

1.3  Objective

The specific aims of this study are (i) to trap the SQ intermediate in mitochondrial cyt bc;
in large enough amounts to be able to detect spectroscopically; (ii) to characterize the trapped SQ
intermediate and its interactions with the protein and the surroundings; (iii) to determine the
physical location of the SQ intermediate in the protein and (iv) to identify the substrate/quinol

binding site in the protein, how the SQ binds and where it binds.

The SQ has proven to be elusive despite many attempts over the years to observe it. Two
factors have made it difficult. Kinetic and thermodynamic measurements of the Q-cycle indicate
that the formation of SQ at or near the transition state in the bifurcation reaction has a large E,.

of roughly 60 kJ/mole. Thus, under most experimental conditions there is little if any SQ present
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to detect. However, the SQ ought to be observable if it is kept from being consumed by both Q-

cycle and bypass reactions.

In this work I describe the trapping and characterization of the SQ intermediate of the Q-
cycle in mitochondrial cyt bc;. Rapid freeze-quench technique was used to trap the SQ
intermediate at the Q, pocket. AA, a Q; site inhibitor, was used to block the electron flow
through the low-potential chain from heme b to Q at the Q; site. The Q-cycle continues normally
for 2 cycles, reducing both hemes in the low-potential chain. In the third cycle, the QH; bound at
the Q, site will be oxidized to SQ intermediate by the Fe,S, of ISP, the SQ cannot transfer
electron to heme b, leaving the SQ in protein. This favors the SO production, but a strict
anaerobic environment was maintained, preventing the SO production. The mixture was frozen

rapidly enough to avoid all other bypass reactions and leaving SQ in protein.

The trapped SQ intermediate was identified using CW-EPR spectroscopy. The substrate
QH; could follow any of the reactions mentioned shown in figure 1.3 to form either a radical
anion or a neutral radical. The trapped radical could either be stabilized in the Q, pocket by
forming strong hydrogen bonds or salt bridges with the protein, or could be trapped in an
electrostatic cage and not interact with the protein, which would leave the SQ, highly unstable.
High-field EPR and pulsed EPR techniques such as Electron Nuclear Double Resonance
spectroscopy (ENDOR) were used to characterize the trapped SQ intermediate, as a radical anion
or a neutral radical. Another pulsed EPR technique Electron Spin Echo Envelope modulation
(ESEEM) was used to identify the interactions of SQ, intermediate with the protein and the

surroundings and the stability of the radical.
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Figure 1.3 Schematic of the possible reactions to oxidize quinol. The species named as radicals are
paramagnetic and can be detected using EPR.

The importance and relevance of the SQ depends on its location in cyt bc;. The spin
relaxation rate of a slow-relaxing spin is enhanced by magnetic interaction with a nearby fast-
relaxing spin. The slow-relaxing SQ in the bacterial protein interacts with the fast-relaxing
hemes in the protein and experiences paramagnetic relaxation enhancement (PRE) (53). We
examined this PRE in detail in the mitochondrial cyt bc; because PRE has been a useful probe
for measuring distances between spins in proteins (57, 58) including the Fe,S,-heme b, distance
in cyt bc; by Sarewicz et al. (59), copper ion bound to cyt b4f (60), cyt ¢ bound to cyt ¢ oxidase

(61), and spin-labeled metmyoglobin (62).
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An attempt to identify the amino acid residues interacting with QH,/SQ in the Q, pocket
has been started using mass spectrometric experiments. Initial progress in this ongoing effort is

summarized.
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CHAPTER 2

PREPARATION OF SQ RADICAL INTERMEDIATE

This chapter describes the biochemical procedures and other techniques to trap the SQ in
protein. This mainly deals with the work I have done at Washington State University, Pullman,
WA as part of my dissertation. This chapter provides a brief description about purification of cyt
bc; from yeast and bacteria, trapping the SQ intermediate in the protein using freeze-quench
technique and initial characterization of trapped SQ.

2.1  EPR Sample preparation:

All reagents and chemicals, unless other mentioned, were purchased from Fisher
Scientific or Sigma Aldrich. Sacchaomyces cervisiae strain D273-10B was purchased from
American Type Culture Collection.

2.1.1 Extraction of cyt bc; complex from Saccharomyces cerevisiae cells:

The following protocol describes the isolation of crude mitochondria from store-bought
yeast (Saccharomyces cerevisiae), as described earlier by Ljungdahl et al. (63). It is modified
from the original protocol (39). From a cell paste of 100-150 g, the typical yield is 150-200 mg
mitochondrial protein. The method can be up or downscaled by at least a factor of two. The

procedure requires the following isolation buffers, all are made fresh before use:

Buffer I: 100 mM tris(hydroxymethyl)aminomethane-acetate (tris-acetate), 150 mM

potassium acetate, 250 mM sorbitol, 5 mM magnesium chloride, 1 mM dithiothreitol (DTT) and
15



I mM phenyl methane sulfonyl fluoride (PMSF) added just before use, a pH of 8.0 was

maintained.

Buffer II: 50 mM tris-acetate, 400 mM mannitol, 2 mM ethylenediamine tetraacetic acid

(EDTA) and 1 mM PMSF added just before the use, a pH of 8.0 was maintained.

Buffer III: 50 mM tris-acetate, 150 mM potassium acetate, 2 mM EDTA and 1 mM

PMSF added just before use, with a pH of 8.0.

Buffer IV: 50 mM tris-HCl, 1 mM magnesium sulfate and 1 mM PMSF added just before

use, with a pH of 8.0.

Procedure:

1. Dry yeast of 1 Kg was washed with five liters chilled double distilled water (ddH,O) and
the cells were spun at 5,000g for 10 minutes at room temperature in tared bottles using
H6000A centrifuge. The cells were recovered and the supernatant was discarded.

2. The recovered cells were washed with buffer I, and spun at 5,000g for 10 minutes and the
supernatant was discarded.

3. The recovered yeast cells were resuspended in buffer I and the solution was poured in to
a container with liquid nitrogen.

4. The frozen cells were broken to small chunks and blended with liquid nitrogen for 3-4
minutes, checking the level of liquid nitrogen in between.

5. The frozen yeast powder was then thawed to room temperature, suspended in buffer I and
centrifuged at 3,000g for 10 minutes and the supernatant was collected, this step is

repeated if necessary and the supernatants were mixed.
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10.

11.

12.

13.

2.1.2

The combined supernatant was spun at 26,000g for 30 minutes and the pellet was
collected for mitochondria.

The pellet was washed and suspended in buffer II, spun at 26,000g for 30 minutes, pellet
was collected. This step is repeated again and the pellet was collected.

The pellet was washed and suspended in buffer III, spun at 26,000g for 30 minutes, and
the pellet was collected and suspended in buffer III.

The resulting mitochondrial suspension was homogenized, added with equal volume of
Glycerol and stored at -80 °C for later use and is termed as SMP.

The SMP was thawed to 4 °C washed with buffer IV, spun at 30,000g for 30 minutes,
pellet was collected and this step was repeated.

The collected pellet was suspended in buffer IV, protein concentration was measured and
adjusted as necessary using glycerol.

The protein is then mixed with 6mg/ml of n-dodecyl-beta-D-maltoside (B-DM) and
stirred on ice for an hour in dark.

The mixture was then spun at 100,000g for 90 minutes in a SW28 rotor and the

supernatant was collected and a gel column was run to isolate cyt bc; complex.

Extraction of cyt bc; complex from Rhodobacter capsulatus cells:

This work was done in Dr. Kramer’s laboratory at Washington State University, Pullman.

The wild type R. capsulatus was obtained from Fevzi Daldal laboratory (University of
Pennsylvania, Philadelphia, PA). These strains were inoculated in a mineral rich peptone-
yeast extract, which contains 3 g/L peptone, 3 g/L yeast extract, 2 mM MgCl, and 2 mM

CaClz.
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10.

These inoculated media was autoclaved at room temperature (23°C) with a magnetic
spinner for 40 minutes, and incubated in a magnetic muffin pan for 3-4 days at room
temperature and in dark.

The cells were collected after 3-4 days, spun at 10,000g at 4 °C for 10 minutes and the
resulting pellet was collected. The pellet was resuspended in buffer I and spun at 10,000g
for 10 minutes and the pellet was collected.

The pellet was suspended in buffer II and transferred to a French press. The cells were
crushed at 1000 psi and the solution was spun for 10 minutes at 10,000g and the
supernatant was collected to remove the cell debris.

The supernatant was then spun at 100,000g for 2 hours (28,000 rpm @ SW28 rotor) and
the resulting pellet containing chromatophores were collected.

The resulting chromatophore suspension was homogenized, added with equal volume of
glycerol and stored at -80 °C for later use.

The chromatophore suspension was thawed to 4 °C washed with buffer IV, spun at
30,000¢g for 30 minutes, pellet was collected and this step was repeated.

The collected pellet was suspended in buffer IV, protein concentration was measured and
adjusted as necessary using glycerol.

The protein is then mixed with 6 mg/ml of -DM and stirred on ice for an hour in dark.
The mixture was then spun at 100,000g for 90 minutes in a SW28 rotor and the

supernatant was collected and a gel column was run to isolate cyt bc; complex.
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2.1.3 Purification of cyt bc; using ion-exchange chromatography:

A series of buffer or elution solvents were prepared which contain 50 mM tris-acetate, 1
mM MgSOy4, 0.01% B-DM and 20% glycerol at pH 8.0 with varying salt concentrations (100,
150, 200, 400 mM NacCl). Prior to loading the solubilized proteins, the column was packed under
pressure with 500 mM buffer and then equilibriated with 100 mM buffer. The protein extraction
was applied on to the DEAE-BioGel A column, and the gel was eluted first with 100 mM salt
buffer solution for 10 minutes or until the eluted solution was colorless. The same elution
process was employed with 150 mM and 200 mM salt concentration buffer solution. When the
eluted solution after applying 200 mM was colorless, 400 mM salt concentration buffer was
used. The cyt bc; was eluted with the 400 mM salt concentration buffer and the eluted solution
was collected until it becomes colorless. This part of eluate has only cyt bc; and the collected
eluate was tested for activity. The collected eluate was concentrated in Millipore-Amicon, or ISI

Bioexpress-Vivaspin at 3,000g for 30 minutes at 4°C. The final concentration of the protein was

measured and stored at -80°C.

2.1.4 Cyt bc; concentration determination:

The concentration of the sample was estimated by measuring the redox-difference
spectrum of cyt b absorbance between a fully-reduced state with excess dithionate and fully
oxidized state with ferricyanide. The absorbance coefficient for wavelength pair 562-578 nm for
cyt b was taken to be 25600 L mol™ ecm™. The cyt bc; was diluted as necessary in the buffer
containing 50 mM MOPS, 100 mM KCI, 20 mM EDTA and 0.05% B-DM. To the diluted
protein, 2 mM KCN was added followed by 1 mM ascorbic acid, then transferred into two

identical cuvettes, one is labeled as sample and the other as reference. The absorbance spectrum
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was measured from 540 nm - 580 nm, and this spectrum was used as base line for further
calculations. A small amount of freshly prepared sodium dithionate was added to the sample
cuvette to reduce the protein, and the absorbance was measured from 540 nm-580 nm. The cyt
bc; concentration was calculated from the difference of reduced and oxidized spectra at 562 nm

and 578 nm by the following formula:

(AA562—AA578)

) X dilution factor
51.2

Concentration = (

2.1.5 Preparation of Freeze-Quenched EPR Samples:

For typical assay samples, 100 pM UQH; in buffer (50 mM Tris/100 mM KCI, pH 8.0)
was reacted with 20 uM purified cyt bc; complex in the same buffer, incubated with 30 uM AA
or with AA and 30 puM stigmatellin as needed in a 1:1 ratio with a total reaction volume of 200
ul using the rapid freeze-quench apparatus (Model MPS-51; Biologic, Indianapolis, IN) as
described in (64, 65) with modifications. Absorption and EPR spectra were measured before
mixing to verify that the redox carriers of the cyt bc; were in their oxidized states. The freeze-
quench syringe drive and liquid propane bath were enclosed in a glovebox under an Argon (Ar)
atmosphere with sealed electrical connections to the controller and computer. The reactants were
typically incubated on ice under Ar for 2 hours before the experiment to generate anaerobic
conditions. UQH, was diluted into buffer just before loading into the syringe reservoir. The lines
leading from the syringes to the mixer and outlet were purged with 150 pl of each reactant over a
time period of 50 ms, with the excess taken to waste by suction. A rapid shot of 100 ul from each
syringe was routed through the mixer and outlet over a 27 ms time period into a bath of liquid
propane. Freeze-quench shots were typically carried out in duplicate into the same liquid propane

bath to give a total of 400 pl of frozen material. The liquid propane bath was contained in an
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aluminum funnel surrounded by a secondary aluminum containment vessel suspended in liquid
N,. Samples for EPR spectroscopy were prepared by packing the freeze-quenched material
through a small aperture at the bottom of the aluminum funnel using the shaft of a pre-cooled
cotton swab into a 4-mm outer diameter, 4-5 cm long quartz EPR tube sitting in a second liquid
propane bath. Approximately, two 150 pul EPR samples were prepared from each set of freeze-
quench shots. The reproducibility of the EPR signal amplitudes between duplicate samples
depended on sample packing density and the packing height within EPR tubes. Careful packing
and attention to sample height allowed us to achieve good reproducibility in signal amplitudes
from replicate samples, with differences between identical samples within the same preparation
ranging from 5% to 10% of the total amplitude. The mixing time of the freeze-quench apparatus

was calibrated as described (58) using the reaction of myoglobin with azide as a standard (50).

2.1.6 Preparation of UQ radicals in solution:
H 30 pg of Coenzyme Q10 (UQ) was
Q — 1Q* —53Q*+ & o dissolved in 100 pl of cyclohexanol to get
0.35 mM solution. Cyclohexanol unlike
lower alcohols, is less polar and represents

_ 0 . _-OH the hydrophobic Q, pocket of the quinone
Ners=t¥e]
KOH binding site in the protein. KOH-saturated

Figure 2.1 Photolysis scheme making quinone radical

anion in cyclohexanol cyclohexanol was used to make the radical

anion. Radical anion in deuterated cyclohexanol was also prepared to study the effect of matrix
environment. 1% Methanol was added to quinone, KOH-saturated cyclohexanol mixture to

provide a more polar hydrogen bonding donor. 0.1% HCI was added to the quinone,
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cyclohexanol mixture to get neutral radicals. All of the sample mixtures were transferred to EPR
tubes, degassed by freeze-pump-thaw cycles to remove any air trapped in the solution, sealed and
irradiated in liquid Nitrogen for 5 min using a Xenon arc lamp to produce the radicals. The
irradiated samples were annealed to —80 °C for 15 sec to remove solvent (cyclohexanol) radicals

that were produced during irradiation, but keeping the quinone radicals.

2.2  Preliminary EPR results:

The 77 K CW-EPR spectrum of freeze-quenched SQ is a single, nearly-symmetric line
with g-factor =2.0044 and peak-to-peak line width of 1.16 mT (figure 2.2), similar to SQ from R.
capsulatus, g=2.0054, 1.19 mT width. We ruled out contribution from the Q; site SQ because the
experiments were performed in the presence of antimycin A (AA), which occupies this site, and
also because the Q; SQ has a distinctly narrower line width (~0.8 mT) than that we observed
here. The Q, site SQ signal largely disappears when stigmatellin (stig) blocks the Q, site (figure
2.3), when UQH, is absent. The freeze-quench samples are reproducible and give similar cw-

EPR results.
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Figure 2.2 X-band EPR of SQ, and SQ in solution. CW-EPR spectra of SQ, in mitochondrial cyt bc; with
and without stigmatellin (A) and comparison of pulsed EPR spectrum of SQ, in protein and UQ radical
anion in cyclohexanol (B) at X-band. Stig was slightly sub-stoichiometric in order to avoid a free radical

signal present in many stig solutions.

Figure 2.2 also compares the EPR signal of SQ, with that of radical anion in
cyclohexanol at X-band. They both have EPR signal at g=2 and have similar linewidths. Because
it is not possible to differentiate between radical anion and neutral radical at X-band, due to poor

Zeeman splitting, high-field EPR measurements would be helpful.
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CHAPTER 3

THEORY

This chapter describes the theoretical basis for the EPR work that has been done. This
chapter deals mainly with the EPR theory and explains several advanced EPR techniques that
have been used in the work. A brief overview of the EPR theory is necessary to understand the
experimental results further discussed in following chapters. The theory is kept brief for the
greatest part and was taken from text books and review articles; only in special cases the original
literature is cited. More detailed explanation of magnetic resonance theory can be found in many
text books [Abragam et al. 1961; Carrington et al. 1967; Gringberg et al. 2004; Ernst et al. 1987;
Berliner et al. 2000; Schweiger et al. 2001; Poole et al. 1971] (66-72) and will not be discussed

in detail here.

3.1 The Hamiltonian Operator

The total energy of a spin system is described by the full Hamiltonian operator of the
spins system in question. To simplify the formulas given here, only terms that are significant for
our spin system and measurements will be retained. The terms that are of interest to this work are
the electron Zeeman interaction A, the nuclear Zeeman interaction H™, hyperfine interaction H" '
and spin-spin interaction H”"**". The individual terms will be described in detail in the

following sections.
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A= Zﬁlz +ZH\].”Z + Zﬁlhjf + Z AP e e e e Equation 3.1
J iJ @i-1)!

3.1.1 Electron Zeeman Interaction

In a magnetic field B, an unpaired electron spin can orient either parallel to the applied
magnetic field or anti-parallel to it. As a result the spins have two different energy levels labeled
with symbols a and B, or with the quantum numbers m; = £1/2, to be defined. The interaction
between the magnetic moment of an electron spin S and the external magnetic field is given by

electron Zeeman term,

—~ e

HZ = Bo8.G. By e e e eee et eee et et et e e ee etn aen ene ene ee e e w1 wen een wen e o EQUation 3.2

where S is the spin vector operator, g is the gyromagnetic ratio or g-value. The energy of
o and B levels for H” is given by replacing S by m; = +1/2 and -1/2 respectively. Varying the
magnetic field B also varies the energy-level separation as indicated in the energy level diagram

figure 3.1.

Resonant absorption occurs when the energy of the applied frequency equals the energy

difference between two levels.
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Figure 3.1 Electron Zeeman interactions.
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The Zeeman splitting constant
for the free electron is g, = 2.002319,
and is one of the most accurately
known physical constants. The symbol
g is utilized when electrons interact
with other particles, in which case g #
g.. Deviation of the g-values from the
free electron value is caused by
coupling of the spin angular

momentum to the orbital angular

momentum (spin-orbit coupling), and

is dependent on the surroundings of

the electron. The g is a tensor described by its eigenvalues g, g, and g. and has an orientation

dependence that tracks the molecular axis system. For spin systems with cubic symmetry, g is

isotropic, so g, = g, = g.. Axially symmetric systems are described with two g-values g;/= g, = g,

and g> = g.. The most common systems like organic radicals and transition metals have rhombic

local symmetry in which g, # g, # g:, and the electron Zeeman interaction can be given as

H = Bo(gxBySx + 9yBySy + 92B2S51) e e oot et et et et et et et e e

ver e . Equation 3.3

The g factors g, g, and g. are obtainable from the line positions measured with the field

B along the X, Y and Z directions of the g-tensor. When B is along the Z-direction, for example,
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S=S. and B,=B,=0 in equation 3.3. The effective value of g for an arbitrary orientation is given

by the positive square root of

9% = g%cos*0p, + g5c05°0p,, + gZC0S%0p 5 woe vvv s vee wet s e wiv e e e Equation 3.4

Here ®px, ®py and Og 7 are the angles between the magnetic field B and the X, Y and Z
axes. The g-anisotropy found in paramagnetic metals is usually much larger than that of the
organic radicals, due to the significantly larger spin-orbit coupling constant of metals compared
respect to light atoms commonly found in organic radicals (H, C, N, O). Often the g-anisotropy
of organic radicals is so small that it cannot be resolved at conventional X-band frequency (9.5
GHz) and the measurements have to be performed at higher magnetic fields (95 GHz and above)

and is commonly referred as high-field electron paramagnetic resonance (HF-EPR).

There are several advantages of HF-EPR over conventional X-band EPR, of which the
most exploited is the higher spectral resolution due to the linear field dependence of the Zeeman
interaction. The g-anisotropy of most of the organic radicals can be resolved at W-band (70-110
GHz). This not only facilitates the accurate determination of the g-tensor values, which is a
characteristic of the particular molecule, but also separates the EPR spectra of slightly different
g-values, in case of a mixture of radicals. HF-EPR also facilitates orientation-selective
measurements, which is of great advantage in pulsed EPR measurements. The combination of
larger pulse length leading to smaller excitation bandwidth and broader spectra makes a pulse
experiment at high field very orientation selective, as only spins in a narrow distribution of

orientations are excited. Pulsed experiments performed at certain orientations like g, and g.
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resemble single crystal like measurements, and are very informative about the orientation of

molecule in the magnetic frame.

HF-EPR has higher sensitivity than low field EPR and is due to many reasons like
increased Zeeman splitting, high quality factor (Q-factor) and in case of pulsed EPR short
ringing and dead time after pulses. Another advantage of HF-EPR is that forbidden transitions

are suppressed, due to well-fulfilled high-field approximation.

HF-EPR also has its disadvantages like higher cost and maintenance of the super-
conducting magnets that are essential for HF-EPR when compared to conventional
electromagnets used at X-band. Besides, sample handling is a problem due to the need to use
capillary tubes with an inner diameter of 0.4 mm. This is an advantage for some proteins, as a
little sample is sufficient to give a good signal but is a challenge for freeze-quench samples due

to the difficulty in packing the sample in capillaries.

The SQ, trapped in cyt bc; has a single, nearly symmetric line with g-value = 2.0044 and
peak-to-peak line width of 1.16 mT at X-band. It is not possible to differentiate between radical
anion and neutral radical at X-band, as both of them give a single peak at g=2. High-field EPR

would be useful in differentiating radical anion and neutral radical.

3.1.2 Nuclear Zeeman Interaction
The interaction between magnetic moment of a nucleus / and the external magnetic field

is given by the nuclear Zeeman term

HTZ = BT G Bl e e coe eve eee et eee eve vee e v ees ees ere aee are sre ses ven wen e e een o EquUation 3.5
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Figure 3.2 Nuclear Zeeman interaction.

3.1.3 Hyperfine Coupling

Figure 3.3 Hyperfine interaction for S=1/2 and 1=1/2

The spin quantum operator / and the
nuclear g-tensor g, are properties inherent to
a specific nucleus. In presence of a magnetic
field, a spin system with nuclear spin ', has
two energy states o and P. The nuclear
hyperfine interaction splits each of the
electron Zeeman levels in to (2/+1) levels,
two levels when I = %; the resulting set of
four states are depicted in figure 3.2, along

the fixed frequency transitions.

The hyperfine coupling is a result of
the interaction between an unpaired electron
and one or more nuclei, and the hyperfine
interaction gives information about the local
environment of the unpaired electron. The
hyperfine interaction can be visualized as the
interaction of the electron with the magnetic
dipole field of the nucleus. The nuclear
magnetic moment leads to a magnetic field
B,(r), which is called the nuclear field. The

electronic magnetic moment interacts with



nuclear field. The hyperfine interaction contributes to the total energy of each spin state and is

represented as A in figure 3.3.

The hyperfine coupling consists of the isotropic part A;,, which reflects the finite
probability of the electron to be found at the nucleus, and of the anisotropic part 44, caused by

the dipole-dipole coupling between the nuclear and electronic magnetic moments

HY = Ajgo. ST+ S.Agip-T oo oo oot et e e e e Equation 3.6

24 ) .
Ajgp = Tgﬁegnﬁnlgo(O)I SN X7 (112 1 Lo 11 e YA

The spin-hamiltonian operator for the hydrogen atom (and other isotropic systems with

one electron and one nucleus with /= %) is obtained by

H = gBoBS, — GnBuBIL, + Aigol,S, wvvovvcoe voe e oot cee e vt eee cee we evve v e e . Equation 3.8

The hyperfine term destroys the independence of the electron and nuclear spins. If more
than one magnetic nucleus interact with the electron, the terms in 7, are additive. Thus summing

over all nuclei yields

H = gB,BS, — Z niBnBI, + ZAisoiSZT;; NN X k10 1 2 101 (IS B

i i
The dipolar part of the hyperfine coupling can be written as

S0 3(8.r)(r) |
T [ ..Equation 3.10

U
Adip(r) = _ﬁgﬁegnﬁn 7"_3
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Here r represents the vector joining the unpaired electron and the nucleus. The energy of
the magnetic interaction between the spins varies as 7>, and is independent of the sign of r.

Aaip(r) describes an anisotropic interaction and expanding the vectors yields

r2-3x% 5 = r2-3y2 54 » r2-3z2 3x

Adip(r) = _Z_igﬁegnﬁn [ r5 SxIx + 75 Sny + 75 SAZIAZ - F(SAxfy + Ay Ax) -
B (Sul, + 8,1,) = 22 (8,1, + 8,1,)] oo oo Equation 3.11

On averaging the Hamiltonian over the electron distribution (i.e., integrating over the

spatial variables), this becomes a matrix quantity, having the form equation 3.12 and 3.13.

U
Adip(r) = _ﬁgﬁegnﬁn

[ 72 — 3x? 3xy 3xz
= = 5
A . 2 _ 2.2

<[5 S, S| o3 U35 Equation 3.12

r> r>

r? — 372
| =)

Agip = S. T o e e e e e Equation 3.13

Matrix 7 is symmetric about its main diagonal and is traceless.

The full spin Hamiltonian requires the addition of hyperfine term, electron Zeeman term

and nuclear Zeeman term

H=gB.BT.S +S8T.A T — guBnuBT.T e ce s et et et et et v eve e v v e . Equation 3.14

where, the hyperfine parameter matrix

A= AisoUszxz T T oo e e e e e e e e e e e e e e e e e e e e e s EQUAtion 3.15

Two alternative parameters are useful when hyperfine anisotropy occurs.
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_ (A1+45+43)

ag = Aigo = 3905, ver e e e Equation 3.16a

[A1-(A2+A3)/2]

3.5 vt eevee e Equation 3.16b

0:

o = Ual-la3D
0 2gePe

v een v e e Equation 3.16c¢
Here A;, A2, A3 denotes the principal values of A, ordered such that |A,| —|A3]| is non-
negative and is no larger than |A;| — |4,| or |A;| —|A3|The new parameters bo is called

uniaxiality parameter and ¢, is called asymmetry or rhombicity parameter, are independent of a,

and vanish if there is no anisotropy.

The SQ, trapped in cyt bc; is highly unstable and polar and usually interact with the
protein surroundings to be stabilized. The hyperfine interaction would be a good probe to
identify and characterize the interactions between SQ, and protein, and get basic knowledge

about the SQ, surroundings in the Q, pocket.

3.1.4 Spin-Spin Coupling

Electron spins are magnetic dipoles and the interaction between two spins is termed
dipole-dipole or dipolar interaction. This interaction depends strongly on the distance between
the two spins, r, and on the orientation of vector r with respect to the applied magnetic field

S$a-Sp 3(8a-7) (S5 7)

I’_I‘spin—spin = V.V5
r3 >

v e e e Equation 3.17

Where y4 and yp are the gyromagnetic ratios and S and Sg are the spin operators of spin
A and spin B, respectively. When the scalar products in equation 3.17 are expanded and the

expression converted into polar coordinates, we obtain
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ff _eff
7 agg’ B

gsvin-spin _ 94 2L (A B+ C) e EqQuation 3.18

where,
A = (3cos?(6p) — 1)SASE

B = —2sin(6p) cos(8p) exp(—ipp) (SAS2 +5£58)
C = —2sin(8)) cos(6p) exp(+ipp) (S£SE + SAS7)

Where ®p is the angle between the r-vector and the z-axis of the magnetic field, ¥p is the
angle between the projection of the r-vector and the xy-plane of the magnetic field and the x-
axis, Si* and S* (k = A, B) are the spin raising and spin lowering operators of spin k respectively,

given by S. =S, +1Syand S. =S, - 1S,

The terms A is important for the EPR spectrum and total energy in equation 3.1, while B
and C are responsible for relaxation discussed in the next section. In many cases the high-field
approximation is valid, meaning the spins are quantized along the magnetic field, so that the A

term dominates

eff eff p2
ﬁspin—spinng 9B 'Be

3 (3¢0S%(Bp) — 1) v ce cev eer e et e et et een e e e o Equation 3.19
In cyt be; the HP™*P™ is too small to be detected in CW spectrum, but the spin-spin

dipolar interaction can be detected through their contribution to spin relaxation and provide a

way to measure distance between spins.
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3.2  Relaxation

The processes by which a spin system returns to its equilibrium state after excitation are
called relaxation processes. There are two different types of relaxations, one is longitudinal
relaxation also called spin-lattice relaxation usually represented as 7; and the other is transverse
relaxation also called spin-spin relaxation usually represented as 7,. This section describes in
detail about the 7; and 7, relaxation processes, mechanisms and experimental methods by which
they can be measured. For the most part it is kept brief and the reader can find a more detailed

explanation in these text books (71-76).

Longitudinal relaxation processes change the total energy of the spin system by inducing
a change in the magnetic quantum numbers ms. The same amount of energy is absorbed or
provided by the environment in order to conserve energy. In general, 7; is the time constant

associated with processes that restore the spin system to equilibrium. 77 is therefore defined as

dn n— ng

dc T,

ver wee e e Equation 3.20

where n is the population difference between the two energy levels (m=+1/2 and -1/2),
and ny is n when the system is in equilibrium. The spin system gets excited and builds up
magnetization whenever a microwave pulse is applied and when the pulse is switched off, the

system lose magnetization and returns to equilibrium as a function of exp(-#/T}).

T relaxation is also called as spin-lattice relaxation because it is caused by the coupling
of the spin to vibrations of the “lattice”, or environment of the spin. The environment can either

be a crystal lattice, the surrounding solvent, or even the protein in which the spin is embedded. In
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a system with spin states separated by an energy interval AE = hw,, lattice vibration of frequency
o can induce transitions only if ® is in the range of Larmor frequency w,. The efficiency of a
relaxation process depends strongly on the spectral density, which is a function of frequency
distribution, around ®,. A typical vibration with correlation time T. has a spectral density

function given by a Lorentzian line shape

TC
—22 BEE wEs mEE EEE wEs NN REE NS REE EEE EEE EEE EES REE EEE EES EEE ¥EE HEE AEE oW
1+ wyté

J(wy) = vt wee eee e Equation 3.21

The maximum in spectral density and relaxation rate is found when w,7.= 1.

T, relaxation does not cause the spin system to lose energy unlike 7 relaxation. 75
relaxation or spin-spin relaxation causes loss of coherence, whereas 7 relaxation leads to loss of
magnetization. One process causing transverse relaxation is an energy-conserving flip-flop
process of two spins. A spin flip that leads to longitudinal relaxation also destroys coherence,
which means that 7; relaxation can contribute to 7, relaxation. This indicates that 7> can be
smaller than or equal to 7;, but never much larger than 7. In solids, the network of coupled spins

is virtually infinite, so that 7> is often not well defined (77).

3.2.1 Processes causing spin-lattice relaxation
There are three main processes that transfer energy from a spin to the lattice: the direct

process, the Raman process and the Orbach process.

The direct process involves the absorption of a phonon that has a frequency equal to the
Zeeman frequency of the spin system. This process depends linearly on temperature, and (for

S=1/2) depends on the magnetic field to the fourth order. The direct process is often the most
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efficient relaxation process at low temperatures (Temp < 10K), but at higher temperatures the
phonon density is maximum for frequencies that are much higher than w,. It then becomes more
efficient for the spin system to absorb a phonon with a higher frequency w,,; and emit a phonon
with a different frequency we, = @ups?w,. Such two phonon process are the Raman processes

and the Orbach processes. They can contribute significantly to 7; relaxation (77).

The Raman process is the inelastic scattering of phonons. One phonon excites the spin to
a virtual excited state and a second phonon is released, thereby decreasing the overall energy of
the spin system. The temperature dependence of the Raman processes varies with the total spin.
For spin S=1/2 systems, it depends on temperature, T as T"Js(@p/Temp), where the transport
integral J, is defined as eqn.

6p/T

(9”)— j g Equation 3.22
In )= X ) PP PPRPPPRNY Y7 (/¢ 1 101 (IS B

with @p the Debije temperature of the lattice, which is a certain temperature in the Debije
model above which there are no more phonons. The function Js(@p/T) is a constant for small
temperature, T and is proportional to 7" for large T (n>1), so that the relaxation caused by the
Raman process increases as 7° at high temperatures. The common Raman process for systems

with S = 1/2 is field-independent.

Paramagnetic systems with lower-lying excited states may also relax via the Orbach
process. Just as the Raman process, the Orbach process is a two-phonon process, but in this case

a real excited state is involved, instead of the “virtual” excited state as in the Raman process. If
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present, the Orbach process is more efficient than the Raman process and has a characteristic

temperature dependence

i = Bor fee ten ee e e es een ee ee ne e nen e een ne een e eee eee e e BQUALTION 3.23
T, exp(Borp/kpT) — 1

In which Ao, is the energy difference between the ground state and the involved excited
state, and k; is the Boltzman constant. Aside from a possible dependence of the energy of the

excited state on the external magnetic field, the Orbach process is independent of magnetic field

(77).

The spin-lattice relaxation times at room temperature vary from tens of femtoseconds in
lanthanide solutions to nanoseconds in metal ions to microseconds and even milliseconds in

organic radicals.

3.2.2 Processes contributing to Transverse Relaxation

In practice, 75 is usually not the dominating process of spin-echo dephasing, many other
processes can contribute to echo decay. In some cases competing relaxation processes can cause
non-exponential echo decay so that the spin-spin relaxation can no longer be described by a
single time constant. The relaxation time is then described by the time it takes for the echo to
decay to I/e of its starting intensity. In this dissertation, the term 7,/T), will be applied to both

exponential and non-exponential echo decays.

One of the major processes that contribute to signal decay is spectral diffusion. These are
processes that move magnetization through the EPR spectrum. If the EPR spectrum is only partly

excited, the magnetization can be shifted out of the detection window, causing a decrease in echo
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intensity. Spectral diffusion can be caused by flip-flop processes involving spins that are excited
(A spins) and the spins that are not (B spins). Another source of spectral diffusion is
reorientation of the molecule on the time scale of the experiment, causing changes in the Larmor
frequency of the excited species. The reorientation of the molecule may cause anisotropic
relaxation in the spectrum. Cross relaxation is another process that causes transverse relaxation
and is closely related to spectral diffusion, although in this case mutual spin flips between unlike

spins, such as electrons and nuclei, are involved (77).

A process that can strongly enhance the transverse relaxation is the relaxation caused by
dipolar coupling between two paramagnetic species. This special case of spectral diffusion will

be discussed in detail in the next section.

The total echo decay is given by the product of the independent relaxation processes. If
the relaxation processes are single exponentials, the total transverse relaxation time 7> is
therefore given as the inverse of the sum of the reciprocal relaxation times of the individual

involved process (spectral diffusion, sd; and dipolar relaxation, dip).

—1 —1 +—1 + —1 E tion 3.24
TM Tz Tzsd Tzdlp

The transverse relaxation times vary from femtoseconds in systems with $>1/2 to microseconds

in organic radicals.

3.2.3 Dipolar relaxation enhancement
For two unlike coupled spins, in which one relaxes much faster than the other, dipolar

coupling manifest itself as a change in the relaxation behavior of the slower relaxing spin. From
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time-dependent perturbation theory, it can be shown that a local minimum in the longitudinal
relaxation time 77 of the slow relaxing spin (spin A) occurs when the relaxation rate K=1/T5 of
the fast relaxing spin (spin B) equals the Larmor frequency of the slower relaxing spin. Similarly
a minimum in the transverse relaxation time of spin A can be found when the relaxation rate K is
equal to the dipolar coupling strength Ap;, between spin A and spin B, in angular frequency
units. The 7; relaxation enhancement measurements are extremely sensitive to distances between
paramagnetic centers due to a 7 dependence of Apip, given the T; is long enough. In spin
systems, with very short 7;, the transverse relaxation enhancement is an effective way to

measure the distance between the two paramagnetic species.

The transverse relaxation enhancement of the slower relaxing spin caused by dipolar

coupling to a fast relaxing spin is
2 2
v(2t) = [(chRT + %ShRT) + A‘LTSZ)sthT] exp(—2W1) ... ...... Equation 3.25

R? = W?— A%(r)/4
A= g192B*h" (3cos?(6p) — D3
Here W is the random spin flip frequency of the fast-relaxing spin partner, which is 1/27.

The dipolar relaxation enhancement has a very specific dependence on //7; of the fast
relaxing spin. As 7} is strongly temperature dependent, dipolar relaxation also depends strongly
on temperature. T), relaxation enhancement is a resonance like phenomenon and the maximum
Ty, relaxation point correspond to a temperature, where the relaxation rate of fast-relaxing spin

equals the dipolar coupling between fast and slow relaxing spins. The dipolar coupling strength
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also depends on the orientation of @p, the angle between the external magnetic field and the
vector connecting the two dipolar coupled spins. At some angles the dipolar relaxation will be
maximal (where @p=0) and at other angles dipolar relaxation will not be seen (where @p=54.7°)

(77).

3.2.4 Methods of measuring distance by EPR

The measurement of dipolar coupling between two spins gives a measure of distance
between two spins. As discussed above, the presence of a second spin, spin B changes the EPR
frequency of the observed spin, spin A. There are several methods in EPR to determine the

strength of the dipolar coupling, hence the distance between two spins.

CW Methods: The dipole-dipole interaction of two coupled spins causes the resonance
lines of the observed spin to split in two. Neglecting J and taking only the first secular term of
the dipolar Hamiltonian 2.6, the frequency of this splitting (in rad s) is given by equation with

vpip the dipolar splitting in Hz.

9. 95" B2 .
Wpip = 2V = T(Bcosz(el,) = 1) it et vt et e v e e e Equation 3.27
When the full EPR line is excited, the split lines display a so-called Pake pattern. This
pattern is obtained by summing up all dipolar coupling frequencies resulting from orientations of
the molecule where @p = 0° to those where @p = 90°, weighted by the probability of the
respective orientation given by sin@p. In most cases, the Pake pattern is not resolved due to

inhomogeneous line-broadening. The EPR line width of the observed spin plays a major role in

determining the distance from dipolar coupling. The dipolar coupling can be undermined if the
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spin system has large inhomogeneous broadening, and even for narrow lines this method is

restricted to distances up to approximately 1.5 nm (77).

Pulsed Electron-Electron Double Resonance: The dipolar coupling of spin B to spin A
causes a change in the resonance frequency w, of spin A, which depends on the spin state of

spin B

WP = g 4 WpipMS s st e EQuation 3.28
where o, is the Larmor frequency of spin A in absence of dipolar coupling and ms” is the
quantum number associated with spin B and which assumes values of +1/2. From the above
equation it becomes clear that when spin B flips, the resonance frequency of spin A changes by

;/U)Dip~

In a normal Hahn-echo experiment, the A spins are rotated into the xy-plane by a /2
pulse; they dephase and then rephase again after a m pulse at a time r=7. In a pulse electron-
electron double resonance experiment (PELDOR also called as DEER, Double Electron Electron
Resonance) the Hahn-echo sequence with frequency v, is applied for detection of the A spins
and a so called pumping pulse with frequency v is applied at a time ¢ (0<t<7) between the two
pulses of the detection sequence. The pumping pulse induces a spin flip in the B spins so that A
spins coupled to B spins fail to refocus, decreasing the intensity of the A spin echo signal. The
Fourier transform of the modulation on the echo decay trace in the ideal case gives a Pake
pattern (where @p = 90°) can be resolved. In practice, a single A spin will not be coupled to a

single B spin. Smaller, less well-resolved dipolar couplings of B spins to A spins cause both an
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exponential-like echo decay and a faster damping of the oscillation. A more detailed explanation
about the PELDOR experiment can be found in [Milov et.al., 1984; Larsen et.al., 1993; Martin

et.al., 1998] (78-80).

Relaxation Induced Dipolar Modulation Enhancement: In dipolar- coupled systems
where one of the spins has a short 7, there is no need of a pumping pulse to study dipolar
interaction. In the relaxation-induced dipolar modulation enhancement (RIDME) experiment the
Larmor frequency of the detected spin A is affected by spontaneous spin flips of the coupled

spin.

The first /2 pulse in the RIDME sequence flips the A spins in to the xy-plane where they
start to dephase, creating a polarization grating. The second /2 pulse rotates the magnetization
into the xz plane where it is stored for a time ¢. During ¢, the faster relaxing B spin flips due to 7}
relaxation and so changes the Larmor frequency of spin A. After the A spins have been rotated
into the xy plane by the third n/2 pulse, the coupled spins do not refocus and a decrease in echo
intensity is observed. With t© << T3 and (where T3 is T; of the B spin), spin flips of the B spins
only occur during ¢ and the signal is independent of the particular moment at which the Larmor
frequency of spin A has changed. If ¢ is kept fixed and 7 is stepped, an echo decay trace is
obtained that is modulated by cos(wpi,7), similar to the PELDOR signal. Details about this

experiment can be found in refrences (81-83).

Dipolar Relaxation Enhancement: Dipolar relaxation measurements are closely related to
the PELDOR and RIDME experiments in that they rely on the dephasing of A spins due to spin

flips by B spins to which they are dipolar coupled. Like in RIDME, the B spins are not excited
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by an additional microwave pulse, but flip due to 77 relaxation processes. The echo intensity of
the A spins is recorded with a simple Hahn echo sequence as a function of pulse separation time,
1. Changes in the Larmor frequency of spin A occur due to stochastic flips of spin B caused by
T, relaxation during the time T between the two pulses. This process is the same as in the case of
RIDME, except that in this case the flips of the B spins occur at any time between /=0 and t=27,
causing relaxation enhancement instead of modulation of the echo signal. This complicates the
analysis of dipolar relaxation data, and a single measurement no longer suffices to
unambiguously obtain all structural parameters. Relaxation measurements over a wide range of
temperature will provide the information of distance between two paramagnetic species, given

the 7 of fast relaxing spin is known.

3.3  Experiments used

A major part of this section is summarized from a review article by Hadjijiliadis et al. (84)
and was kept brief, the reader can find more detailed explanation in the article. For the past
couple of decades, pulsed EPR techniques have proven to be a great tool to measure and
characterize the paramagnetic species including metal centers, organic radicals and many
proteins. The paramagnetic species interact with the nuclei of the ligands and surroundings to
give hyperfine and quadrupole couplings. These hyperfine and quadrupole couplings can be
probed to get the information about the structure, bonding, composition and surroundings of the

paramagnetic species (84).

The spin couplings provide a wealth of detailed information about the electronic,
molecular and chemical structure of the system under investigation if analyzed properly. These

spin couplings are well defined for a crystalline sample and are easy to analyze and interpret. But
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most EPR or paramagnetic samples are either powder samples or polycrystalline (frozen
solution) oriented in multiple directions with respect to the magnetic field. This powder or
polycrystalline samples multiple seta of overlapping hyperfine and quadrupole spin couplings,
which makes it difficult to analyze and interpret those couplings to the surroundings of the
paramagnetic species. The properties of the EPR spectra of powder sample are determined
mainly by the symmetry of the g and A4 tensors, values of their components and the line width.
Quadrupole interactions, which are non-zero for nuclei with 7 > ', usually have second order
shifts in the polycrystalline EPR spectra. In principle the hyperfine and quadrupole couplings are
manifested as splitting in the EPR spectra. However, the hyperfine and quadrupole splitting
information is lost in most of the paramagnetic samples, due to the low resolution and

inhomogeneous broadening in the powdered samples (84).

The information about hyperfine and quadrupole splitting can still be obtained using
advance EPR techniques such as Electron Nuclear Double Resonance (ENDOR) and Electron
Spin Echo Envelope Modulation (ESEEM) (85). In ENDOR experiment, the nuclear information
coupled to the electron spin is obtained by applying both microwave (MW) and radio frequency
(RF) pulses on the system and monitor the effect of RF pulses on the EPR intensity of the
sample. ENDOR technique combines both EPR and NMR techniques and retains the information
of both electron and interacting nuclear spins. The ENDOR experiment is a frequency domain
experiment. In ESEEM experiments, the NMR transitions are observed indirectly through the
mixing of the frequencies of the semi-forbidden and allowed EPR transitions, which have been
coherently excited using short intense MW pulses. In contrast to ENDOR, ESEEM experiment is

time domain (84).
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ESEEM and ENDOR experiments give complimentary information and the spectral
shapes differ from each other. ENDOR gives information about strong hyperfine couplings and
ESEEM has information about weak hyperfine couplings. Weak nuclear couplings can also be
resolved by pulsed ENDOR experiment using either Mims ENDOR or dead time independent

Re-focused Mims ENDOR sequence.

3.3.1 ESEEM experiments:

ESEEM experiments are performed by recording the echo intensity generated by a
sequence of resonant microwave pulses, separated by evolution times, i.e., periods where the
microwave power is off; the recorded echo-envelope is the time-domain ESEEM signal. In the
presence of nuclear spins weakly coupled with the electron spin, the intensity of the echo is
modulated at the nuclear transition frequencies of the interacting nucleus (85). The standard one-

dimensional ESEEM experiments consist of two, three and four pulse sequences, figure 3.4.

The two-pulse ESEEM experiment was first introduced by Rowan, Hahn and Mims (85).
In the two-pulse experiment, figure 3.4, a Hahn echo sequence is applied, the time between first
(1/2) and second (1) pulse being 7. The echo intensity of the primary echo at time 7 after second
pulse is recorded. The modulation envelope, obtained as 7 is incremented, is related to the
nuclear transition frequencies within an electron spin manifold. For nuclear spin /=1/2, which is

the simplest case, the expression for two-pulse ESEEM is

E,p(7) = %[2 — 2 cos(w,T) — 2 cos(wpt) + cos ((wa + wﬁ)r)

+ cos ((wa - wﬁ)r)] RPN ) L 710 1 10 (IS TAY)
k = 4c?s?

45



where k is the modulation depth and ¢’ and s° being the transition probabilities of the

allowed and semi-forbidden transitions, respectively.
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Figure 3.4 ESEEM pulse sequence. A schematic of the pulse sequence for 2-pulse, 3-pulse, 4-pulse and
HYSCORE experiments with their respective echoes as a function of time details. See text for more details.

There are few limitations for the two-pulse ESEEM. The 2PESEEM spectrum is difficult

to analyze as the modulation has the sum and difference of the basic nuclear transition
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frequencies. The two-pulse ESEEM is limited by the phase memory relaxation times (73,) of the
spin system. For spin systems with small 7), the echo dampens fast which results in broad lines
in the frequency domain of the two-pulse ESEEM spectra. The two-pulse ESEEM spectrum
generally gives broad frequency domain lines and has poor resolution, which complicates the
interpretation of peaks when there are more than single type of nucleus coupled to the electron

spin (84).

In a three-pulse ESEEM experiment, the intensity of the stimulated echo as a function of
time is measured (86). In a three-pulse ESEEM two 1/2 pulses, separated by time 1, are applied
followed by a third (n/2) pulse after evolution time ¢, and the stimulated echo is observed at time

T after the third pulse. The echo envelope, obtained as ¢ is incremented, is modulated by the

nuclear transition frequencies of nuclei coupled with the electron spin. For a simple spin system

with [ = 1/2 the three-pulse ESEEM is obtained

k
Esp(r,t) =1-— 2 [(1 — cos(w,T))(1 — cos(a)ﬁT + T))
+ (1 - cos(a)ﬁr))(l — cos(w,T + ‘L'))] ver vee e ene e e e e e e e EQuation 3.30

where the various parameters have the same meaning and definitions as in the two-pulse

case (84).

The three-pulse ESEEM has some advantages over two pulse ESEEM. Unlike two-pulse
ESEEM, three-pulse ESEEM is not limited by the 7j, relaxation of the spins system, which
results in sharp lines in the frequency domain of the three-pulse ESEEM spectrum. Three-pulse
ESEEM does not have any contribution from the sum and difference of the basic nuclear

frequencies, which simplifies the spectral interpretation.
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In a four-pulse ESEEM experiment the intensity of the refocused stimulated echo as a
function of time is measured. In a four-pulse ESEEM two 1/2 pulses separated by time 1, are
applied followed by a m pulse after evolution time ¢; and another n/2 pulse after evolution time ¢,
(87). As in the three-pulse sequence, the first two /2 pulses separated by the time interval T,
generate nuclear coherence (88). Then, the m pulse transfers populations from one mg manifold to
the other and mixes nuclear coherence in one mg manifold with those of the other manifold. The
nuclear coherences evolve during the two variable time intervals with ¢,=¢,=t. The last /2 pulse
leads to the formation of the stimulated echo (84). At appropriate separation T between the first
two pulses, the four-pulse sequence may lead to deep modulations at the basic nuclear
frequencies and higher harmonics corresponding to combinations of the basic nuclear

frequencies and this is useful in estimating weak dipolar couplings (89-92). For I=1/2 the four-

pulse ESEEM is

Eu(z,t) = %{A + B (c2 cos E(wa +wg) (T + t)] + s2 cos [%(wa —wp) (T + t)])
+ C, cos Ewa(r + t)] + Cp cos Ewﬁ(r + t)]} ver er eee wee e e Equation 3.31

A =3 — cos(w,T) — cos(wpT) — 52 cos ((a)a + w[;)r) — c?cos((wg — wg)T)

B = —4sin Gwar) sin(%wﬁt)

Cacpy = 2{c? cos|(wp(a) — wa(p)/2)] + % cos|[(wacp) + Wp(a)/2)T] + c0S(1/2 Wa(p)T)

The four-pulse ESEEM is currently used to measure ‘combination frequencies’, i.e. the
sum (o, + wg), or difference (w, - wpg) of basic nuclear transition frequencies in different MS

manifolds of the electron spin (89-92). In disordered systems the basic nuclear transition
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frequencies are often broad and weak, that is difficult to resolve. In four-pulse ESEEM,
combination peaks appear as narrow features in the spectrum, since orientation-dependent
hyperfine interactions are partially refocused. The four-pulse procedure is more advantageous for
measuring combination lines than the two-pulse since it is free from phase-memory limitations,
but also suffers from t-dependent blind spots (87). To overcome this problem, a blind-spot free
two-dimensional ESEEM method for measuring sum combination-frequencies has recently been

developed (93) (84).

3.3.2 ENDOR experiments

ENDOR (Electron Nuclear Double Resonance) is a double resonance technique that
combines NMR and EPR. The advantage of the ENDOR is that it has the high resolution and
nuclear information like in NMR and high sensitivity like in EPR. The ENDOR experiment is
performed by monitoring the EPR signal intensity while sweeping a RF (Radio Frequency) pulse
to drive the NMR transitions. Double resonance experiments such as ENDOR require more
effort than simpler EPR or NMR experiments, but ENDOR gives more insight into the structure,
dynamics, and electronic structure of the system. In ENDOR the applied RF pulse will change
the observed EPR intensity. The net change in the EPR intensity with the applied RF pulse is the

ENDOR intensity (94-96).

The selection rules for EPR transitions are: 4ms = + 1 and 4m; = 0. The energy level
transitions that comply to the EPR selection rules for a spin system with $S=1/2 and /=1/2 are
labeled as EPR in figure 3.5 with resonant frequencies of: vgpr = v, £ A/2. The EPR signal is
split into two lines with a separation of 4. Most of the times, the resonant frequency for EPR

transitions lies in the microwave region. In an EPR spectrum, the nuclear information is lost as
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the first order nuclear Zeeman contribution (v,) cancels out and, it is not possible to identify the

nuclei.

‘ | NMR

[EPR

Figure 3.5 ENDOR. Representation of EPR and NMR transitions in a spin system with
S=1/2 and | =1/2.

The selection rules for NMR (and ENDOR) transitions are: Amg = 0, Am; = = 1. The

energy level transitions that comply to the NMR selection rules for a spin system with S=1/2 and

I=1/2 are labeled as NMR in figure 3.3 with resonant frequencies of: vwmr = vn £ A/2, which
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results in two NMR transitions. If v, > 4/2 and vyyz > 0, the NMR signal will be centered at v,
with a splitting of 4 and if v, < 4/2, the NMR signals will then be centered at A/2 with a splitting
of 2v,. In most experiments the resonant frequency for NMR transitions lies in the radio
frequency region. Unlike EPR, the NMR spectrum contains information regarding the nuclear
Zeeman interaction (v,), which facilitates the identification of the nucleus. Although the NMR
experiments is still limited as for assigning the signs to the positive and negative frequencies,

hence represented only as absolute values.

If there is a second nucleus interacting with the electron, each of the EPR signals is
further split into another pair, resulting in four lines. For N spin 1/2 nuclei with different
hyperfine splitting, 2 EPR signals with similar intensity will be observed. And for N spin '
nuclei with identical splitting, only 2N+1 EPR lines will be observed and the intensity varies as
Pascal’s triangle progression. The number of EPR lines increases exponentially with the number
of nuclei. Many times there are so many signals with small difference in hyperfine splitting that
we only observe a single broad peak, as they overlap each other. This phenomenon is called
inhomogeneous broadening and all the important information we hoped to obtain from the

hyperfine splitting will be lost.

The problem is that each electron is surrounded by a large number of nuclei and the
electron is interacting with them all simultaneously. On the other hand if we consider the nuclei,
each nucleus interacts with only one electron because there are many more nuclei than unpaired
electrons. The electron, which has a spin of 1/2, will split the NMR lines in two. The interactions
between the nuclei themselves are so small compared to the hyperfine interaction that for all

practical purposes we can ignore them. If we measure the nuclear splitting directly by an NMR
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experiment, we can obtain a much simpler spectrum because for N spin 1/2 nuclei, we will
generally observe 2 NMR signals instead of the 2" signals in an EPR spectrum. For N nuclei
with identical hyperfine splitting, only 2 NMR signals appear. The information that appeared lost
in the EPR experiment (the hyperfine splitting) can still be obtained from an NMR experiment
because of the reduction in the number of lines. ENDOR is a successful experiment to resolve

the inhomogeneous broadening, but cannot resolve homogenous broadening.

In summary the ENDOR experiment combines the superior resolution from NMR
experiment and the high sensitivity of the EPR experiment. We can measure the g, from and
ENDOR experiment and the nuclear information is retained. Although there are still some
limitations to ENDOR experiment like it is very complicated and the information regarding the
number of nuclei will be lost. The second problem can be overcome by high resolution EPR

spectrum and careful simulations.

In pulsed ENDOR experiment the microwave and RF pulses were applied separately and
in short time intervals, unlike in CW-ENDOR where both MW and RF pulses were applied at the
same time. A set of MW pulses are used to create an echo and are called preparative pulses.
These preparative pulses are followed by a mixing time, in which the RF pulse is applied and
transfers the mg spin manifold, if there is any resonant NMR transition. This mixing period is
then followed by another set of MW pulses and called as detection pulses, which measure the
EPR signal after the mixing time. If the radio frequency hits a nuclear spin transition, the
electron spin echo intensity will change and the RF sweep over a certain frequency range results

in the ENDOR spectrum.
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Pulsed ENDOR spectroscopy has several advantages over the conventional CW-

technique:

1. It requires no critical balance of RF power and relaxation times, a condition which has to
be met in many cases of CW-ENDOR.

2. Tt is less susceptible to artifacts as there is no RF and no microwave field applied during
the detection period.

3. It gives access to all relaxation times of a spin system (electron 7; & 75, nuclear 7; & 7>,
cross relaxation).

4. It complements the results obtained from Electron Spin Echo Envelope Modulation
(ESEEM).

5. It allows the manipulation of the spin system to observe one particular spin property with
high selectivity and sensitivity.

6. The ENDOR effect can be as large as the electron spin echo intensity itself.

The Mims ENDOR technique is based on a stimulated electron spin echo (ESE)
sequence, using a two /2, preparation pulse sequence to invert the electron spin population, and
a final n/2 pulse after the mixing period to stimulate the ESE for signal detection, see figure 3.6.
Between the preparation pulses and the final m/2 pulse, a RF pulse is used to invert the nuclear
spin population, resulting in polarization transfer between the nuclear and electronic transitions
in the so called “mixing period.” This results in the actual ENDOR transitions, changes in the
intensity of the EPR transition, detected by ESE MW-pulse sequence. The echo intensity is
subsequently measured as a function of the RF frequency to give the characteristic ENDOR

spectrum.
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Figure 3.6 Mims ENDOR pulse sequence

In  refocused Mims ENDOR
experiment (ReMims ENDOR), an
additional m pulse is applied after the
/2 pulse to get the refocused
stimulated echo. This technique
facilitates the use of small t values
and hence a better ENDOR signals

without any blindspots.

The two techniques Davies and Mims ENDOR, are very similar to each other in their

implementation. However they are relatively complementary in their results and usefulness. The

Mims and ReMims ENDOR technique is most suited to weakly coupled nuclei, with small HFC

constants, 4, and the Davies ENDOR for those nuclei with relatively large HFC. This simplifies

the assignments of strongly and weakly coupled nuclei, as well as the corresponding spectra

associated with each of the pulse sequences.
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CHAPTER 4

CHARACTERIZATION OF SQ INTERMEDIATE

The cyt bc; complexes enhance energy storage in the form of proton motive force (pmf)
via the Q-cycle mechanism. The QH, is oxidized at the Q, site by transferring two electrons, one
through high-potential chains and the other through the low-potential chain. In the process two
QH: protons are released into the p-side of the membrane. This bifurcated reaction increases the
proton pumping efficiency by transferring 2H/1e” through the high-potential chain, and the
second electron recycles back to Q pool at the Q; site. When a QH, is oxidized by one electron a
SQ will be formed, and is highly reactive and readily reduces O, to superoxide or undergo
bypass reactions that are energetically more favored. Under optimal conditions, normal electron
flow in the Q-cycle is able to out-compete these bypass reactions. It is still unclear how the cyt
bc complexes prevent bypass reactions and favor Q-cycle. A good knowledge of the chemistry
that occurs at the Q, site would provide more intuitive in this regard, because this is where a

reductant to O is likely to reside.

One of the major problems in the field is that the intermediates at the Q, site of cyt bc;
have not been physically observed or characterized, making it difficult to test various proposed
Q. site models. I was able to trap SQ at the Q, site in both bacterial and mitochondrial cyt bc,

complex and characterize the SQ, using various pulsed EPR techniques. This chapter is a brief
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review about the nature of SQ, trapped in both bacterial and mitochondrial cyt bc, its

interactions with protein and environment and its implications on the Q-cycle mechanism.

41  EPR Experiments:

X-band pulsed EPR measurements were carried out on a Bruker Elexsys-E680
spectrometer with EN4118X-MD#4 resonator, DICE ENDOR, a 500 W ENI-500 rf amplifier and
an ER4118CF cryostat with ITC503 controller. The 95-GHz experiments were done in our lab
on Bruker Elexsys-E680 spectrameter with a Tetraspec W-band microwave bridge. The higher
field 235 GHz experiments were done at National High Magnetic Field Laboratory (NHMFL),

Tallahasse, F1.

High-field EPR was used to increase the resolution and get the information about g-
anisotropy of SQ radical, and several pulsed EPR techniques like ENDOR and ESEEM at X-
band were used to probe the environment of the radical. Echo-detected field-swept EPR spectra
were measured by recording the echo intensity from a (n/2—t—m—echo) pulse sequence as the
magnetic field was swept. All the pulse experiments described were employed with appropriate
phase-cycling schemes to avoid any unwanted signals and correct for baseline. The turning
angles of the microwave pulses were nominally /2 and © while the time between pulses was t.
One dimensional two-pulse, three-pulse and four-pulse ESEEM experiments were used to
measure the echo envelope modulations. In a two-pulse ESEEM experiment, the Hahn echo
sequence is used (m/2-t-m-t-echo) and the intensity of the refocused echo was measured as a
function of t. In the three-pulse experiment (m/2-t-m/2-t-n/2-1-echo), the intensity of the
simulated echo was measured as a function of time ¢ at a constant time, t. In the four-pulse

ESEEM experiment (n/2-t-1t/2-t,-1-t,-1m/2-1-echo), the intensity of the echo after the fourth pulse
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was measured as a function of time, ¢;,=¢,=t at a constant time t. Mims ENDOR and refocused
Mims (ReMims) ENDOR experiments with short tau values were employed to avoid the blind
spots that could appear either in Davies ENDOR or in Mims ENDOR with large t values. In
Mims ENDOR experiment (1/2-t-1t/2-RF-1/2-1-echo) pulse sequence was used and the ENDOR
effect as a function of RF pulse was measured. In ReMims ENDOR experiment (7/2-t-7/2-RF-
n/2-t-m-t-echo) pulse sequence was used and the ENDOR intensity as a function of RF pulse

was measured.

4.2  Theory:

The high resolution pulsed EPR techniques, such as ESEEM and ENDOR, make use of
the paramagnetic properties of the SQ intermediate and its interactions with nearby magnetic
nuclei of the protein, the solvent, and the quinone molecule itself. One- and two-dimensional
ESEEM and ENDOR can be used to explore the fine tuning of environment and geometry of
substituents and electronic structure of the SQ via the isotropic and anisotropic hyperfine
interactions with magnetic nuclei. The paramagnetic SQ radical intermediate has an unpaired
electron and a spin of S=1/2. The interaction of this electron with nearby nuclei shifts the NMR
frequencies of these nuclei by the hyperfine coupling constant (A). The shifted frequencies are
commonly known as ENDOR frequencies. For protons and other nuclei with a nuclear spin

quantum number / of 1/2, the ENDOR frequencies are simply (ignoring second-order effects)

=~

VENDOR = VN 2 er vee ree een re e eae ee een ne een san tee aen ne een nne 1o oen e oo e o BQUAtTON 4.1

N
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where v, is the NMR or nuclear Zeeman frequency, which is often much greater than A, and

venpor 18 the ENDOR frequency. The value of the ENDOR frequencies depends on the vector
sum of the applied magnetic field and local magnetic field induced on the nucleus by the
isotropic and anisotropic hyperfine interactions with electron spin. As a result protons that are at
different distance and different orientations have different hyperfine interactions, and the
ENDOR frequencies vary slightly, but all lie around proton Larmor frequency (~ 14.5 MHz at X-

band).

Electron spin-echo envelope modulation (ESEEM) spectroscopy is also a powerful
method to study semiquinones in proteins. It can provide information about the binding partners
from the protein or solvent to the radical. Previously this method has been applied to study the
stable electron acceptors of the bacterial reaction centers (88, 95), as well as photosystems I and
IT of higher plants (95, 97). Both two-pulse and three-pulse ESEEM is used to get the
information about nearby interacting nuclei, by measuring the modulation. Three-pulse ESEEM
has advantages over two-pulse ESEEM, three-pulse ESEEM gives narrower lines in frequency
domain spectrum and there is no interference from sum combination frequencies. In a four-pulse

ESEEM the nuclear coherences evolve during the two variable time intervals #; and #,.

Wg = Wp FAJ2F S80S ..o cos o et et et et e s e et et et e e e s e e e e EQUAtion 4.2a

Wg = W = A2+ SOS e s EQuation 420

When stepped under the constraint ¢;,=z,=t¢, four-pulse ESEEM gives information about
basic nuclear frequencies and second order shifts (SOS) corresponding to combination

frequencies, which is useful in estimating weak dipolar couplings.
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So any nuclei far away from the unpaired electron has w, and wg close to w; and the
second order shifts are too small to resolve, but nuclei that are close have strong second order

shifts and the length of shift of the sum frequencies is a measure of second order shifts.

4.3 Results:

4.3.1 CW-EPR

—— UQAA
—— UQAAStig

334 336 338 340 206 204  2.02 2 1.98
Magnetic Field (mT) g-value

Figure 4.1 (A) CW-EPR of SQ,. CW-EPR spectra of SQ, in mitochondrial cyt bc; with (red) and
without (black) stigmatellin at X-band. Stig was slightly sub-stoichiometric in order to avoid a free
radical signal present in many stig solutions. (B) Field swept EPR spectra of SQ radicals in different
environment at X-band.
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Figure 4.1 (A) is the cw-EPR spectrum of a typical anaerobic, freeze-quench sample
containing 15 pM mitochondrial cyt bc; from S. cerevisiae, 100 uM UQH>, 80 uM horse heart
cyt ¢ and 30 uM antimycin A (AA), with a 7 ms delay between mixing and freezing at 77K. The
spectrum contains a single, nearly-symmetric line with g-factor =2.0044 and peak-to-peak line
width of 1.16 mT. The signal is stigmatellin-sensitive and largely disappears when stigmatellin,
a Q, site inhibitor is bound in the Q, site, red line in figure. 4.1 or when UQHo,, is absent. This
signal is very similar to those reported for SQ in the Q, site of cyt bc; from R. capsulatus, g =
2.0054, line width 1.19 mT (50) and g = 2.0040, line width 1.17 mT (54), yet distinctly broader
than the signal from the quinone radical (~0.8 mT (98)) in the Q; site in the absence of AA. In
these experiments, AA blocks the Q; site, preventing formation of SQ there, while preventing
reoxidation (via the Q; site) of the cyt b chain and SQ in the Q, site after the first 1-2 turnovers.
The cyt ¢ prevents complete reduction of the high-potential chain. Stigmatellin blocks the Q,
site and prevents the initial oxidation of UQH, to form SQ at the Q, site. Any residual SQ signal
when stigmatellin is bound must be the result of nonenzymatic processes. Figure 4.1 (B) also
compares the EPR signal of SQ, with that of radical anion in different environment. They all
have EPR signal at g=2 and have similar linewidths. Because it is not possible to differentiate
between radical anion and neutral radical at X-band, due to poor Zeeman splitting, high-field

EPR measurements would be helpful.

4.3.2 High field and pulsed EPR
Figure 4.2 the EPR spectra of UQ10 radical in four different environments at and W-band
respectively at 40 K. These are frozen samples and represent the powder pattern with

semiquinone in different orientations resulting in line broadening. All the spectra are normalized
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to the peak intensity for the ease of comparison. The magnetic field at both X-band and W-band
were calibrated with reference to the manganese sample, whose g-values are well documented.
Easyspin was used to fit both X-band and W-band EPR spectra (99). The fits for X-band EPR

spectra gave an isotropic g-value around 2.0046 with line widths varying from 1.1 to 1.2 mT and

lacks
A B
2.006 2.004 2.002 2 2.006 2.004 2.002 2
g-value g-value
D
2.006 2.004 2.002 2 2.006 2.004 2.002 2

g-value g-value

Figure 4.2 HF-EPR of SQ. High-field EPR spectra (Red) and their best fits (Black) of (A) UA radical anion in
cyclohexanol, (B) UQ radical anion in cyclohexanol and methanol, (C) UQ neutral radical in cyclohexanol
at 95-GHz and (D) bacterial SQ, at 235 GHz.
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information regarding g-anisotropy due to poor resolution caused by line broadening. A way out
of the resolution/line broadening problem is to investigate the radicals at high field such as W-
band (95 GHz), where the increased Zeeman interaction should lead to complete separation of

spectral features belonging to different g-tensor components.

Table 1 compares of g-values of UQ radicals in different solvents obtained at high field
EPR. The high field (95GHz) EPR spectra of UQ radical anion in deuterated cyclohexanol and
KOH gave g-values [2.00124 2.00422 2.00574], in protonated cyclohexanol and KOH gave g-
values of [2.00171 2.00482 2.00604] and in protonated cyclohexanol with methanol and KOH
gave g-values [2.00166 2.00474 2.00571]. The radicals produced in these three solvent are single
species and they are similar to the UQ radical anion in isopropanol. Cyclohexanol is used in our
work to model the hydrophobic Q, pocket of cyt bc;. Deuterated cyclohexanol has no protons to
interact with the unpaired spin, protonated cyclohexanol is weakly polar but has proton spins that
could appear in the ENDOR and the cyclohexanol with methanol has the possibility of forming
strong H-bonds from the methanol. The slight differences in the g-values of radicals produced in
those three solvents reflect the difference in the environment of the radical. In contrast to the
radical anion, the EPR spectra of the radical produced in cyclohexanol and HCI does not give a
good fit with single species but with two species. The sample has a mixture of two radical
species with g-values [2.00199 2.00247 2.00566] and [1.99897 2.00243 2.00432] and are very
different than the g-values of radical anion. The high field EPR spectra (235GHz) of bacterial SQ
in the Q, site of cyt bc; from R. capsulatus, gave g-values [2.00147 2.00433 2.00546] and are
similar to the UQ radical anion and is much different from the neutral radical. Unfortunately,

high field EPR spectrum on mitochondrial SQ, was not obtained. The high field EPR results
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suggests that the bacterial trapped SQ, is a radical anion and a more sensitive EPR technique,

ENDOR is used to support this assignment, compare the bacterial and mitochondrial SQ, and to

probe the difference in the environment of the radical.

Species Oxx Sy 8 8iso ref
Qi.-/bcl 2.0062 2.0053 2.0022 2.00457 (100)
QH.-/quinol oxidase 2.00593 | 2.00543 2.0022 2.00452 (101)
Qa.-/bacterial reaction center | 2.00649 | 2.00532 2.0021 2.00464 (102)
UQ10.-/isopropnol 2.00627 2.00531 2.00213 2.00457 (103)
UQ3.-/DME/mTHF 2.007 2.00537 2.00202 2.0048 (104)
Qo.-/bacterial bcl 2.00546 2.00433 2.00147 2.0037533 | this work
UQ.-/d-cyclohexanol 2.00574 | 2.00422 2.00124 2.00373 this work
UQ.-/cyclohexanol 2.00604 | 2.00482 2.00171 2.00419 this work
UQ.-/cyclohexanol, Methanol 2.00571 2.00474 2.00166 2.0040367 | this work
UQN/Cyclohexanol 2.00566 | 2.00247 2.00199 2.0033733 | this work
2.00432 | 2.00243 1.99897 2.0019067 | this work

Table 1. g-values of quinone radicals.

4.3.3 Pulsed ENDOR

Pulsed ENDOR is used to further characterize the radicals produced chemically, SQ

trapped in the protein and to probe the environment of the trapped SQ and chemically prepared

radicals. Table 2 is the comparison of the hyperfine coupling values of SQ in protein and UQ

radicals obtained chemically. Figure 4.3 and 4.4 are the X-band ENDOR spectra of UQ10 radical

at 40K with the fits obtained from Easyspin (99). The fit for radical anion in deuterated

cyclohexanol gave four sets of hyperfine coupling values, ([8.5, 4.8, 4.8], [5.95 3.36 3.36], [9.35

5.28 5.28] and [1.789 -1.523 -0.929]), figure 4.3. Three sets of the large coupling values
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correspond to the protons of the methyl group in several different conformations. The methyl
group is still rotating at this temperature, resulting in high A-strain and broad range hyperfine
coupling values. Also the sample was frozen rapidly, leaving the quinone molecule in different
conformations and in different orientations, which results in a broad range hyperfine coupling
values. After irradiation the samples have been annealed for only 15 sec to remove the solvent
radicals. This is not enough time to reach the most stable conformation of semiquinone and there
is still a mixture of radicals in different conformations. The methyl couplings, although gave a
good fit with three sets of coupling values, it is actually a distribution of coupling values ranging
between those given values. The fourth set or smaller coupling values correspond to the protons
of methoxy group substituted on the ring. Solvent protons and more distant protons of the phytyl
tail of the radical also contribute to the small couplings around the proton Larmor frequency
(~15 MHz). There are no large hyperfine coupling values that would be a result of strong
hydrogen bonds, such as protons attached to the oxygen of the SQ ring or protons from more
polar solvent. This is no surprise as the radical in KOH saturated deuterated cyclohexanol neither
forms strong hydrogen bonds with polar solvent molecules nor does it have a hydrogen on the

oxygen of the SQ ring, as it is a radical anion.

The fit for radical anion in protonated cyclohexanol, figure 4.3 gave five sets of hyperfine
coupling values ([8.5, 4.8, 4.8], [5.95 3.36 3.36], [9.35 5.28 5.28], [4.9 -0.8 -0.8] and [1.789 -
1.523 -0.929]) and are similar to that of radical anion in deuterated cyclohexanol. Three sets
(which are actually a distribution) correspond to the protons on the methyl group and the fourth
set of values ([4.9 -0.8 -0.8]) correspond to the weak hydrogen bonds between solvent molecules

and the oxygen of the SQ ring. The fifth or the smaller HFC values correspond to the protons on
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the methoxy group and more distant protons on the phytyl chain. There is an enhancement in the
weak hyperfine coupling values, which correspond to the increased contribution from the solvent

protons (matrix protons).

pnapaaansenes!
LT

et (TR R

Figure 4.3 ENDOR of UQ Radical anion. Refocused Mims ENDOR spectra of UQ radical anion in deuterated
cyclohexanol (A) and protonated cyclohexanol (B). The experimental spectra are in blue and the simulated
spectra in black. The dashed lines in different colors represent the simulated spectra from the individual
hyperfine coupling values referred in text while the black line is the sum of all the individual simulated
spectra.
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Figure 4.4 ENDOR of UQ neutral radical. Refocused Mims ENDOR spectra of UQ radical anion in
methanol (A) and UQ neutral radical in cyclohexanol (B). The experimental spectra are in blue and
the simulated spectra in black. The dashed lines in different colors represent the simulated spectra
from the individual hyperfine coupling values referred in text while the black line is the sum of all
the individual simulated spectra.
The fit for radical anion in methanol and CH,Cl, gave four sets of hyperfine coupling
values ([9.35 5.28 5.28], [5.95 3.36 3.36], [1.789 -1.523 -0.929] and [6 -1.33 -1.33]), figure 4.4.
Two sets correspond (a distribution) to the methyl protons and third set correspond to the protons
on the methoxy group. The fourth set of coupling values [6 -1.33 -1.33] are little large for

methylene proton couplings of the tail and could be from the methanol protons hydrogen bonded

to the oxygen of quinone.

The solution with HCI has a mixture of two different radicals. They each have a set of
hyperfine coupling values that correspond to the methyl protons, protons on the oxygen of SQ

ring and methylene protons from tail, figure 4.4. Two sets of large hyperfine coupling values
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([14 10.2 9] and [11 -11 -11]), other two sets ([9.5 5.0 5.0] and [5.5 3.3 3.3]) lie in the range of
protons of the methyl group. The fifth set ([2.057 -1.193 -0.555]) if from the protons on the
methylene group of the tail. The coupling values for neutral radical have not been assigned to
particular protons. But they are definitely larger and different from the coupling values obtained
from the radical anion. The ENDOR line in the center, around proton Larmor frequency gives a
good fit with a number of HFC values rather than a single set as mentioned in the table (5™ set).
These HFC values correspond to a number of protons that interact to a different extent with the
unpaired spin. The ENDOR spectrum in the center has contribution from protons on the methoxy

group, protons on the phytyl chain and more distant solvent protons. The neutral SQ radical has a
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Figure 4.5 ENDOR of SQ, in protein. Refocused Mims ENDOR spectra of SQ, radical bacterial cyt bc;
(A) and mitochondrial cyt bc; (B). The experimental spectra are in blue and the simulated spectra are
in black. The dashed lines in different colors represent the simulated spectra from the individual
hyperfine coupling values referred in text while the black line is the sum of all the individual
simulated spectra.
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set of large hyperfine coupling values that are not from the protons on the methyl group and are

absent in the SQ radical anion.

Species Aiso Axial Rhombicity Ref
QH" in Cytochrome bos 9.67 1.55 0.275 (105)
QA"in Zn-Bacterial Reaction Center 4.63 1.13 0.3 (106)
UQoO/Isopropanol 5.36 1.21 0.25 (104)
UQ37/ Isopropanol 6.2 1.4 0 (104)
UQ107/ Isopropanol 6.23 1.08 0.15 (107)
UQO’/DME/mTHF 6.03 1.23 0 (104)
UQ3°/DME/mTHF 6.13 1.13 0 (104)
UQ10°/DME/mTHF 6.03 1.03 0 unpub
UQ107/d-Cyclohexanol 4.44-6.63 0.86-1.35 0 This work
UQ107/Cyclohexanol 4.22-6.63 0.86-1.35 0 This work
UQ10"/CH30H/CH2CI2 4.22-6.63 0.86-1.35 0 This work
SQ./Bacterial Cyt bc; 5.16 1.41 0.25 This work
SQ./Mitochondrial Cyt bc; 5.16 1.41 0.25 This work

Table 2 Hyperfine Coupling Values

The proton ENDOR spectrum of SQ in mitochondrial cyt bc; consists of a peak centered

on the proton Larmor frequency of ~15 MHz from protons of the methoxy groups and from the

protein with weak hyperfine couplings to the unpaired electron spin of the SQ, figure 4.5. That

peak is flanked by a pair of peaks from protons with stronger hyperfine couplings. The spectrum

is quite similar to that of SQ in bacterial cyt bc;. The flanking peaks in both ENDOR spectra are

assigned to the three protons of the 5-methyl group in the ubiquinone radical anion, while the

weak tails extending 1.5 MHz beyond those peaks are assigned to a single methylene proton of

the hydrocarbon tail. The ENDOR spectra from the strongly coupled protons of SQ in Q, of

mitochondrial and bacterial cyt bc; are well simulated, using the same hyperfine tensors: (Ax, Ay,

A;) = (8.0, 4.0, 3.5) and (11.5, 5.5, 5.0) for the methyl and methylene protons respectively in
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both the mitochondrial and the bacterial cyt bc;. The two methylene protons of the phytyl chain
are inequivalent with one large and one small coupling. The HFC value of the methylene proton
depends on the dihedral angle between the plane of the SQ head group and the vector connecting
C-H of the tail. This indicates that the phytyl tail is twisted out of the plane of the macrocycle of
the radical, such that one proton experiences strong coupling (one out of the plane) and the other
experiences negligible coupling (one parallel to the plane). The ENDOR results shows that the
SQ, trapped in both the bacterial and mitochondrial cyt bc; are the same species and are in
similar environment. These hyperfine couplings lie within the range reported for the ubiquinone
radical anion in frozen solutions and in proteins that clearly utilize the ubiquinone radical anion,
but it is about 50% smaller than the Qy in cyt bo3 quinol oxidase where a controversial neutral

semiquinone form has been suggested.

4.3.4 ESEEM

v r I searched for interactions between the SQ
and protein or water using the pulsed EPR
i 1 technique known as ESEEM, which is highly
effective at characterizing hydrogen bonds and
coordination by nitrogens from the protein.

Figure 4.6 shows overlaid 4-pulse ESEEM

spectrum of SQ in cyclohexanol (red), SQ in

methanol (blue), SQ in cyclohexanol with trace of

methanol (green), mitochondrial SQ, (black) and

28 29 30 31 32
Frequency (MHz) bacterial SQ, (pink). Protons with small hyperfine

Figure 4.6 Four pulse ESEEM spectra
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anisotropy, e.g., 5S-methyl, produce the strong, symmetric peak at 29.7 MHz while protons that
are hydrogen bonded to SQ have a large anisotropy and are shifted 0.3-0.9 MHz to higher
frequency and destroy the symmetry of the spectrum. UQ radical anion in cyclohexanol, more
sterically hindered solvent, does not have significant hydrogen bonds with the solvent, and is
evident from the lack of asymmetry in the spectrum around 30.0 MHz. UQ radical anion in
frozen methanol/dichloromethane has hydrogen bonding to the methanol solvent, as shown by an
asymmetric spectrum with extra intensity from 29.9-30.3 MHz. The spectrum of mitochondrial
SQ, in the S. cerevissiae and bacterial SQ, from R. capsulatus are quite symmetric in that region,
showing minor, if any, hydrogen bonding. There is no evidence of protons hydrogen bonded to

SQ, trapped in cyt bc; unlike in other proteins.

The 2- and 3-pulse ESEEM

= Mitochondrial SQo 1
Bacterial SQo

spectra of SQ, in both bacterial and

mitochondrial cyt bc; were carefully
examined and universally lack the
characteristic, low-frequency signals

from coordination of SQ, to protein

Nitrogen found in virtually every other

0 0.5 1 1.5 2

Time (us) reported SQ-containing protein. Figure
Figure 4.7 Two-pulse ESEEM spectra of SQ, 47 is the overlaid time-domain

2PESEEM spectrum of SQ, trapped in mitochondrial and bacterial cyt bc;. There is no strong
low frequency modulation in the time domain spectra and the only modulation is from the

protons, and there are no peaks in the range 0-4 MHz where a tightly bound nitrogen could be
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seen. The absence of any low frequency modulation suggests that the SQ, is not coordinated to
Nitrogen of either histidine or peptide backbone. The 3-pulse ESEEM is an effective tool to
measure any hydrogen bonds between paramagnetic species and the protein. 3-pulse ESEEM
spectrum of SQ, trapped in mitochondrial and bacterial cyt bc;, and lacks the low frequency
modulation which suggests that the SQ, is not hydrogen bonded to nitrogen of either histidine or
peptide backbone. These two unexpected observations indicate that SQ is neither coordinated nor
bound by nitrogens from sidechains or the peptide backbone of the protein nor are there

hydrogen bond to the terminal oxygens.

4.4  Discussion:
4.4.1 Nature of SQ, and its interaction with protein:

To our knowledge, no crystal structures of cyt bc; complexes have been solved with
quinol bound in the Q, pocket. Most previous work uses the reasonable default assumption that
QH; binds similarly to stig, which appears in the structures to be strongly hydrogen bonded to
the imidazole of H181 of the ISP and the glutamyl of E272 of cyt . (108) The spectroscopic
characterization of the anionic trapped SQ, shows several remarkable features that we propose

are related to its function.

The g-anisotropy from high field EPR results confirms that the radical trapped in
bacterial cyt bc; is a radical anion and not a neutral radical. The lack of large hyperfine couplings
in the ENDOR spectrum of SQ in bacterial and mitochondrial cyt bc; also confirms that they are
radical anions, trapped in a non-polar pocket. The extremely similar ENDOR spectra of SQ in
bacterial and mitochondrial cyt bc; indicate that the SQ species are the same and are in a similar

environment. The methyl coupling values of SQ in bacterial and mitochondrial cyt bc; matches
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well with the other reported SQ radical anion in different proteins. The ENDOR spectra and 4-
pulse ESEEM lack any evidence for hydrogen bonding between SQ and the protein, both in
mitochondrial and bacterial cyt bc,. This provides further evidence that the SQ is trapped in a
rather non-polar pocket where there is no access for water molecules and where the SQ forms no

hydrogen bonds with the protein itself.

Most enzymes are thought to work by stabilizing activated intermediates, and the Q, site
might be thought to stabilize its intermediates including SQ, and lower the free energy of those
intermediates. Indeed this strategy can prevent bypass reactions by making the reaction of SQ,
with O,, or other oxidants or reductants, energetically uphill process. The SQ is stabilized in
many redox enzymes, including the Q; site of the cyt bc; complexes, the Qg site of photosystem
IT and bacterial reaction centers, and the Qp binding sites of the cyt bo; oxidase. In these
examples, the SQ is rendered so stable that it can be readily observed by EPR over extended

times, often even under aerobic conditions.

In thermodynamic terms, such stabilization requires tighter binding of SQ, than Q and
QH; to the protein and has been confirmed in several proteins, where a stabilized SQ is formed.
Dikanov et al., have observed a strong hydrogen bond between Qp SQ of cyt bo; and a nitrogen
donor from protein (109). The Qp SQ of bacterial reaction center was observed to form multiple
hydrogen bonds with the protein. The strongest hydrogen bond is between O4 (carbonyl) of SQ
and His-L190 NH. The SQ was also observed to form hydrogen bonds with Gly-L225 peptide

NH, Ser-L223 hydroxyl OH Ile-L224 peptide NH (110).

The 2-pulse and the 3-pulse ESEEM spectra of SQ, in cyt bc; are highly unusual in their

lack of detectable ESEEM from nitrogen or strong H-bonds, indicating that the interactions of
72



the trapped SQ, are distinct from those of stig. This lack of strong interactions with the protein
is unique among previously-characterized UQ radicals which show prominent ESEEM from
amino acid side chain or peptide nitrogens and hydrogen-bonded protons to oxygens of the UQ

(111-114).

The lack of H-bonding to the anionic SQ, implies the following: 1) oxidation of QH,
occurs in a catalytic complex coordinated with both electron and H' acceptors, allowing the
removal of one electron and two protons, forming the SQ anion. A reasonable model for this
catalytic complex, proposed earlier, places the QH, near the binding position of stig, H-bonded
to both H181 and E272; 2) Formation of SQ, is followed by conformational changes, either

moving SQ or protein components, thus breaking potential hydrogen bonds.

Alternatively, it can also imply that the SQ, in cyt bc; might not be stabilized and even be
destabilized. The destabilized SQ can react with oxygen rapidly and form more SO. However the
destabilized SQ is more difficult to form and this limits the formation of SO, as the greatest rate
of SO production would be expected from a significant concentration of a reasonably reactive
SQ rather than a small concentration of highly reactive SQ. Although the destabilized SQ model
also limits the overall rate of productive Q-cycle reactions, also suppresses the unwanted bypass

reactions.
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CHAPTER 5

DETERMINATION OF SQ LOCATION IN CYTOCHROME BC;

The importance and relevance of the SQ depends on its location in cyt bc;. From the
ESEEM and ENDOR results it was clear that the SQ, is negatively charged and is destabilized in
the protein. However, it is not clear how the enzyme does that. The knowledge of SQ binding
site or the physical location of SQ in the Q, pocket along with some molecular modeling would
help us understand the ‘counterintuitive’ destabilized model. Here is an attempt to identify the
physical location of the SQ, and possible binding sites, by observing the spin relaxation of the
SQ,. The spin relaxation of SQ in the bacterial protein is strongly enhanced by the hemes in the
system (53) and this interaction is termed as paramagnetic relaxation enhancement (PRE). I
examined this PRE in detail in the mitochondrial cyt bc; because PRE has been a useful probe
for measuring distances between spins in proteins (57, 58) including the Fe,S,;-heme b;, distance
in cyt bc; by Sarewicz, et al. (59), copper ion bound to cyt bsf (60), cyt ¢ bound to cyt ¢ oxidase

(61), and spin-labeled metmyoglobin (62).

One of the most sensitive spectroscopic methods that measure the interaction of two
paramagnetic centers is to measure the impact of a fast relaxing metal on the relaxation of slow
relaxing species. The enhancement of relaxation of slow relaxing species is a resonance like

effect and the temperature of maximum rate of relaxation of slow relaxing species is where the
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relaxation rate of fast relaxing spin (//7;) is equal to the dipolar interaction between two
paramagnetic species. The higher the maximum //T), temperature, stronger is the dipolar
strength and smaller the distance between two paramagnetic species. The dipolar relaxation
enhancement has a very specific dependence on //7; of the fast relaxing spin. As 77 is strongly
temperature dependent, dipolar relaxation also depends strongly on temperature. The magnetic
interaction between two paramagnetic centers decreases with sixth power as the distance
between centers increases. The dipolar coupling also depends on the angle between dipolar

vector, connecting two paramagnetic species and external magnetic field (Op).

5.1 Enhanced Spin Relaxation of SQ Generated at the Q, Site.

Cape et al., have measured the effect of added paramagnetic Ni(Il) on cw-EPR power
saturation to probe the accessibility of SQ species to paramagnetic ions in the aqueous phase of
the freeze-quenched samples, to estimate how deeply is the SQ buried in the membrane or
protein (50). The CW-EPR saturation recovery measurement is a way to measure the magnetic
interactions between two or more paramagnetic species. If a slow relaxing paramagnetic species
is near a fast relaxing paramagnetic species, the relaxation rate of slow relaxing species
increases, and also the saturation power (amount of MW power to saturate the spins in one state).
The freeze-quenched SQ species with only AA has small or no effect on the power saturation
when the paramagnetic Ni™ was added, whereas the SQ species with both AA and stig showed a
prominent increase in power saturation when the paramagnetic Ni'* was added. This shows that
the SQ generated using AA has no magnetic interactions with Ni and is far and protected from
Ni"? in aqueous phase, and the small amount of SQ generated using AA and stig has strong

interactions with Ni™ and is close to the Ni'® in aqueous phase. This indicates that the SQ
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generated using AA is trapped inside the protein, where there is no access to the aqueous phase,

but it could be anywhere in the vast protein.
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Figure 5.1 T, relaxation of SQ radical anion and SQ,. Comparison of inversion recovery of SQ,
in mitochondrial cyt bc; to SQ radical anion in cyclohexanol. Semi-log plot of T, relaxation of
mitochondrial SQ, and UQ radical anion (A) and comparison of effect of temperature on 1/T;
on both mitochondrial SQ, and SQ radical anion in solution (B).

As a measure to know where the SQ is trapped, a series of pulsed EPR techniques were
used which provide a better tool to measure the magnetic interactions between species, on
freeze-quenched mitochondrial SQ species in presence of AA of yeast cyt bc;. Same series of
experiments were done on chemically prepared SQ species in cyclohexanol and compared to the
freeze-quenched SQ species. As a first approach, 7; relaxation of SQ trapped in mitochondrial
cyt bc; and the SQ radical anion in cyclohexanol were measured as a function of temperature
using picket fence inversion recovery experiment. Figure 5.1 is the comparison of inversion
recovery of SQ in mitochondrial cyt bc; and the SQ radical anion in cyclohexanol as a function
of temperature. The SQ in cyt bc; complex recovered fully in 10us, while the SQ radical anion in

solution took 100us to recover, 10 times longer than the recovery time for SQ in protein. Figure
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5.1A is the semi-log plot of 7, relaxation. Figure 5.1B shows the effect of temperature on the 7}

relaxation rate, on both SQ in cyt bc; and SQ radical anion in solution.

The SQ trapped in mitochondrial cyt bc; has much shorter 7; and high spin relaxation
rate at all temperatures than that of SQ radical anion in cyclohexanol, and about 10 times than
the relaxation rate of SQ in solution at 40K, which indicates that the SQ in protein has strong
magnetic interactions with another fast relaxing paramagnetic species like oxidized heme b, or
reduced Fe,S, cluster because, the low-spin Fe in heme b, is paramagnetic only when the heme
is in oxidized state and the high spin Fe of Fe,S; cluster is paramagnetic when it is in reduced
state. This result supports the results of Cape et al., that the SQ trapped in protein in presence of
AA 1is not in the solution and is buried deep inside the protein where it is close enough to the

oxidized heme or reduced Fe»S, or both.

There are six hemes and two Fe,S; clusters in the dimeric protein and the SQ could be
trapped anywhere in the protein. It is impossible to locate the location of trapped SQ in protein
with 7; measurements. The 7 relaxation enhancement measurement is very effective tool to
measure the distance between two spins, but is very complicated to analyze in our system. For
one thing, the heme, Rieske and SQ signals overlap each other in our system making it difficult
to measure 7 of single species. The other reason is that the 7; is highly dependent on the g-
tensor and the orientation of SQ with respect to ‘Fe’ center, in a powder sample like freeze-
quenched bc; it is very complicated to analyze the 7, data. The transverse, 7> or T, relaxation
measurements give a direct measure of the magnetic dipolar interaction between two
paramagnetic species. The enhancement varies with the temperature of the sample because the

enhancement depends on the interplay of the dipolar interaction between spins and the
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temperature-dependent 7; and 7> of the ‘enhancer’ spin. The effect has been used to measure the
distance between spins in a number of proteins (57, 58). Sarewicz et al. have studied the
interaction between Fe,S; cluster and heme b, of cyt bc; that takes place within the range of 2.6-
3.6 nm. They studied Fe,S, head group motion by comparing the temperature dependence of
phase relaxation rate of the Fe,S, cluster in native cyt bc; complex in presence of various
inhibitors to understand the equilibrium distribution of Fe,S; position in cyt bc;. The 1/T)s of the
dithionate reduced bc; (which has reduced heme) has monotonic temperature dependence,
whereas the ascorbate reduced bc; (which has oxidized heme) has a maximum //7T), at 19K. This
shows that the oxidized heme b; induces PRE on Fe,S, echo decay. Prisner et al., have studied
the interaction between two electron transfer proteins, which form a transient protein-protein
complex (61). They studied the dipole-dipole interaction between Cua of cyt ¢ oxidase heme
Fe™ of different cytochromes. The Tj, echo of mixture of CcOj with binding cytochromes like
horse heart cyt ¢ (cx;) and cyt cssy relaxes much faster than mixture of CcOy; with a non-binding
cyt c¢;. This is because that the distance between the two paramagnetic centers for specifically
bound protein-protein complexes is much shorter than the average intermolecular distance
between randomly distributed paramagnetic centers. PRE is an effective tool to distinguish
binding and non-binding proteins. Kramer et al. studied the effect of redox state of cyt b4/ on the
two-pulse echo decay of the bound Cu™ (31). The PRE was used to calculate the distance
between the cyt / heme and bound cu™ to locate the cu™ binding site in cut bgf; and study the

conformational changes that occur at the Q, site of cyt bf-

The phase relaxation time (7)) of SQ has been measured as a function of temperature to

calculate the dipolar interaction and distance between SQ and fast relaxing Fe center in protein.
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The phase relaxation time of SQ in cyclohexanol was measured and compared to SQ in protein.
Ty, of SQ in cyclohexanol has a weak dependence on temperature whereas 7j, of SQ in protein
has strong temperature dependence and has a maximum rate of decay at 35 K (figure 5.2 A). The
Ty, relaxation of SQ in mitochondrial cyt bc; is 10 times the 7), relaxation rate of SQ in
cyclohexanol at 40 K. The temperature dependence of //T, of SQ in protein is distinctly non-
exponential as noted for the analogous enhancement of the Fe,S, cluster by heme b, (59).
Sarewicz et al., has used a stretched exponential function to fit the dipolar decay trace to get the
1/Ty, term. They got a maximum of //7), at 19 K (figure 5.2 B) that corresponds to a distance of

2.64 nm between heme b, and Fe,S,. When I used a similar stretched exponential function to
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Figure 5.2 T, relaxation enhancement of SQ, and SQ in solution. Comparison of the

temperature dependence of T, relaxation rate of (A) mitochondrial SQ, and SQ in solution and
(B) dithionate-reduced (open circles) and ascorbate-reduced (closed circles) cyt bc;.

calculate the //T), for SQ trapped in cyt bc;, I got a maximum //T), at 35 K. As the maximum
1/Ty corresponds to a temperature where /T, equals the dipolar coupling, the higher
temperature of maximum //7T), indicates a stronger dipolar interaction and a shorter distance

between the spins. This suggests that the trapped SQ in cyt bc; is at shorter distance from heme
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by than the Fe,S,, and could be trapped somewhere between heme b, and Fe,S,. However the
stretched exponential fit does not give the accurate dipolar coupling between the spins, a more

complex analysis is necessary.

5.2  Analysis of Ty data

The 2P ESE (7»/T)s) echo decay as a function of temperature was analyzed using a home
written MATLAB (the mathworks) program (TyDipole) to extract the dipolar interaction and the
distance between the two spins. TyDipole program calculates the dipolar relaxation enhancement
induced by the interaction from multiple fast relaxing spins at any given frequency and field. The
code for the TyDipole with its subprograms is given in appendix A with detailed explanation at
each step. The cyt bc; complex has a broad EPR signal composed of several species, ranging
from g = 1.5 to g = 4. The SQ trapped in cyt bc; has a narrow signal at g = 2 which overlaps the
broad background signal of the Rieske, hemes and cavity. This complicates the analysis of the 7>
decay of SQ as there is a signal from background all the time. Fortunately the 7 relaxation of the
background is much faster than that of SQ, which allowed us to measure the 7> relaxation of the
background by pulsing fast and suppressing the SQ signal. The 7> echo decay of the background
was observed to be very different from the 7, decay of SQ and was temperature independent. But
the intensity of the background signal decreased with temperature and was negligible at
temperatures above 50 K. The 7, decay rate of background was similar between samples at all
temperatures, but the intensity of background differs from sample to sample. Before using the
TuDipole to calculate the dipolar enhancement, the temperature dependence of the background
was calculated using 2-pulse field-sweep experiment data for each sample and the respective

temperature dependence was used in simulation.
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The sub program, MakeDecay calculates the dipole relaxation enhancement due to one
fast relaxing spin. The cyt bc; complex has multiple hemes and Fe,S; clusters all of which could
contribute to the paramagnetic relaxation enhancement. The simulation TyDipole program can
calculate PRE from a single fast relaxing species and as well as multiple fast relaxing species.

The simulation program performs the following steps, also shown as a schematic.

First step: 7> experimental data of SQ at multiple temperatures as well as reference
spectrum and background spectrum were imported, phased and normalized per number of
averages. The experimental parameters such as temperature, field and frequency at which the 7>
decay was collected, were pulled from the raw datasets. The g-values and the Euler angles of the

enhancer spin/fast relaxing spin could be provided.

Second step: The background signal was subtracted from the SQ signal using a
temperature dependence previously calculated for the particular sample. The 7 relaxation rate
(1/T;) as a function of experimental temperature was calculated based on the published T1 of

heme from (115).

Step 3: The effective g-value of the fast relaxing spin was calculated using the g-values
provided in step 1. The dipolar interaction was pre-calculated for all angles between the dipolar

vector and lab field.

Step 4: The dipolar relaxation enhancement was calculated using the dipolar coupling

calculated in step 5 using the theory developed by Salikhov (116) and the //7; provided in step 2.

The fit program follows the same procedure, adjusting the fit parameters used for

calculation of the dipolar coupling in step 4 within the boundaries given by the user to minimize
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the chi-square between fits and experimental data. The only adjustable parameters in the program
are the distance(s) between slow relaxing spin and the fast relaxing spins(s) and the amount(s) of
fast relaxing spin in paramagnetic state that could contribute to the dipolar interaction and //7; of
fast relaxing spin. These parameters can be varied independent of each other to reduce the chi-
square, using a Levenberg-Marquardt least square fitting. The actual chi-square was calculated

using the formula below:

2 N

O

v eer e e Equation 5.1

5.2.1 Sensitivity of TyDipole to distance:

Ty decay is highly temperature dependent and a maximum in //7) occurs when the
dipolar interaction between two spins equals the //7; of fast relaxing spin. For a given distance,
1/Ty is maximum at a temperature when Ap;, equals the //T;r and is smaller both above and
below that resonant temperature. This resonance can be seen as a fold over in 7, relaxation when

plotted as a function of temperature.

Figure 5.3 A-F shows the effect of temperature and //7T;r on the T, relaxation rate at
different distances. Figure 5.3 A, C, E are plots of calculated 7, relaxation as a function of
temperature at a given /7T, (1/T;y(KHz) = 0.0000221*Temp”6.64) and a distance of 1 nm (A), 2
nm (C) and 3 nm (E). The maximum relaxation and the fold over occurred between 32 K and 28
K for 1 nm, 28 K and 24 K for 2 nm and 24 K and 20 K for 3 nm. Figure 5.3 B, D, F are plots of
calculated 7, relaxation as a function of temperature at a given I/T; (I/T;y (KHz) =
0.0000221*Temp”7.64) and a distance of 1 nm (B), 2 nm (D) and 3 nm (F). Using a //TIf in

which the temperature dependence has been increased by a magnitude does not result in any fold
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over in the given temperature and distance range. This shows that the simulation program is

extremely sensitive to the //7;rand most accurate //T;rshould be used to calculate dipolar decay.

Figure 5.3 Effect of temperature and T, on T,



5.3 Determination of the Location of SQ.
5.3.1 Determining distance between SQ and Hemes from EPR experiemnts

These freeze-quenched samples do present two novel aspects in their analysis. The redox
or spin states of the hemes and Fe,S; cluster near the SQ are heterogeneous. In addition, the
relaxation enhancement of SQ can have contributions from more than one spin centers.
Fortunately, both are readily resolved. Each cyt bc; dimer contains six hemes and two Fe;S,
clusters and may bind two soluble cyt ¢ with additional hemes. Each heme and Fe,S, cluster has
a paramagnetic state which interacts with and enhances spin relaxation of any SQ retained in the
cyt bc;. Before addition of substrate, the cyt bc; is completely oxidized with all hemes in their
paramagnetic state with a single unpaired electron and the Fe,S, cluster in a diamagnetic state
with no net electron spin.  After rapid freezing, if only one electron had entered the low-
potential chain, it could be localized on either of the hemes in the low-potential chain, leaving
the other heme with an unpaired electron spin and the potential for enhancing the relaxation of
SQ. Similarly, each part of the high-potential chain has some probability to have an unpaired
electron spin. SQ trapped in Q, can have a number of different arrangements of electron spins

around it. The overall relaxation of SQ will be the weighted sum of each of those arrangements.

Many of the potential arrangements have more than one electron spin to enhance the
relaxation of SQ. Because the spin dynamics of the hemes and Fe,S, clusters are uncorrelated,
the enhanced relaxation of SQ is just the product of the enhanced relaxation from each individual
heme or Fe,S; cluster. The ability to calculate the relaxation enhancement allows use of least-
squares fitting methods to determine the location of SQ in cyt bc; based on its distance to hemes

in the complex.
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The Fe,S, cluster relaxes much more slowly than the hemes and can make only a
negligible contribution to the total relaxation enhancement. The Fe,S, was therefore omitted
from the fitting procedure. The hemes from cyt b, cyt ¢; and cyt ¢ have overlapping spectra,
making it difficult to determine the 7; of any specific heme in the intact cyt bc;. Fortunately, the
T rates for the hemes are within a factor of two above 10 K, which perturbs the fitted distances
by ~6%, so the T, of the heme system that matches well with the cyt bc; is used in the final

fitting (115).

The upper limit for relaxation enhancement of 7, is set by the dipolar interaction and
occurs roughly at the temperature where the dipolar interaction equals the 7 rate of the
enhancing spin (60). The relaxation enhancement of SQ at each temperature is non-exponential,
due in part to the paramagnetic states in each cyt bc;, and could not be described consistently by
exponential (60) or stretched-exponential functions (59). Consequently, the 7), relaxation curves
for SQ from 4-60 K were fitted taking into account the paramagnetic states in each cyt bc;. The
relaxation was measured using quadrature detection which provided an independent measure of
experimental noise for each curve and allowed the calculation of a true y* for the goodness of the

overall fit.

There are slight off sets in the fits due to the cutoff of part of the decay in the beginning
corresponding to the spectrometer dead time. A large portion of dipolar enhanced relaxations
takes place in this dead time and hence reduces the echo amplitude. A part of the offset might
also be due to the absence of SQ radical trapped in protein, not all of the protein used can trap
SQ or have heme and/or ISP in paramagnetic state. Another important contributor for the offset
is the orientation of ISP cluster with respect to heme and SQ. The dipolar decay of SQ in protein
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not only is affected by the heme distance but also by the orientation of ISP with respect to heme.
In frozen samples, the dipolar decay is the sum of decays caused by all orientations like in
powder pattern. This is taken in to account in our modeling program by averaging over all
possible orientations that are in resonance. Temperature dependence of the echo decay for SQ in
solution has no dipolar relaxation enhancement. The decay curves are mono exponential at all

temperatures and do not show any pronounced effect with temperature

Exhaustive attempts were made to fit the relaxation enhancement of SQ without success
based on interaction with a single heme site with the distance between SQ and the heme, and the
fraction of heme in the paramagnetic state as adjustable parameters. The fits failed to give good
agreement with the measured SQ relaxation over the full temperature range. The %> values show
that the difference between the fit and the observed relaxation enhancement is much more than
the experimental noise. This indicates that the relaxation enhancement is produced by interaction

with more than one heme.

The relaxation enhancement was fitted based on interactions with two hemes using four
adjustable parameters: the distances between SQ and each heme, and the fraction of each heme
in its paramagnetic state. The spin states of the two hemes were independent of each other. The
best fit with two hemes gave much better x* value. A surface plot and contours of Ay” as a
function of distance to the two hemes in two different samples, figure 5.4 A, C shows a well-
defined global minimum for distances of 1.9 nm and 3.9 nm and with 30% and 30% of the hemes
in their paramagnetic state, respectively. These distances are from the center of the unpaired
electron spin distribution of SQ to the iron which carries the unpaired electron spin at the center

of each heme. The 95% and 99% confidence contours for the distances, figure 5.4 B, D are very
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tight and consistent between different samples. Repeated fits with heme 7 values within the
observed range gave distances to the hemes that varied +0.2 nm, comparable to the size of a
quinone or amino acid. The SQ appears to be trapped by rapid freeze-quench in a well-defined

location that is 1.65-1.95 nm from the iron of one heme and 2.55-3.00 nm from that of another.
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Figure 5.4 Distance constraints of SQ, obtained from T, data analysis. Plot of x2 as a function of
distance from two hemes, when 30% of both interacting hemes are paramagnetic in two different
samples (A) and (C). Heme 1 is the near heme and heme 2 is the far heme. The ¥2 is calculated from
the residuals of experimental data and the fits. (B) and (D) are the 95% (inner line) and 99% (outer line)
confidence interval (Cl) of the distance between SQ trapped and two hemes, for two different data
sets.
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All the cyt by should be reduced after 10 ms of Q, site turnover and thus lack the electron
spin, but cyt b, and/or cyt c¢; could be the source of the PRE. In order to identify potential
trapping sites for the SQ we searched for voids in the crystal structure of yeast cyt bc; (PDB:
3CXS5) consistent with the PRE distance ranges to the two nearest hemes. The only locations
meeting these constraints lie in the region of the Q, site (figure 5.5) distinct from the binding
sites for known inhibitors, such as stig, which binds in the “distal” niche and interacts with the
Fe,S, cluster ligands, and myxothiazol or MOA-stilbene, which binds in the “proximal” niche

closer to the cyt b; heme.

For either location, the nearest PRE constraint comes from interactions with the cyt by of
the same monomer (i.e, the intradimer cyt by heme). The second interaction comes from
interdimer cyt by in one case and from the intradimer cyt c; in the other. Although the data at
present are unable to conclusively decide between them, the two locations have similar
properties and allow us to identify the SQ as the elusive SQ, intermediate of the Q Cycle and

making the ENDOR and ESEEM results highly relevant to the Q-cycle mechanism.

5.3.2  Molecular Modeling of the SQ Distance Constraints

Q-Site Finder (117) was used to fill the void volume of the Q, site of the yeast bc; atomic
coordinates using the crystal structure 3CX5.PDB (118) with methyl (-CHs) probe groups at a
grid resolution of 0.9 A. The resulting methyl-filled Q, void coordinates were appended to 3CX5
and written as a PDB file for visualization within VMD (119) EPR distance constraints
overlapping with the Q, void volume were modeled in VMD using three-dimensional Boolean

algebra and displayed volumetrically using the ‘QuickSurf” representation within VMD.
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5.4  Discussion:
5.1 SQ binding sites within Q,

When constrained by PRE distances and steric clashes with the proteins, we found two
possible SQ, locations, both located within the Q, site (figures 5.5 — 5.7). These locations are
consistent with our previous observations (53) that 1) the formation of bacterial SQ, is abolished

by binding of stig and 2) SQ, is isolated from solution .

Either location places SQ, nearest the intramonomer cyt by heme, but they differ as to the
next nearest heme. Using the distance to the intramonomer cyt ¢; as a constraint yields a region
of possible SQ, locations, which we call site | that partly overlaps the chromone ring of bound
stig (figures 5.5 and 5.6 in green). When the distance to intermonomer cyt by, was instead used,
site Il (figures 5.5 and 5.7 in purple) was obtained, away from the region occupied by the
chromone ring of stigmatellin and 13 A from the Fe,S; cluster of Q,-docked ISP. Cyt by i1s
reduced by previous turnovers, and thus non-paramagnetic. Sites | and Il are separated by a
closest approach of 8 A, with edge-to-edge separations of 12 and 13.5 A to heme b; respectively.
Using the Moser-Dutton approximation (37), these distances suggest a theoretical SQ./b.
electron transfer rates of 1 x 10°s™ for site I and 4 x 10* s for site II, which are in reasonable

agreement with those expected or turnover in the uninhibited complex.

These two locations are not mutually exclusive and it is possible that SQ, is distributed
over the two niches. Moreover, either site is compatible with that obtained by EPR analysis of Q,
site occupancy in bacterial bc; mutants where the SQ was proposed to move within Q, during

catalysis (120).
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Figure 5.5 Volumetric representation of the SQ binding niches within yeast cytochrome b. The polypeptide
backbones of cyt b and the ISP from one functional monomeric unit of the yeast bc; complex (3CX5.PDB,
Solmaz and Hunte 2008) are represented in cartoon form in dark- and light grey respectively. The Q, site
volume defined by the b,(intramonomer) /c;(intramonomer) distance constraints (site 1) is represented in
green, with the volume defined by the b,(intramonomer)/b,(intermonomer) distance constraints (site Il)
represented in purple. The Q, void volume is shown as a glass surface. Also shown are hemes b, and by (in
red) of cyt b and the Fe,S, cluster of the ISP (yellow- and pink CPK). Cyt b residue E272 and Fe,S, cluster-
ligating ISP residue H181 are represented in stick form. Q,-bound stigmatellin is labeled ‘Stg’.
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Figure 5.6 Detail of sidechain interactions between yeast cyt b (3CX5.PDB) and SQ site |. Cyt b
residues in close contact (< 4 A) with the Q, volume defined by the b,(intramonomer)/
c;(intramonomer) distance constraints (in green) are shown in stick form. The Q, void volume is
represented as a glass surface. Partial structures for cyt b helices cd1l and ef are shown in grey
cartoon form, with the ISP Fe,S, cluster in CPK format.
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Figure 5.7 Detail of sidechain interactions between yeast cyt b (3CX5.PDB) and SQ site II.
Cyt b residues in close contact (< 4 A) with the Q, volume defined by the b;(intramonomer)/
br(intermonomer) distance constraints (in purple) are shown in stick form. The Q, void
volume is represented as a glass surface. Partial structures for cyt b helix C and the F1-F2 and
cd2-D loops are shown in grey cartoon form, with the ISP Fe,S, cluster in CPK format.

The cyt bc; proteins at least two potential hydrogen-bonding groups in the site I, HI81 on the
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ISP and E272 on cyt b. H-bonding of SQo to bothe H181 and E272 would have to be
thermodynamically or sterically prevented. Indeed, the ISP is known to pivot around its flexible
tether and adopt multiple positions to allow electron transfer from the Q, site to cyt c¢; (16).
There is also evidence for intermediate ISP conformations that may alter (sterically and
thermodynamically) interactions with Q, site quinone species (121). The ISP may rapidly adopt
a conformation that prevents H-bonding between H181 and SQ,, allowing SQ to diffuse away.
Likewise, the E272 glutamyl sidechain is found in different orientations in different crystal
structures (122). In the stig-containing structure from yeast, the glutamyl carboxyl group makes a
strong H-bond to the chromone hydroxyl (123), whereas in the famoxadone-containing bovine
structure, it has flipped by 150° rotation about its %> dihedral angle (124) and interacts with a
potential proton channel within the cyt b protein. E272 is similarly rotated in the structure of the
HHDBT-inhibited yeast bc;, a compound proposed to mimic a hydroquinone anion. (125).

Aside from peptide backbone amides, site II has no obvious H-bond donors or acceptors.
Site II is formed from predominantly hydrophobic, conserved residues from regions of cyt b
encompassing trans-membrane helix C (residues 122-129), the cdl helix (147-150) and the F1-
F2 loop (296-299). The enthalpic cost of burying the anionic SQ in this non-polar niche
(effectively a desolvation penalty) will likely be counterbalanced by entropic factors, i.e. driven
by distribution among multiple possible binding conformations that can be accommodated within
the niche II volume. This effect could stabilize the anionic SQ, in a relatively aprotic

environment.

5.4.2 Reactions and Energetics:

We propose that the unique properties and binding interactions seen for SQ, are
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important for the equally unique role of SQ, in storing electrochemical energy and avoiding
reactive side reactions (126). The data presented here allow us to explore the thermodynamic
properties of SQ,. As discussed previously (23, 53), the trapped SQ, occurs at low occupancy, of
0.02-0.05 per complex, and assuming local equilibrium is reached among redox transitions and
an operating redox potential of about 350 mV versus SHE for the high-potential electron carriers
(Fe,S; and cyt ¢), we calculate an effective midpoint potential for the SQ,/QH, (En(SQ./QH>))
between 400 and 450 mV. The extent of the PRE effect imply that about 30% of SQ, are in Q,
sites containing oxidized cyt b;(3"), suggesting an equilibrium constant for sharing electrons
between SQ,/Q and the cyt b;(27/3") couples of about 3, and E,(Q/SQ,) of about -120 mV.
These estimates indicate a highly unstable SQ, with AE(SQ./QH,)-En(Q/SQ,) of between 520-
570 mV. (Highly stable SQ species will have a redox potential for reduction of Q to SQ that is
more positive than that for reduction of SQ to QH,, whereas highly unstable SQ species have the
opposite so that reduction of Q to QH, is a highly coordinated, n=2, process).

Remarkably, this range for Kg is comparable to that expected for QH, in the membrane
or in solution (Ks~10"%) (127), implying that the SQ, is destabilized, or at least not stabilized, by
interactions with the Q, pocket. Most SQ species found in enzymes, e.g. at the Q; site of bc), the
Qg sites of bacterial reaction centers and photosystem II, the QH, oxidation site of bacterial bos-
and aas quinol oxidases (128, 129) etc., bind SQ considerably more tightly than Q or QHa,
raising Kg (by five- to ten orders of magnitude (130, 131)), allowing reduction of Q or oxidation
of QH, to proceed by sequential, one-electron transitions. The high Kg for these species is
critical for the so-called two electron gating which connects one-electron chemistry of
cytochromes or Fe,S, centers with the two-electron chemistry of Q/QH, (1). The redox

properties of SQ, more resemble those of the photosystem I phylloquinone, which also appears
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destabilized with respect to solution (i.e. with a more reducing Q/SQ~ redox potential, to allow
electron transfer to the low-potential Fx FesS4 cluster (132). Similar anionic semiquinone
instability has been observed at the Qg site of the bacterial photosynthetic reaction center
following mutation of component arginine residues to non-polar isoleucines (133). The low Kg
for SQ, is consistent with a function in the Q-cycle since a stabilized SQ would not have
sufficient reducing power to pass electrons against the electrochemical gradient to the low-

potential cyt b (23).

Thermodynamically, an unstable SQ, should also be weakly bound in the Q, site since
specific, tight binding through hydrogen bonds would stabilize the intermediate making it less
able to reduce the low-potential chain. The structural data presented here suggests that, because
it is charged, SQ, is kinetically trapped, rather than thermodynamically stabilized, via an
“electrostatic cage” of hydrophobic residues surrounding Q,, providing a structural and
mechanistic bases for maintaining SQ, reactivity but preventing its rapid unbinding and

subsequent loss of energy through escape and disproportionation (5).

55  Conclusions:

Our results lead us to propose that the bc; complex traps SQ, as an anionic, destabilized
and non-hydrogen bonded intermediate in hydrophobic niches within Q,. The anionic nature of
the SQ intermediate — a result of sidechain-mediated ‘proton stripping’ at Q, — is critical for
favoring the Q-cycle and preventing short-circuiting and other deleterious side reactions (5).

The first electron transfer is accompanied by proton transfer to ISP H181, with the
second proton abstracted by cyt b E272. The deprotonated SQ anion is then trapped (possibly

coordinated) conformational changes in SQ, intermediates and protein components, consistent
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with several proposed models (121, 122, 134). The SQ, is trapped without thermodynamic
stabilization because the surrounding low dielectric of the Q, site forms a hydrophobic “cage”
(135).

The destabilized SQ, not only conserves sufficient redox energy to reduce cyt b;, but
should also diminish the rates of other potential Q-cycle bypass reactions or short circuits (5).
The reduction of a SQ anion to Q> (without proton uptake) should be thermodynamically very
unfavorable, preventing the oxidation of previously-reduced cyt b1, a potential Q-cycle bypass
reaction (5). Finally, as discussed in Cape et al. (5), the low occupancy of an unstable SQ, would
also limit the diffusion-limited rate of O, reduction, minimizing superoxide production (23).

Overall, we make the (counterintuitive) observation that Nature guides the enigmatic Q-
cycle reactions by forming an insulating “reaction chamber” that contains, but does not tightly
interact with, the reactive intermediates of the Q-cycle. The chamber has the critical properties of

preserving SQ, reactivity while removing protons that could lead to deleterious side reactions.
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CHAPTER 6

SUMMARY

This chapter will summarize the major contributions of this work and further future
studies.
6.1 Summary

As a first step, I was successful in trapping the SQ at the Q, pocket in mitochondrial cyt
bc; complex. This is the very first time in the past 50 years that a SQ, was ever trapped in
mitochondrial cyt bc;. The low concentration and the instability of SQ, in mitochondrial cyt bc;
made it difficult to trap the radical, but if maintained proper conditions it can be trapped. The
mitochondrial cyt bc; as discussed earlier has great relevance to the human cyt bc;, rather than
the bacterial cyt bc;. Hence the mitochondrial SQ, will provide a better probe to study the Q-
cycle and SO production in human cyt bc; complex.

I was able to characterize the trapped SQ, using several EPR techniques. The high-field
EPR and the ENDOR results confirm that the SQ, radical trapped in cyt bc; is a radical anion.
The 2-pulse and 3-pulse ESEEM confirms that the SQ, does not form any hydrogen bonds to the
nitrogens of amino acid side chains or the peptide backbone. The 4-pulse ESSEM of SQ, lacks
any indication of hydrogen bonding to the protein unlike in other proteins. These results indicate
that the SQ, formed is a radical anion and might not be stabilized or may even be destabilized in

the protein, as a more stabilized SQ, should form strong/weak hydrogen bonds with the protein.
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In the destabilized SQ model the rate of formation of SQ, would be the rate limiting step, which
limits both the Q-cycle and the SO production and other unwanted bypass reactions.

As a further step, I was able to determine the physical location of the trapped SQ, in the
mitochondrial cyt bc; complex using dipolar relaxation enhancement technique. The SQ, appears
to be trapped in a well-defined location that is 1.65-1.95 nm from the iron of one heme and 2.55-
3.00 nm from that of another. When these distance constraints were applied to the PDB structure,
I got two different locations, both in the Q, pocket. The two locations have similar properties that
are relevant to the ENDOR and ESEEM results. The data at present is not sufficient to
conclusively decide between those two locations and further studies are necessary to differentiate
between those two locations.

Overall, this dissertation makes the counterintuitive observation that Nature guides the
enigmatic Q-cycle reactions by forming an insulating “reaction chamber” that contains, but does
not interact tightly with, the reactive intermediates of the Q-cycle. The chamber has the critical
properties of preserving SQ, reactivity while removing protons that could lead to deleterious side
reactions.

6.2  Future work

An attempt to differentiate between the two SQ, binding locations and to identify the
amino acid residues interacting with QH,/SQ, in the Q, pocket has been started using mass
spectrometric experiments. Here is a brief description of the project.

As a first step, and azido labeled UQ was prepared by the Snowden group at University
of Alabama, that would mimic the natural substrate UQ. The 5-methyl group of the natural
substrate UQ was replaced by the azido (N=N=N) group and is termed as azidoquinone (AZQ).

The idea is that the AZQ would bind the protein at the same place as the natural substrate UQ,
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and when the AZQ protein mixture is irradiated with long range UV light (350 nm), the AZQ
would insert itself into an adjacent amino acid along with releasing N,. The protein mixture is
then subjected to trypsin digest and the fragments would be examined for the bound quinone
molecule. The peptide sequence analysis using mass spectrometry would give us the information
regarding the surroundings of the UQ when it bound. A careful analysis and comparison of mass
spectrometry results with PDB structure would give us the location of UQ bound at the Q,
pocket.

The initial MALDI-TOF on the azido labeled UQ with cyt bc;, showed that the quinone
is bound to the cyt b, where it should. The further steps trypsin digest and peptide sequencing is

in progress.
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APPENDIX

Appendix A.1
function setup T2 _fitting
% This routine pulls in experimental data
%lIf VTU was not used it is necessary to manually put the
% temperatures in fit parameters

[reference,exppar]|=loadreference;
[reference2,exppar2]=loadreference;

% Pull experimental parameters from reference
assignin('base','exppar’,exppar);
spectra=loadspectra;

assignin('base','reference’,reference);
assignin('base’,'reference2',reference?);
assignin('base','spectra’,spectra);

% Loads in the reference

function [reference,exppar]=loadreference

[filename,pathname] = uigetfile('*.DTA'",'Load Reference Spectrum');%
% Some nifty tricks for multiple files at a time

if ischar(filename)==1 || iscell(filename)==

if
ischar(filename)==1;file=filename;
else
file = cell2mat(filename(n));
end

[~, name] = fileparts(file);

Importd = brukerimport(fullfile(pathname,file));

File = strrep(file, 'DTA', 'DSC");

Title = fullfile(pathname,file);
if

isvarname(name)==0

name = genvarname(name); %#ok<NASGU>
end

% Assignin('base’,name,importd),; %saves data to workspace
importd{1} = importd{1};
importd{2} = importd{2};
reference = importd;
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% Build exppar from .dsc file

Desc = textread(title,'%s");

Desc = strtrim(desc);

Indx = findstring(desc, MWFQ");

Freq = str2double(desc {indx+1})/10"9; % Frequency of experiment
Indx = findstring(desc,'CenterField');

Field = str2double(desc{indx+1}); % Field of experiment
Indx = findstring(desc,'AVGS");

N = str2double(desc{indx+1});

reference{5} = N; % Number of averages

indx = findstring(desc,'shot');

H = str2double(desc {indx-5});

reference{6} = H; % Number of shots per average
exppar = [length(importd{1}) % Number of time points
importd{1}(2)-importd{1}(1) % Time increment
importd{1}(1) % Starting time tau

field % Field of experiment

freq]; % Frequency of spectrometer

end
return

% Load in remaining spectra
function spectra=loadspectra
[filename,pathname]=uigetfile("*.DTA','Load Spectra','MultiSelect', 'on");
% Some nifty tricks for multiple files at a time
if ischar(filename)==1 || iscell(filename)==

if
ischar(filename)==1;num=1;
else
num=numel(filename);
end
for
n=1:num
if
ischar(filename)==1;tile=filename;
else
file=cell2mat(filename(n));
end

[~,name] = fileparts(file);
importd=brukerimport(fullfile(pathname,file));
importd{1}=importd{1};
importd{2}=importd{2};
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if

length(importd {1} )~=length(importd{2})
continue
end

% Importd=esephase(importd);

File = strrep(file, 'DTA', 'DSC'");
Title = fullfile(pathname,file);
Desc = textread(title,'%s'");
Indx = findstring(desc,'STMP");
spectra{n,1} = file;%#ok<* AGROW>
if
indx~=0
temp = str2double(desc {indx+1});
spectra{n,2} = temp;
end
spectra{n,3} = importd{1};
spectra{n,4} = importd{2};
indx = findstring(desc,' AVGS");
N = str2double(desc{indx+1});
spectra{n,5} = N;
indx = findstring(desc,'shot');
H = str2double(desc {indx-5});
spectra{n,6} = H;
if
isvarname(name)==0
name = genvarname(name); %#ok<NASGU>
end
% Assignin('base’,;name,importd),; %saves data to workspace
end
end
return

function data=brukerimport(filename)

% Output is a cell with components of the dimensions of the data.
fid = fopen(filename,'r','s");

rawbin = fread(fid,inf,'real*8=>double');

filename = strrep(filename, 'DTA', 'DSC");

% Reads in the description file for manipulation
desc=textread(filename,'%s");

desc=strtrim(desc);

fclose(‘all');

% Converts the dataset to complex data if necessary.
indx=findstring(desc,' TKKF");
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if
strmatch(desc {indx+1},'CPLX")==1
rawdata=zeros(length(rawbin)/2,1);
for
i=1:length(rawbin)/2
rawdata(i, ] )=complex(rawbin(2*i-1),rawbin(2*1));
end
elseif
strmatch(desc{indx+1}, REAL")==1
rawdata=rawbin;
end

% Build y axis

Indx = findstring(desc,’XPTS');

Dim = str2double(desc{indx+1});
Xmin = str2double(desc {indx+3});
Xrange = str2double(desc{indx+5});
Dx = xrange/(dim-1);

Datax = xmin:dx:xmin+(dim-1)*dx;

% Check for multidimensions
indx=findstring(desc,'ZTYP");
if

strmatch(desc {indx+1},TDX")==
% Needed to handle 3 dimensional data, not sure when this is going
% to be necessary but just in case included this here.

elseif

strmatch(desc{indx-1},'IDX")==1

dim=sqrt(length(rawdata));

rawdat=zeros(dim,dim);

for i=1:dim

for j=1:dim
rawdat(j,i)=rawdata(i+(j-1)*dim);
end

end

% Build second axis label

indx=findstring(desc,' YPTS");

dim=str2double(desc {indx+1});

xmin=str2double(desc {indx+3});

xrange=str2double(desc{indx+5});

dx=xrange/(dim-1);

datay=xmin:dx:xmin+(dim-1)*dx;

data={datax',datay',rawdat};

elseif
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strmatch(desc{indx-3},'IDX")==1
data={datax',rawdata};
end

% Used to parse the .DSC file
function indx = findstring(tab,str)
for
indx=1:length(tab)
matches = strfind(tab {indx},str);
if(~isempty(matches))
return;
end;
end;
indx=0;
return;

% Phases the ESEEM
function spec = esephase(spec)

% Phases and normalizes Bruker styled ESEEM time data

data=spec{2};

pa=angle(data);

% Average phase weighted by amplitude

ap=((pa'+pi)*abs(data))/sum(abs(data))-pi;

Z = data.*exp(-li*ap); % Adjust the phase

% Normalize per shot

spec{2}=complex(real(Z)/(N*H),imag(Z)/(H*N));
return
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Appendix A.2
function [T2data]=T2_fit(spectra,reference,reference2,exppar)

% The inputs spectra, reference, and exppar are generated using
% the m-file setup T2 fitting

% This routine prepares the experimental data and passes the

% results to the various fitting routines.

% Prompt for input of the reference temperature and the number

% of points desired to be truncated

prompt = {'Reference Temperature:', Number of Points to Truncate:',
'Number of Points to Truncate:'};

dlgtitle = 'Required Input';

def= {'10"'15",'0'};

answer = inputdlg(prompt,dlgtitle,1,def);

reftemp=str2double(answer(1));

% Truncate the front

trunc = str2double(answer(2));

% Truncate the back

truncb = str2double(answer(3));

% Fix exppar to include the truncated points
% Fix the number of time points

exppar(1)= exppar(1)-trunc-truncb;

% fix the start time

exppar(3)= exppar(3)+exppar(2)*trunc;

% Define the time vector
time=exppar(3):exppar(2):exppar(3+exppar(2)*exppar(1)-exppar(2);

% Sort by temperature as this ordering varies by system
spectra = sortrows(spectra,2);

% Define the temperature vector
T = cell2mat(spectra(:,2));

% Preallocate various arrays
expdata=zeros(size(spectra{1,4},1)-trunc-truncb,size(spectra,1));
expdatawithBKG = zeros(size(spectra{1,4},1)-trunc-

truncb,size(spectra,1));
noise=zeros(size(spectra{1,4},1)-trunc-truncb,size(spectra,1));
rms = zeros(size(spectra,1),1);

% Generate a vector of 1/T1 values in units of KHz
% Heme protein from reference
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% If you want to use a different T1, you hav eto do it here
R1(1,:)=0.0000221*T."6.64;
refR1(1)=0.0000221*reftemp”6.64;

%% Setup the reference
% Phase the reference spectrum and temporarily store in data
% Reference to account for ESEEM and "other" decays

refl=esephase(reference{1,2}(1+trunc:size(reference{1,2},1)- truncb));
refl = data/(reference {5} *reference{6});

%oref2 is the background contribution to the decay and modulation

% approximate equation generated using Qtiplot
ref2=esephase(reference2 {1,2} (1+trunc:size(reference{1,2},1)-truncb));
BKG = ref2/(reference2 {5} *reference2 {6} );

% Temperature dependence of background amplitude
amp=@)(k)(55/7000)*(939.8/k+31258.68/k"2-84843/k"3);

% Combine the two components to produce the reference and rescale
ref=(ref1-BKG*amp(reftemp));

%% Pull the experimental data from the input cell and stores in expdata
for
i=1:size(spectra,1)
% First it is necessary to phase and normalize
data=esephase(spectra{i,4}(1+trunc:size(spectra{i,4},1)-truncb));
data = data/(spectra{i,5} *spectra{i,6});
expdatawithBKG(:,i)=(data);
% Account for the background contribution to the intensity
% Data is stored columnwise in expdata after correction for
% background contribution
expdata(:,i)=(data-ref2*amp(T(i)));
% Calculate the noise
noise(:,i)=imag(data);
% Calculate the rms of the noise for later use
rms(i)=sqrt(sum(noise(:,i)."2)/exppar(1));
end

T2data.reference=ref;
T2data.expdata=expdata;
T2data.expdatawithBK G=expdatawithBKG;
T2data.rms=rms;
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T2data.R1=R1;
T2data.refR1=refR1;

T2data.exppar=exppar;
T2data.time = exppar(3,1):exppar(2,1):exppar(3,1)+exppar(2,1)*(exppar(1,1)-1);
assignin(‘base',"T2data', T2data);

function
spec = esephase(data)
% Calculate the phase angle by maximizing the real part
pfun=@)(pa)(-sum((imag(data)*sin(pa)+real(data)*cos(pa))));
ap = fminbnd(pfun,0,2*pi);
% Apply the phase shift to the data
Z = data.*exp(-1li*ap);
spec=Z;
return
Appendix A.3
function [residualmap, cellresidual, Ph]=resmap 2center(T2data)

% The inputs spectra, reference, and exppar are generated using
% the m-file setup T2 fitting

% Experimental data fit the model:

% fit(T,r)=(ref. *((1-a) +a*Et_T(r))./((1-a)+a*Et_ref(r)));

% This routine generates a grid of a and r values and calculates
% the residuals at each point and sums over the temperature

% Adjusted to use MakeDecay.m rather than T2 decay.m

% Pull in variables and setup constants

% Pull relevant information from T2data structure
ref=T2data.reference;

expdata=T2data.expdata;

R1=T2data.R1;
refR1=T2data.refR1;
exppar=T2data.exppar;

% Using a spiral, enables to use a single value for the angles
% need minimum 500 points for non-isotropic g
simpar=180*5;

% If using two distances this enables to use two different T;'s.
if
length(refR1)>1
refR1a=refR1(1);
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R1a=R1(1,:);
refR1b=refR1(2);
R1b=R1(2,:);
else
refR1a=refR1;
R1a=R1;
refR1b=refR1;
R1b=R1;
end

% Grid out the temperatures and distances
% Range to be calculated for r

% da - short range interaction

da=1:1:50;

% db - long range interaction

db=1:1:50;

tdgrida = cell(length(da),length(R1a));
drefa = cell(length(da));

dkFun = MakeDecay(exppar,simpar);

for
i=1:length(da)
% dkFun uses the parameters stored in the handles system and input
% R1 and r values to calculate the decay, in this case the reference
% decay
Etr1=dkFun(refR1a(1), da(i));
drefa{i}=Etrl;
% loop over temperature
for
j=1:length(R1a)
Etl = dkFun(R1a(j), da(i));
tdgrida{i,j}=FEtl;
end
end

tdgridb = cell(length(db),length(R1b));
drefb = cell(length(db));

for

i=1:length(db)
% dkFun uses the parameters stored in the handles system and input
% R1 and r values to calculate the decay, in this case the reference
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% decay
Etrl=dkFun(refR1b(1), db(i));
drefb{i}=Etrl;
% loop over temperature
for
j=1:length(R1b)
Etl = dkFun(R1b(j), db(i));
tdgridb {i,j}=Etl;
end
end

%% Calculate the residuals
Chisq = zeros(length(da),length(db));
Ph = cell(size(chisq));
% Loop of dI - short range interaction
cellresidual=cell(size(chisq));
for
h=1:length(da)
% Loop over d2 - longrange interaction
for
i=1:length(db)
% Define start point [phc phd]
startpoint =sqrt[0.45 0.4];
model = @(parameters)Pfit(parameters,drefa,tdgrida,h,drefb,
tdgridb,i,ref,expdata);
estimates = LMFnlsq(model, startpont);
residuals = Pfit(estimates,drefa,tdgrida,h,drefb,
tdgridb,i,ref,expdata);
Ph{h,i} = estimates.”2;
cellresidual {h,1}= residuals(:);
% chi squared
chisq(h,i) = residuals(:)'*residuals(:);
end
end

% Plot map, the chi-square map as a function of both distances
surfc(db/10,da/10,chisq)

xlabel('long range interaction')

ylabel('short range interaction')

residualmap{1,1} = db;

residualmap{1,2} = da;

residualmap{1,3} = chisq;

% assignin('base’,'Ph',Ph);

121



assignin('base','residuals',cellresidual);
assignin('base','residualmap',residualmap);

function resid=Pfit(parameters,drefa,tdgrida,h,drefb,tdgridb,i,ref,
expdata)

Pha = parameters(1)"2;

Phb = parameters(2)"2;

Sbkg = ref./(((1-Pha)+Pha*drefa{h}).*((1-Phb)+Phb*dretb{i}));

% Loop over temperature

Resid = zeros(size(expdata));

for
k = 1:size(expdata,2)
fit= Sbkg.*((1-Pha)+Pha*tdgrida{hk}).*

((1-Phb)+Phb*tdgridb {i,k});

ss1 = real(fit)"*real(fit);
ss2 = real(expdata(:,k))'*real(fit);
amp = ss2/ssl;
fittedcurve = amp*fit;
residual = (fittedcurve-expdata(:,k));
rms = sqrt(sum(imag(residual).”2)/length(residual));
resid(:,k) = residual/rms;

end

resid=real(resid(:));

return
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Appendix A.4
% This routine generates the confidence interval values from the
% residualmap.

d2 = residualmap{1,1};
d1 = residualmap{1,2};
residual = residualmap{1,3};
minres = min(min(residual));

figure(4)

conf = zeros(length(d1),length(d2));

v = [((min(min(residual)))+6.17) ((min(min(residual)))+9.21)];
contour(d2/10,d1/10,residual,v);
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Appendix A.5
MakeDecay function
function [ Tm_decay ] = MakeDecay( expar, simpar )

% expar - Experimental parameters contains time values(ns),

% field (T) and frequency (GHz).

% simpar - Simulation parameters: N number of points on the spiral
% Returns Tm_Decay which is a function to calculate the dipolar decay
% function.

% Tm_decay (Tli, r)

% Tli - Inverse of Tl of the fast-relaxing spin in ms.

% r - distance between spin centers in A.

% Returns a vector with the relaxation function for each value of tau
% This is a function that sets up the calculation of the phase memory
% decay due to modulation of the dipolar interaction between the

% (assumed isotropic) observed radical and a fast relaxing center with
% anisotropic g-factor.

% The formulae are based on Dzuba, Raitsimring and Salikhov.

% The relaxation is integrated over a sphere by summing at points

% lying on a spiral on the unit hemisphere.

% Both spins must have S=1/2.

% N can be small if g of the fast-relaxing spin is isotropic.

% These functions are optimized for least squares fitting of

% experimental data taken at multiple temperatures under

% identical conditions.

% Included E.D.Saff spiral of evenly spaced theta and phi orientations

% Define variables that are the same for an entire set of
% calculations.

% Persistent N Ntau tau theta ct st phi cp sp Ar3; %

% Get parameters from expar

Ntau = expar( 1, 1 ); % number of time points

Tinc = expar( 2, 1 ); % time increment (ns)

Ts =expar(3,1); % starting tau value (ns)

BO =expar(4,1); % Field of measurement (T)
Freq = expar( 5, 1); % measuring frequency (GHz)

% Get parameters from simpar
N =simpar(1l); % number of points on spiral

% Calculate theta and phi for the N points (orientations on the spiral

% on the unit hemisphere at which to calculate relaxation; then
% calculate the sin and cos of theta and phi
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[theta phi] = Spiral( N );
ct = cos( theta );

st = sin( theta );

cp = cos( phi );

sp = sin( phi );

% Calulate vector of 2*tau values;
taud = 2* (Ts : Tinc : Ts + Tinc*(Ntau-1));

% Various intermediate parameters

ge =714.48 * Freq/B0; % effective g value at observation
Dc =81.557; % dipolar/g™2 at 1 Angstrom in GHz radians
if
size( expar, 2 ) ==
% isotropic g same as observed spin
% the dipolar splitting matrix, needs to be divided by "3
g2 =ge* ge;
aar3 = g2 * Dc¢/2.*[-1.0.0.;0.-1.0.; 0. 0. 2. ];

else
% Anisotropic g get g principal values
gx =expar( 1,2);
gy = expar( 2,2 );
gz =expar(3,2);

if
size( expar, 2 )==
% Slight g anisotropy, use Maryasov average
g2 =gx*gx+gy*gy +gz*gz;
gmav =sqrt( g2/3);
% the dipolar splitting matrix;
% needs to be divided by "3
aar3 = ge*gmav*Dc/2.*[-1. 0. 0.; 0. -1.0.; 0. 0. 2. ];

else

% use full g matrix, but first load the Euler angles and
% rotate g matrix into dipolar frame
% diagonal g2 matrix
g2d = [gx*gx 0 0; 0 gy*gy 0; 0 0 gz*gz];
% Euler angle alpha
euA = expar( 1,3 );
euB = expar( 2, 3);
euC = expar( 3, 3 );
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% Rotation Matrices: about z, then y', then z"
rA = [cos(euA) sin(euA) O0.;
-sin(euA) cos(euA) O0.;

0. 0. L.];

B = [cos(euB) O. -sin(euB);
0. 1. 0.;
sin(euB) 0. cos(euB)];

rC= [cos(euC) sin(euC) 0.
-sin(euC) cos(euC) O0.;
0. 0. 1.];

% g2 rotated into dipolar frame

g2 = rC*rB*rA*g2d*rA"*rB"*rC',

% the dipolar splitting matrix;

% needs to be divided by r"3

aar3 = ge*g2*Dc/2.*[-1. 0. 0.; 0. -1. 0.; 0. 0. 2.];

end % anisotropic g
end % aar3 calculation

% Set up and pre-allocate vectors for D*r"3 and D"2*r"6

Dr3 =zeros( N, 1);

for
i=1:N % Can't seem to vectorize
Tr = [ cp(i)*st(i) sp(i)*st(i) ct(i) ];
if

size( expar, 2 )==3
Dr3(i) = (Tr * aar3 * Tr') / sqrt( Tr * g2 * Tr');
else
Dr3(i) = (Tr * aar3 * Tr');
end
end

96**********************************************************

% Initialization is over, so return the function handle that will
% then calculate the relaxation function for a given distance and T1;
% NB: it is vital not to alter any of the persistent values defined

% above
96**********************************************************
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Tm_decay = @DecayFun;
function [Et, time] = DecayFun( T1i, r)

% Tli- Inverse of T1 (1/T1 or R1) of the fast-relaxing spin in ms
% r - distance between spin centers in Angstrom
% Returns a vector with the relaxation function for each value of tau

% calculate spin flip rate in GHz
W =TI1i/2. ¥*107(-6);
Wsq=W * W;

% Make local vectors
D =Dr3/13;
Dsq=D.* D;

ew =exp(-W * taud );

% Get indices of R"2 positive, negative and zero
inR = ( Wsq> Dsq);

inl =( Wsq < Dsq);

inZ = ( Wsq==Dsq);

Etr = zeros( 1, Ntau );
DRsq = Dsq (inR );

if

isempty (DRsq)==0 % Some R"2>0

Rsq = Wsq - DRsq; % Always positive

Rreal = sqrt( Rsq );

% Build result

Etr = -sum( DRsq ./ Rsq ) .* ew;

Etr = Etr +...
W/72*(((W-Rreal)./Rsq)"*exp(-(W+Rreal)*taud) +...
((W+Rreal)./Rsq)" * exp( -(W-Rreal) * taud ) );

end

% Tidy up and remove temp vectors
clear DRsq Rsq Rreal;

Eti = zeros( 1, Ntau );
DIsq = Dsq (inl );

if
isempty ( DIsq ) ==0 9% Some R"2 <0
Rsq = DIsq - Wsq; %Should be positive as calculated
Rimag = sqrt( Rsq ); % So this is real (-1*sqrt)
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% Build result
Eti = sum( DIsq ./ Rsq); % Rsq is actually -R"2
Eti = Eti +...
W * ((Rimag./Rsq)' * sin( Rimag * taud ) -...
(W./Rsq)" * cos( Rimag * taud ) );
Eti = Eti.* ew;
end

% Cleanup
clear Disq Rsq Rimag;

Etz = zeros( 1, Ntau );
L =length( Dsq(inZ) );

if

L== % Some R"2 ==

Etz=L * ew.* (1 + W¥*taud + (Wsq/2)*taud.*taud);
end

Et = ((Etr + Eti + Etz) / N)'; % normalized
time = taud/2";

% Claenup
clear Etr Eti Etz;
end % end of DecayFun
end % end of Makedecay
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