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Abstract:

Attenuated total reflection Fourier transform infrared (FTIR) spectroscopy in the
4000-800 cm’' range was applied to NADH:ubiquinone oxidoreductase (complex
I) and cytochrome bc; complex of the respiratory electron transfer chain. High
signal:noise redox difference spectra were acquired using novel electrochemical
and perfusion techniques to reversibly adjust protein redox state which, where
appropriate, was monitored by simultaneous UV/visible spectroscopy.
Interpretation of spectra was assisted by hydrogen-deuterium exchange, PN
labelling and redox titration. Model compound data, including protonation
state/redox difference spectra of histidine, flavin mononucleotide and
ferredoxins, were recorded and are presented as a comprehensive ‘toolkit’ for

assisting in acquisition and interpretation of protein IR data in general.

Electrochemically-induced difference spectra of bovine and Rhodobacter
capsulatus cytochrome bc) complex are comparable to published perfusion data
but are at significantly higher signal:noise demonstrating the functionality of the
electrochemical technique. = Comparison of wild-type and E295V Rba.
capsulatus difference spectra resulting from haem b; reduction/oxidation
definitively rules out Glu-295 as the principal carboxylic acid residue responsive

to haem b redox change.

Full redox difference spectra of Yarrowia lipolytica and bovine complex I are
similar to published E. coli transmission FTIR spectra where signals in the amide
I and II region were interpreted as indictors of large scale conformational change.
Comparison of complex I and ferredoxin difference spectra rules out this
interpretation.  Signals in the presented spectra are tentatively assigned to
reduced flavin and to protonation state change of one or more histidine residues.
In iron-sulphur centre N2 redox difference spectra, measured in intact complex I
for the first time, signals from substrate ubiquinone/ubiquinol formation are
clear; a putative histidine protonation change signal is also present. Perfusion
induced-difference spectra, using NADH as reductant, indicate that NADH does
not reduce the full complement of iron-sulphur centres and no signals indicative

of large scale conformational change were present.
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Chapter 1

Chapter 1: Introduction

1.1 The electron transfer chain and cellular respiration

1.1.1 Overview

Electron transfer chains are an integral part of the mechanisms of cellular
respiration and photosynthesis and are therefore essential for almost all forms of
life. The role of the electron transfer chain in eukaryotic respiration is to couple
a series of exergonic redox reactions to the translocation of protons across the
inner mitochondrial membrane into the inter-membrane space. Energy stored in
the resulting electrochemical gradient across the inner membrane is used to drive
various endergonic processes including the phosphorylation of ADP to produce
ATP by ATP synthases. The nature of this energetic coupling was first described
in 1961 by Peter Mitchell in his chemiosmotic hypothesis (/), for which he was
awarded the Nobel Prize in 1978.

1.1.2 Krebs cycle

Hans Krebs was awarded the Nobel Prize in 1953 for discovering the pathway
that now bears his name. The Krebs cycle (see Figure 1.1), also known as the
tricarboxylic acid (TCA) cycle or citric acid cycle (CAC), provides precursors

for, and is directly linked to, the respiratory electron transfer chain and takes

13



Chapter 1

place within the mitochondrial matrix. In addition to generating many
biosynthetic precursors, the Krebs cycle accounts for the major fraction of
carbohydrate, fatty acid and amino acid oxidation within the cell. Cytoplasmic
metabolic pathways, in particular glycolysis and fatty acid oxidation, result in the
generation of acetyl coenzyme A (acetyl CoA), the main substrate of the
pathway. Oxidation of the acetyl group of acetyl CoA via the Krebs cycle results
in the reduction of three NAD" to NADH and the formation of reduced FAD
during the oxidation of succinate to fumarate. It is the reoxidation of these
molecules that provides the energy to drive the proton pumps of the respiratory
electron transfer chain.

CO;
%
NAD" |socitrate Aconitase itrate Acetyl-CoA
NADH + H* Isocitrate _
dehydrogenase Citrate synthase
a-Ketoglutarate Oxaloacetate
+
NAD NADH
a-Ketoglutarate Malate
cO, dehydrogenase Krebs cycle dehydrogenase
NADH + H* NAD*
Succinyl-CoA Malate
Succinyl-CoA Fumarase
ADP + P synthase

ATp Succinate  Succinate dehydrogenase  Fumarate

HO
FAD FADH;

Figure 1.1 Summary of the Krebs cycle. Carbon compounds and enzymes catalysing
each step are shown in black and red respectively; the substrates and products of each
step are shown in blue. Adapted from (2).

1.1.3 The mammalian respiratory electron transfer
chain

The mammalian respiratory electron transfer chain includes four large
multisubunit protein complexes which mediate the transfer of electrons from the
products of glycolysis and the Krebs cycle to molecular oxygen (see Figure 1.2).
NADH:ubiquinone oxidoreductase (complex I), ubiquinol:cytochrome ¢
oxidoreductase (complex III) and cytochrome ¢ oxidase (complex IV) couple
electron transfer reactions to proton translocation; succinate:ubiquinone
oxidoreductase (complex II) does not. Although there is evidence that the

protein complexes are, to various extents, associated with one another forming

14



Chapter 1

supercomplexes (see (3) for a review), for the purpose of this thesis they will be
discussed as single entities that do not interact directly. The complexes, each of
which are embedded in and span the inner mitochondrial membrane, are linked
by the freely diffusible electron carriers: - ubiquinone and cytochrome c.
Ubiquinone, a small lipophilic molecule, transports pairs of hydrogen atoms (i.e.
two electrons + two protons) from complexes I and II to complex III.
Cytochrome ¢, a small hydrophilic haemoprotein located in the inter-membrane
space, transports electrons singly from complex III to complex IV. The overall
redox span of the respiratory chain, from the NAD"/NADH couple to the
0,/2H,0 couple, is 1.1 V (4).

15
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Chapter 1

The proton gradient generated by the electron transfer chain leads to a
protonmotive force (PMF or Auy:) across the membrane which consists of
chemical (ApH) and electrical (Ay) components related as shown by the

equation: -
Ap (mV) = Ay - 2.3RT ApH/F

Where R is the gas constant (8.3 J.mol".K™), T is the absolute temperature and F is the
Faraday constant (0.0965 kJ.mol"'.mV™").

This force is used primarily by ATP synthase for the conversion of ADP and Pi
into ATP and also by other energy-requiring systems including adenine

nucleotide and phosphate translocases.

In the following sections current knowledge on succinate:ubiquinone
oxidoreductase, cytochrome bc; complex, cytochrome c¢ oxidase and the
diffusible electron carriers is reviewed; a more in depth discussion of

NADH:ubiquinone oxidoreductase (complex I) can be found in section 1.3.

1.1.3.1 Succinate:ubiquinone oxidoreductase

Succinate:ubiquinone oxidoreductase (complex II or succinate dehydrogenase) is
one of the two major points of entry for electrons into the respiratory chain; the
other being complex I. The enzyme is also a component of the Krebs cycle as
described in section 1.1.2. Complex II couples oxidation of succinate to
fumarate with reduction of ubiquinone to ubiquinol. Unlike complexes I, III and
IV, this process is not coupled to proton translocation across the membrane (7).
The mammalian complex includes two hydrophilic subunits: the FAD binding
protein (Fp, also known as SdhA) and the iron-sulphur protein (Ip, also known as
SdhB). Ip coordinates three iron-sulphur (Fe-S) centres: a 2Fe-2S type, a 4Fe-4S
type and a 3Fe-4S type. The remainder of the complex consists of two
hydrophobic membrane spanning subunits, CybL (also known as SdhC) and
CybS (also known as SdhD), which share axial ligation of a haem B and provide
the ubiquinone binding site(s) (8). A 2.4 A resolution structure is available for

complex II from porcine heart (8) and is shown in Figure 1.3.
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FAD (-79 mV)
Py

1224
5[2Fe-28] (x0 mV)

9'“\8[4Fe—48] (260 mV)

8.9A
[3Fe-4S] (+60 mV)
71A

UQ (+113 mVvj*T \ 1334

114A
Haem b (-185 mV) PQ,R
PE1 E ?

Figure 1.3 Structure and function of Complex II from porcine heart. On the left side, a
ribbon diagram of the complex is superimposed on the semitransparent molecular
surface. FAD binding protein (Fp) is shown in red; iron-sulphur protein (Ip) is shown in
blue; the transmembrane proteins CybL and CybS are shown in orange and magenta
respectively. The putative membrane region is indicated by horizontal dotted lines
(orientation is such that the matrix is at the top of the page). On the right side, the
prosthetic groups constituting the electron transfer pathway (FAD, [2Fe-2S], [4Fe-4S],
[3Fe-4S] and haem b) are shown together with ubiquinone (UQ); edge-to-edge distances
(8) and E,; values (for bovine) (9) and the proposed electron transfer route (8) are
indicated. The locations of two structural phosphatidylethanolamine lipids (PE1 and
PE2) are also shown. Figure drawn using PyMOL™ (DeLano Scientific LLC) from
PDB file 1ZOY.

The porcine and similar Escherichia coli (10) structures reveal a pathway,
consisting of FAD, 2Fe-2S, 4Fe-4S and 3Fe-4S centres, which connects the
substrate- and ubiquinone- binding sites and with no single step exceeding 14 A.
14 A has been proposed to be the maximum distance for physiological electron
transfer by Dutton et a/ (11) based on a survey of proteins with known atomic
structure whose function involves electron transfer. They found that electrons
travel up to 14 A between redox centres through the protein medium and that
transfer over longer distances always involves a chain of cofactors. The role of
the haem B, which is located some 11.4 A beyond ubiquinone with respect to
FMN and within electron transfer range of both the 3Fe-4S centre and

ubiquinone in the porcine structure, is not known. However, Nakamura et al (12)
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and Nihei et al (13) have shown that haem is essential for functional assembly
and the structural stability of the E. coli complex and Matsson et al (14) have
reported reduction of haem in the Bacillus subtilis complex during catalysis.
Also of note is the seemingly excessive complexity of the complex II structure
compared with other enzymes which couple oxidation of an organic substrate to
reduction of quinone. For example, the membrane-associated E. coli enzymes
NADH dehydrogenase II, D-lactate dehydrogenase and aerobic glycerol-3-
phosphate dehydrogenase all carry out this function and all consist of a single
polypeptide binding a single flavin moiety (/5). As a possible explanation of this
inconsistency it has been suggested that complex II carries out additional, as yet

unrecognised, tasks such as sensing the concentration of molecular oxygen (/6).

Further indicators that complex II may have functions additional to that of a
succinate:ubiquinone oxidoreductase come from comparison of the complex with
the closely related and functionally-opposite fumarate reductase, of which
structures are available from E. coli and Wolinella succinogenes (17;18). The
extracellular domains of both fumarate reductase structures are similar to each
other and to the extracellular domain of complex II. However, the membrane
domains differ between the two fumarate reductase structures and the complex II
structure in the type and number of prosthetic groups that they bind. The
membrane domain of fumarate reductase from W. succinogenes binds two B-type
haems: bp and bp. In approximately equivalent positions to these two haems the
E. coli fumarate reductase, which binds no haems, binds two menaquinones: Qp
and Qp. Curiously haem bp and menaquinone Qp are in approximately
equivalent positions to the haem b of porcine complex II where the equivalent
position of bp and Qp is occupied by the two sidechains of a structural
phosphatidylethanolamine lipid (PE1) (or cardiolipin in the E. coli structure)
(19). Furthermore, in complex II from Archaea and most Gram-positive bacteria
each of these two positions is occupied by a B-type haem. Parallels between the
arrangement of co-factors found within the membrane domains of the complex II
superfamily and the arrangement of haem by and by in cytochrome bc; complex
(see section 1.1.3.2) have prompted suggestions that complex II from some

species may pump protons by a similar mechanism to cytochrome bc; complex
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(20). However, there is currently no experimental evidence to support generation

of PMF by complex II.

Also of relevance to the mechanism of complex II, in particular to the oxidation
of succinate via hydride transfer to FAD, is a recent study on the soluble
fumarate reductase from Shewanella frigidimarina by Chapman et a/ (21). This
study defines a proton pathway, consisting of Arg-381, Glu-378 and Arg-402 (S.
frigidimarina numbering), which delivers a single proton per catalytic cycle to
FAD and 1is preserved throughout the fumarate reductase/succinate
dehydrogenase family of enzymes. Although the primary sequences of the
soluble fumarate reductase and the Fp subunit of porcine complex II differ
considerably, analysis of the available high resolution structures reveal that much
of the secondary structure has been retained. Closer inspection of the
architecture surrounding the succinate/fumarate binding site suggests that a
proton pathway equivalent to that described by Chapman et al may be formed by
Arg-270, Glu-267 and Arg-298 (porcine numbering) in the Fp subunit of
complex II (see Figure 1.4). This pathway would function to supply a proton to
FAD (from the matrix) accompanying its reduction and remove a proton

accompanying its reoxidation.
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Figure 1.4 Proton delivery pathway complex II. A. Active site and proton delivery
pathway in soluble fumarate reductase from S. frigidimarina and B. Succinate binding
site and putative proton delivery pathway in Fp subunit of porcine complex II. FAD is
drawn in yellow and sidechains forming the (putative) proton pathway are drawn in
blue. The difference in the position of Arg-402/409 is likely to result from the presence
of substrate in A. and its absence in B. Figure drawn using PyMOL™ from PDB files
1QJD and 1ZOY.

1132 Cytochrome bc; complex

Electrons are transferred from ubiquinol to cytochrome ¢ by cytochrome bc;
complex. For each ubiquinol oxidised two protons are translocated across the
membrane (5). Bovine cytochrome bc; complex consists of 11 subunits;
however, only three of these contain redox active prosthetic groups: - “Rieske”
iron-sulphur protein contains a 2Fe-2S Rieske-type Fe-S centre, cytochrome ¢;
contains a C-type haem and cytochrome b contains two B-type haems.
Extraction of fully functional Rhodobacter capsulatus cytochrome bc; complex
consisting solely of three subunits homologous to the redox centre-containing
bovine subunits suggests 'that the non-redox centre-containing subunits do not
play a role in the core function of the complex (5). This conclusion is further
supported by the fact that there are no homologues of the bovine non-redox

centre containing subunits encoded in the Rba. capsulatus genome.
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A large amount of structural information is available on cytochrome bc; complex
from mammalian (22), avian (23), yeast (24) and bacterial (25) sources and with
a variety of substrates and inhibitors bound (22;26,27) (see Figure 1.5). These
studies have greatly contributed to the understanding of mechanism. It is now
widely agreed that electron and proton transfer occurs via a ‘Q-cycle’ mechanism
as originally proposed by Mitchell (28). The mechanism utilises two quinone
sites: Q, is close to the inter-membrane space side of the membrane and Q; is
close to the matrix side. Oxidation of ubiquinol at Q, results in release of two
protons into the inter-membrane space and synchronous reduction of the Fe-S
centre and haem b;. The electron on the Fe-S centre is transferred to cytochrome
c via haem ¢, while the electron on haem b is transferred to the Q;-site, via haem
bu. Reduction of ubiquinone to ubiquinol occurs in two steps, via a semiquinone
intermediate, at the Q;-site and results in uptake of two protons from the matrix.
Overall, this mechanism results in the translocation of two protons across the

membrane per ubiquinol oxidised at the Q,-site.
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Figure 1.5 Structure of core subunits of bovine cytochrome bc¢, complex. Cytochrome b,
cytochrome c¢; and Rieske iron-sulphur protein are shown in blue, magenta and green
respectively. B-type and C-type haems are drawn as ‘stick’ structures; the iron and
sulphur atoms of the Rieske-type 2Fe-2S centre are shown in red and orange
respectively.  Approximate position of membrane is indicated by dotted lines
(orientation is such that the inter-membrane space is at the top of the page). In the dimer
structure (see inset structure of Rba. capsulatus dimer) the Fe-S centre of one monomer
is located close to the haem ¢; and haem b; of the other monomer; this interaction is
necessary to form the active homodimeric structure. Figure drawn using PyMOL™
from PDB files INTM and 1ZRT.

The midpoint potentials, and their pH dependencies (see Table 1.1), of the redox
centres of cytochrome bc; complex support a Q-cycle mechanism with high
potential (Fe-S and haem c¢;) and low potential (haem b; and haem by) chains.
Midpoint potentials with pH dependency indicate that redox change of the group
is accompanied by a protonation state change of either the redox group itself or a
separate group with a redox-dependent pK (for example, a protonatable amino
acid sidechain). The pH dependency of the Fe-S centre midpoint potential in the
bovine complex indicates that reduction of the centre is accompanied by uptake
of a single proton within the pH range 7.6 - 9.2 and two protons within the pH

23



Chapter 1

range 9.2 - 10.0 (29). The two protonatable groups are the Nt nitrogens of each
of the two histidine sidechains that coordinate the Rieske-type 2Fe-2S centre
through their N7t nitrogens (29;30). The midpoint potential of the Fe-S centre of
the complex from 7. thermophilus exhibits a similar biphasic pH dependency
(29), however, in the Rba. capsulatus complex only a single proton is taken up
on reduction of the Fe-S centre (within the pH range 6.7 - 10.0) (3/). In the
bovine complex the pH dependencies of the haem b, and haem by midpoint
potentials indicate that reduction of each centre is accompanied by uptake of a
single proton by a weakly coupled group (i.e. redox-linked pK shifts of the group
are small), or possibly by many very weakly coupled groups. The binding of
hydrophobic Q,- or Q;-site inhibitors appears not to affect this coupling
suggesting that the protonation changes may occur on residues in the hydrophilic
phase (32). In contrast the pH dependencies of the haem b, and haem by
midpoint potentials in the Rba. capsulatus complex indicate that a single proton
is taken up by a more tightly coupled group upon reduction of each haem (within
the pH ranges listed in Table 1.1) (37). These differences between the bovine
and Rba. capsulatus complexes suggest that the latter may serve as a more
convenient system for investigating the currently unknown protonatable groups

redox-linked to the B-type haems.
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Component | E,; (mV)* pH dependency (mV per pH unit, approximate range
pH range of dependency quoted as pKeq to pKox)
Bovine | Rba. Bovine Rba. capsulatus
capsulatus
Fe-S 305° 320¢ 0(=5.5t07.6) 0(=5.0t06.7)
-60 (7.6 t0 9.2) -60 (6.7 to =10.0) ¢
-120 (9.2 to =10.0) ®
Haeme, |242 320°¢ 0° 0¢
"(33)
Haem b;. 25°¢ -140 ¢ 0(=5.0t05.9) -60 (5.0 t0 9.0)
-60 (5.9t0 7.9) 0 (9.0 to =10.0) ¢
0(7.9t0 =9.0) ¢
Haemby |[90°¢ 40 0(<5.0t05.7) 0(<5.0t0 6.4)
-60 (5.7t0 7.7) -60 (6.4t09.2)
0(7.7t0 =9.0) ¢ 0 (9.2 to =10.0) ¢

Table 1.1 Midpoint potentials of redox components of cytochrome bc;, complex. *
Potentials are quoted versus standard hydrogen electrode (SHE). References: * (34), °
(33),°(32), 2 (31), < (39).

Despite this detailed information, several key features of the electron-/proton-
transfer mechanism of cytochrome bc; complex remain unclear. For example,
the.physical and chemical factors that cause the strictly bifurcated electron
transfer from ubiquinol at the Q,-site to haem b; and the Fe-S centre while
preventing the energetically favourable ‘short circuit’ reduction of the Fe-S
centre by haem b, are not known. Although structures are available with Q,-site
inhibitors bound there are no structures available with ubiquinone bound and the
identities of the amino acid sidechains that interact with quinone during redox
catalysis are under debate (see below). Our understanding of the Q,-site is
further complicated by data from electron paramagnetic resonance (EPR) (36),
nuclear magnetic resonance (NMR) (37) and inhibitor binding titration (38)
studies which have led to suggestions that the Q.-site either binds two
ubiquinones simultaneously or that two sequential binding positions may be in
operation (5). It has been suggested by Crofts et al (39,40) that movement of

substrate ubiquinol/semiquinone in the Q,-site may be required for bifurcated
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electron transfer. However, it has been argued by Rich et al (47) that strict
bifurcation upon formation of the iron-sulphur-ubiquinone-haem b, ternary
complex occurs simply as a result of the thermodynamics and that relative rate
constants of the complex and multiple binding positions (or formation of a
semiquinone intermediate) are not required. In addition, some variation in the
position of the Fe-S centre-containing domain of the iron-sulphur protein has
been found in the available structures. In the static structures the distances are
such that rotational displacement of this domain must occur in order to allow
interaction of the Fe-S with both the ubiquinol-haem b, complex and cytochrome
c1 (3,42). The movement may also play a role in the prevention of ‘short circuit’
reduction of the Fe-S centre by haem b;. These complications have led to a
range of mechanistic models (4/-49). However, a recent detailed quantitative
assessment based upon predicted electron transfer rates by Osyczka et al (31) has
led to the conclusion that none can satisfactorily account for the rapid
reversibility and low rates of unwanted short-circuit reactions. It was concluded
that this could be achieved only by a ‘true’ concerted n = 2 oxidation of quinol or

by addition of further complicating gating mechanisms (31).

As mentioned above cytochrome bc; complex has not yet been co-crystallised
with bound ubiquinone. However, other studies have yielded valuable insight
into the organisation of the Q,-site (shown in detail from Rba. capsulatus with
stigmatellin bound, in Figure 1.6). For example, a recent study of the iron-
sulphur protein in isolation and in the intact complex by IR spectroscopy
supports the suggestion that the Nt nitrogen of one of the histidine sidechains
that coordinate the Fe-S centre (His-161 in bovine and His-156 in Rba.
capsulatus of the iron-sulphur protein) forms a hydrogen bond acceptor for
substrate quinol (30). Also implicated in the Q,-site mechanism is the glutamic
acid residue (Glu-271 in bovine and Glu-295 in Rba. capsulatus) of the highly
conserved PEWY loop of cytochrome b; in addition to being one of few
protonatable amino acids near the Q,-site, the sidechain of Glu-295 adopts
different orientations depending on the presence and type of Q,-site inhibitor
(50-53). The role of Glu-295 is further discussed alongside new data from

infrared spectroscopy in Chapter 4; existing IR data on cytochrome bc; complex
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is also discussed in Chapter 4 (in order to allow for the technique to first be

introduced in section 1.2).

Figure 1.6 Detail of the Q,-site of Rba. capsulatus cytochrome bc, complex.
Cytochrome b and Rieske iron-sulphur protein are shown in blue and green respectively.
The conserved PEWY motif of cytochrome b is shown in red with Glu-295 shown as
sticks. Stigmatellin (shown in yellow) is within hydrogen bonding distance of Glu-295
and His-156 of the iron-sulphur protein (green sticks) (25). Distances shown are edge to
edge and are taken from (53). Figure drawn using PyMOL™ from PDB file 1ZRT.

1.1.3.3 Cytochrome c oxidase

Cytochrome ¢ oxidase catalyses the oxidation of cytochrome ¢ and reduction of
O, to H,O. Electron transfer is coupled to proton translocation across the

membrane according to the equation: -
4 cytochrome ¢** + O, + 8 H'n > 4 cytochrome ¢** + 2 H,0 + 4 H'p

Where H'n and H'p refer to the protons translocated from the negative side to the
positive side of the membrane, respectively.

As with succinate:ubiquinone oxidoreductase and cytochrome bc; complex,
atomic resolution structures are available for both mammalian and bacterial
forms of cytochrome ¢ oxidase (54-57). Mitochondrial cytochrome ¢ oxidase is

a dimer with each monomer consisting of 13 subunits. Three subunits make up
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the catalytic core (see Figure 1.7) which contains a bimetallic Cu®*-Cu" centre
termed Cua, haem a and haem a3-Cupg binuclear centre (5). Electrons are
transferred from cytochrome c, through Cu,, to haem a and then onto the haem
a3-Cug binuclear centre where oxygen binding and reduction occurs. A
magnesium ion is also present in bovine cytochrome c oxidase; however, the
complex has been shown to retain 40% activity after up to 75% depletion of this
ion (58) therefore it is not thought to be involved in the catalytic cycle. Many of
the details of the complex chemistry of oxygen reduction to water are known and
a simplified scheme is shown in Figure 1.8 (5). The reaction is centred around
the high spin haem a3;-Cug binuclear centre. Cug is coordinated by three
histidine residues, one of which has a covalent link to a tyrosine residue and this
his-tyr doublet is thought to provide a transient additional electron donation site
at the ‘Peroxy’ intermediate stage of the catalytic cycle (see below). This allows
the four electron reduction of O, without release of potentially-harmful reactive
oxygen species (59). For each cytochrome ¢ oxidised cytochrome ¢ oxidase
takes up a proton from the matrix making the transition between each stable state
shown in Figure 1.8 electroneutral. The translocation of an addition four protons
from the matrix to the inter-membrane space is coupled to the reduction of each
0,. However, the mechanism of coupling is not well understood and the
pathways for transfer of protons through the protein structure are controversial
(5). The available structures show several arrays of relatively hydrophilic amino
acids and water molecules that may act as proton channels. Channels D and K,
named after conserved aspartic and lysine residues, are likely to allow protons to
move from the matrix to the binuclear site. The four protons required for
reduction of O, are likely to be transferred through the D channel. The route(s)

by which protons are released into the inter-membrane space remains unknown

(5).
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Haem a

Figure 1.7 Section through cytochrome ¢ oxidase structure from bovine heart. The
bimetallic Cu*’-Cu’ centre Cua, haem a and the haem a;-Cup binuclear centre are
labelled. Subunits I and II are coloured red and blue respectively; all other (visible)
subunits are coloured grey. Orientation is such that the plane of the membrane would be
approximately perpendicular to the page and the inter-membrane space would be located
towards the top of the page. Figure drawn using PyMOL™ from PDB file 20CC.
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Oxidised One-Electron-Reduced Two-Electron-Reduced
e, H* e, H* e, H* 2H*
a;* Cug?t |™=iie— | g3+ Cugz+ |™===ii— g2+ Cup'™
H-Y-OH H-Y-OH H-Y-OH
H,O
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H-Y-OH Hy-o. | H,O H-Y-OH
Ferryl ‘Peroxy’ Compound A

Figure 1.8 Simplified reaction cycle of cytochrome ¢ oxidase. For each electron
supplied by cytochrome c a proton is taken up from the matrix. Cytochrome ¢ donates
an electron to oxidised cytochrome ¢ oxidase forming the one-clectron-reduced state
where the electron, transferred via Cu,, is shared by haem a and the haem a;-Cug
binuclear centre. Subsequent reduction by another reduced cytochrome c results in the
two-electron-reduced state which binds molecular oxygen to form an unstable oxygen-
ferrous species that is similar to oxyhaemoglobin and termed compound A. This
converts to the ‘Peroxy’ state by a four electron reduction of O, with two electrons from
ferrous haem as, one from cuprous Cup and one, most probably from the his-tyr doublet.
This results in formation of the ferryl form of haem a;, cupric Cug and a radical on his-
tyr, together with one molecule of H,O. A third cytochrome ¢ reduces the his-tyr radical
back: to its ground state to produce the so-called ‘Ferryl’ intermediate. The final
reduction converts ferryl haem a; back into its ferric state and results in release of the
second molecule of H,O and reversion of the complex to the oxidised state. In addition,
the translocation of four protons from the matrix to the inter-membrane space is coupled
to this cycle (see text). Figure adapted from (5).

1.1.34 Ubiquinone and cytochrome c

Ubiquinone, also known as coenzyme Q, consists of a 2,3-dimethoxy-5-methyl-
para-benzoquinone ring with a long poly-isoprenoid tail in the 6™ position (see
Figure 1.9) (60). The isoprenoid tail contributes to the hydrophobic nature of the
molecule and the benzoquinone ring is redox active existing in quinone,
semiquinone and quinol forms. Ubiquinone transfers electrons within the
membrane environment from complexes I and II to cytochrome bc; complex.
Crucial to the mechanism of cytochrome bc; complex (see section 1.1.3.2),

ubiquinone/ubiquinol in the membrane gains/loses two protons in its two electron
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reduction/oxidation step. The semiquinone pK is around 6 in solution (6/);
however, this is often changed when bound so that ubiquinone can be reduced to
semiquinone with or without uptake of a proton. The stability of the
semiquinone form is very low and it is not able to exist as a freely diffusing
species within the membrane environment. However, it is a key intermediate in
the mechanisms of complexes I, II and III where its stability can be greatly
enhanced by protein interactions through quinone-binding sites during

interconversion between ubiquinone and ubiquinol.

Ubiquinone interacts with proteins through quinone-binding sites (Q-sites).
These are widespread amongst membrane bound redox proteins and more than
50 distinct Q-sites associated with respiratory and photosynthetic electron
transfer complexes are already known. The diverse origins of these proteins
probably contribute to the diversity of Q-sites and to the challenge in identifying
common structural motifs that they present (62). Analysis of available high-
resolution structures and sequence alignments has shown the presence of a weak
motif in a number of known quinone-binding proteins, supported by analysis of
available high-resolution structures. This weak sequence motif suggests a triad
of residues of the form aliphatic-(X)3-H-(X)2/3-(L/T/S) form the Q-site and
interact with the quinone (62). However, it is already clear that Q-site structures
are very diverse with no single common structural motif. In addition, Q-sites
must be accessible to ubiquinone and therefore require access pathways that
allow rapid equilibration with ubiquinone species that are located in the
membrane domain. The sites are hydrophobic in nature with aliphatic and
aromatic residues flanking the head group of the bound quinone. Common
features of Q-sites also include the ability to form hydrogen bonds with the
carbonyl/hydroxyl groups for stabilising bound quinone/quinol and facilitating
protonation/deprotonation (62). For those deeply-buried Q-sites that utilise the
QH,/Q couple, it is also necessary for the protein to provide a channel or other

link to allow protons to move between the Q-site and an aqueous phase.
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Figure 1.9 Structure of oxidised and fully-reduced forms of ubiquinone (coenzyme Q).
n is generally between 8 and 10.

Cytochrome c transfers single electrons between cytochrome bc; complex and
cytochrome ¢ oxidase. It is a small (mass of equine cytochrome ¢ = 12,384 Da)
soluble protein found loosely associated with the inter-membrane space surface
of the inner membrane of mitochondria (63). The single polypeptide chain
coordinates a low spin haem C. The C haem porphyrin ring is covalently bound
to cysteine 14 and 17 while the haem iron is axially coordinated by the Nt
nitrogen of the imidazole sidechain of histidine-18 and the sulphur atom of
methionine 80 (see Figure 1.10) (63). One edge of the haem porphyrin ring is
accessible to the exterior via a cleft which is surrounded by a cluster of lysine
sidechains. This array of positive charges on the surface of cytochrome c is
necessary for its strong electrostatic interactions with its negatively-charged
docking sites on complexes III and IV (2). In addition to its role in the
respiratory electron transfer chain, cytochrome ¢ has been shown to be an
important intermediate in apoptosis, programmed cell death, where release of
cytochrome ¢ (and other inter-membrane factors) into the cytoplasm appears to

trigger the apoptopic caspase cascade (64).
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Figure 1.10 Structure of equine cytochrome ¢. Ribbon diagram of equine cytochrome ¢
structure at 1.9 A superimposed on semitransparent molecular surface. The porphyrin
ring of haem ¢ (shown as sticks coloured by element) is covalently bound to cysteine-14
and -17 (red sticks); axial coordination of the haem ¢ iron is provided by histidine-18
and methionine-80 (also shown as red sticks) (see text for details). Orientation is such
that the haem is most accessible from the surface which is facing the viewer. Figure
drawn using PyMOL™ from PDB file 1HRC.

1.1.35 ATP synthase

Complexes I to IV catalyse the oxidation of NADH and succinate to NAD" and
fumarate respectively and the reduction of molecular oxygen to water. Coupled
to this highly exergonic electron transfer is the translocation of protons from the
matrix to the inter-membrane space creating the PMF. By allowing the passage
of protons from the p-side to the n-side of the membrane the F;Fy ATP synthase
is able to use the PMF to drive the highly endergonic generation of ATP from
ADP and inorganic phosphate. The F,Fo ATP synthase consists of two large
subcomplexes: F; located on the matrix side of the membrane and Fy which
spans the membrane (see Figure 1.11). The complex functions via a rotary
catalytic mechanism where a central region (F;-yeFoc)o) rotates relative to the
surrounding region (F;a3B38-Foab,). Central to this mechanism is a multimeric
ring of ¢ subunits within the rotating central region. Channels connect this ring
to both the p- and n- sides of the membrane. These allow protons to enter and
leave the ring, however, t0 pass the ring they must protonate a ¢ subunit at
asparagine 61, drive rotation of the ring, then deprotonate close to the channel
leading to the n-side of the membrane. It is proposed that passage of protons in
this manner, causing repeated protonation then deprotonation of the subunits of
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the c-ring, causes a stepwise rotation of the c-ring and attached subunits. The y
subunit transmits the resulting rotational energy to the a and B subunits which
are themselves prevented from rotating by the stator element and use this energy
to drive ATP synthesis (65).

Figure 1.11 Schematic showing proposed mechanism for the E. coli F|F, ATP synthase.
Proton entry from the periplasm through a channel in the F, subcomplex results in
protonation of a ¢ subunit on asparagine 61 (open/closed circles) and stepwise rotation
of the ¢y rotor or c-ring. Protons exit the F, subcomplex into the cytoplasm after the
rotor has completed its 10 step rotation. Rotational energy is passed to the o and B
subunits which are themselves prevented from rotating by the stator and used for ATP
synthesis from ADP and inorganic phosphate. Figure reproduced from (65).

1.2 Spectroscopy

The work of this thesis has employed two major types of spectroscopy, namely
ultraviolet (UV)/visible and mid-range Fourier Transform Infrared (FTIR), the
basic principles of which are outlined below. However before discussing
spectroscopy, it is useful briefly to describe the nature of electromagnetic
radiation.

According to Maxwell’s ;:lassical theory of electro- and magnetodynamics
electromagnetic radiation consists of two mutually perpendicular electric and
magnetic fields oscillating in single plans at right angles to each other. These

fields are in phase and propagate as a sine wave at a constant velocity of
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2.997925x10® m.s™, the speed of light (c). The frequency (v) of electromagnetic

radiation is therefore related to wavelength (A) as shown below:
v=c/A

The energy (E) associated with an electromagnetic wave is related to its

wavelength:
E = hc/M

Where / = Planck’s constant (4.135667x10"° eV .s)

Figure 1.12 shows the common classifications of electromagnetic radiation with
associated wavelengths, frequencies, energies, and types of interaction with
matter. It is important to note that electromagnetic radiation exists as a broad
and continuous spectrum: “common name” classifications overlap as do the types
of interactions with matter which are possible. The interactions of matter and
radiation outside the 10°-107 m wavelength range are beyond the scope of this
study. Radiation within this region, which includes the mid-IR, visible and UV
regions (shown expanded in Figure 1.12) can interact with matter in one of two
ways: absorption causing change of electron distribution (which can result in
structural changes) and absorption causing change of rotational/vibrational state.
The former occurs via excitation of eleétron(s) in certain chemical groups from
lower to higher energy states and requires the energy of the radiation to be equal
to the electronic transition energy. The energies involved typically correspond to
radiation in the near-infrared, visible and UV regions and, in this work,
absorption is studied by UV/visible spectroscopy (see section 1.2.1).
Electromagnetic radiation can also be absorbed by causing change of
configuration. This occurs when the frequency of the radiation matches that of a
molecular vibration and is caused by coupling of the electric field vector of the
electromagnetic wave with the dipole moment of the molecular vibration. The
energies involved in this type of interaction are lower than those required to
cause a change of electron distribution and typically correspond to radiation in
the mid-range and far infrared regions; absorption is studied by IR spectroscopy

(see section 2.4).
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Conventionally, IR spectroscopic data are plotted in reciprocal wavelength units
(wavenumber (cm™)). The use of wavenumber to describe wavelength/frequency
is useful because the wavenumber scale is linearly proportional to energy (see
Figure 1.12). In contrast, UV/visible spectroscopic data are usually plotted on a
wavelength scale in nm. The interrelation between these scales, and their

conversion into energy units, is summarised in Figure 1.12.
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Figure 1.12 The electromagnetic spectrum. Expanded region shows far infrared (FIR),
mid-range infrared (MIR), near infrared (NIR), visible (shown in colour) and ultraviolet
(UV) regions (see text).

1.2.1 UV/Visible spectroscopy

Many chemical groups contain electrons that can be promoted to higher energy
orbitals by absorption of electromagnetic radiation with energy that matches the
electronic transition energy. In such chromophores, the energies necessary for
excitation/absorption correspond to electromagnetic radiation in the 200-2000

nm range encompassing the UV, Visible and near-infrared.

For redox-active chromophores, many of these electronic transitions are
dependent upon redox state; hence, absorption spectra in the UV/visible/near-IR
regions can be very informative regarding redox changes. Furthermore, each
chemically-distinct chromophore has a distinct signature and so can be used to

quantitatively deconvolute multiple redox groups.
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Typically a UV/visible spectrum is measured by preparing a sample in a
transparent cuvette then passing a beam of UV/visible radiation through the
sample (see Figure 1.13). In a step-scanning spectrometer, use of a
monochromator allows the wavelength of the incident radiation to be stepped
through an appropriate range. The intensity of the transmitted radiation (/7) is
recorded for each step. Transmittance is defined as the percentage of incident
light (/o) that is transmitted through the sample:

Transmittance = 1i/Iy * 100
Absorbance (A) is:
A= 10g10 I()/I 1

Plotting absorbance against wavelength gives an absorbance spectrum. The
advantage of using absorbance is that its magnitude is directly proportional to the
concentration of the chromophore and the optical pathlength (66) as follows:

Where € = extinction coefficient (M™".cm™ or mM™.cm™), ¢ = concentration (M or mM)
and / = path length (cm)

Figure 1.13 Interaction of UV/visible radiation and sample. Incident radiation (/) enters
cuvette of path length (/) containing sample of concentration (¢) and extinction
coefficient (g); sample absorbs a portion of the radiation and attenuated radiation (/;)
exits cuvette.

The concepts of transmittance, absorbance and extinction coefficient are equally
applicable to IR spectroscopy in transmission mode since measurements are
made with a frequency-independent pathlength. They can also apply to IR
spectroscopy in attenuated total reflection (ATR) mode provided that the
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frequency-dependent effective pathlength can be determined (see section 1.2.2.2

for description of IR spectroscopy in ATR mode).

UV/Visible spectroscopy has played a major role in the detection and kinetic
characterisation of many of the electron transfer prosthetic groups of the
respiratory electron transfer chain because many contain chromophores with
characteristic UV/visible/near-IR features (67,68). For example, the reduced and
oxidised forms of A-, B-, and C-type haem groups (68), FMN and FAD (69) all
have characteristic and well-documented UV/visible absorption bands that can be
used to quantitate their levels and follow the kinetics of their redox changes
during catalysis. Exceptions, however, are Fe-S centres: they do have very broad
redox-dependent absorbance bands over the UV/visible range but these have
small extinction coefficients, are rather featureless and generally do not allow
different Fe-S centres to be distinguished. Hence, for complex I UV/visible
spectroscopy has been useful primarily for FMN studies and other spectroscopies

are required for analyses of the Fe-S centres.

1.2.2 Infrared spectroscopy

Distinct from absorption via the excitation of electrons to orbitals of higher
energy, electromagnetic radiation in the mid- to far-IR range can also be
absorbed by causing quantised changes in the vibrational (and rotational) modes
of chemical bonds and groups. Absorption of this kind occurs when the energy
of the electromagnetic wave matches the energy gap between the
vibrational/rotational states; in contrast to Raman spectroscopy which has
different selection rules, vibrational IR absorption requires that the dipole
moment of the molecule changes during the vibration. The probability of
absorption, and therefore the extinction coefficient, increases with increasing
bond polarity (70;71). The energies associated with molecular vibrations are
lower than those required for electronic transitions and are most commonly
studied in the mid-IR region (typically over the 4000-800 cm' range that is most
easily accessed from a technical point of view). However, there are many further
vibrational modes below 800 cm™ in the far-IR region and more recent technical
developments are beginning to allow application of far-IR spectroscopy to

biological problems.
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1.2.2.1 Fourier transform spectroscopy

In section 1.2.1 the principle of step-scanning spectroscopy in the UV/visible
range using a monochromator was described; this technique is also applicable to
IR spectroscopy. A convenient alternative to step-scanning, which has become
standard in mid- and near-IR ranges and is sometimes used in the UV/visible
range, is Fourier transform spectroscopy. In this method a beam of broad
frequency radiation is passed through a Michelson interferometer prior to
interacting with the sample. The interferometer consists of a beam splitter and
two mirrors, one of which is suspended on an air-bearing and able to move. The
beam first strikes the beam splitter, 2 passes through and Y% is reflected at 90°.
Both of the resulting beams are subsequently reflected 180° back towards the
beam splitter, one by the fixed mirror and one by the movable mirror. Upon
striking the beam splitter for a second time the beams recombine to yield two
beams each of half the original intensity, one is directed toward the sample and
one is lost in the direction of the radiation source. The variation of position of
the movable mirror introduces a varying pathlength difference into the
recombined beams causing constructive and destructive interference of specific
frequencies to varying extents dependent on the pathlength difference. For each
frequency the intensity versus mirror position varies as a sine wave, the peak
separation of which is dependent on frequency. These sine waves of intensities
of all frequencies combine to produce an interferogram of intensity versus mirror
position that is detected by the measuring device. Provided that the position of
the mirror 1s known accurately (which is achieved with a fixed frequency laser
that is passed through the same interferometer), the interferogram can be Fourier-
transformed with a standard algorithm to produce into a plot of intensity versus
frequency and this can be used to derive plots of absorbance or transmittance as
in conventional spectra. Typically many interferograms are averaged prior to
Fourier transformation in order to increase signal:noise. Typically, acquisition of
1000 interferograms at 4 cm™ resolution, averaging and Fourier transformation
requires approximately 2 minutes (for the 4000-400 cm™ mid-IR range). This is
significantly less time than would be required to obtain an equivalent spectrum
using a step-scanning technique and because of this the introduction of

interferometers and Fourier transformation algorithms has widened the biological
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applications of mid-/near-IR and UV/visible spectroscopy. The practical limit of
the use of the method occurs when the wavelength becomes small in comparison
to the accuracy of the mirror position detection system - in devices such as the
Bruker IFS66/S, the practical limit of the FT method is around 500 nm (20,000

cm’l).

1.2.2.2 Transmission versus attenuated total

reflection modes

FTIR spectroscopy is commonly performed in transmission mode in which the
sample to be analysed is placed in an IR-transmitting material or between a pair
of IR-transmitting windows. This method is applicable to a wide range of
sample types and, because it is relatively simple to set up a sample of defined
pathlength, is convenient for determining extinction coefficients. However,
transmission mode does have some limitations when analysing samples in
aqueous media. H,O absorbs IR radiation strongly at 1640 cm’ and high sample
concentrations are required if IR absorbances of the sample are to be
distinguished from those of the solvent. This can be particularly problematic for
the study of proteins which may not be stable in solution at the required
concentrations (> 20 mg/ml) or may not be available in the quantities required.
The strong H,O absorption at 1640 cm™ generally dictates a maximum sample
thickness of approximately 10 yum in order to avoid complete attenuation of the
beam at 1640 cm’ and associated loss of signal:noise and introduction of
artefacts. Preparation of such thin samples can be time consuming and difficult
to achieve reproducibility. In addition, when placing a transmission sample into
the IR beam path it is practically impossible to avoid introducing water vapour
which, if not purged, masks the sample spectrum in the 2100-1200 cm™ region.
A delay between placing the sample in the beam path and collecting data during
which time water vapour is purged is necessary, the length of which depends on
the sizes of the signals under investigation and on the efficiency of the
mechanism by which the water vapour is purged. In the case of vacuum purge
instruments this delay is minimal but when a compressed dry nitrogen or air
system is used this delay can become problematic particularly for acquiring
spectra of unstable samples. In addition, and of great importance for the study of

protein by difference spectroscopy, the means by which the sample can be
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manipulated in situ are limited in transmission mode compared to ATR mode;
this point is discussed in detail below and in section 1.2.2.3. Despite these
limitations transmission mode spectroscopy has been applied successfully to a
number of proteins (see below) and is invaluable as a tool for determining

extinction coefficients.

ATR FTIR spectroscopy is an alternative to the transmission technique described
above. In ATR FTIR spectroscopy the IR beam is directed from the
interferometer through an ATR accessory, principally consisting of a focusing
element and an internal reflecting element (IRE), and then onto the detector. The
IRE, which is transparent for the IR frequency range of interest, is a prism with
geometry such that the IR beam undergoes total internal reflection at a surface
onto which the sample is placed. The physics of internal reflection is explained
in detail in reference (72) and will only be discussed briefly here. Total internal
reflection occurs when radiation strikes the IRE/sample interface at an angle

greater than 0, (the critical angle):
0. =sin" (n)/ ny)

Where n, = refractive index of Sample and n, = refractive index of IRE (72).

The IR beam produces an evanescent field that extends a short distance into the
sample at the point of internal reflection. This distance, typically of the order of
a few microns, is dependent on frequency of radiation, incident angle and the

ratio of refractive indices of the IRE and sample:
dp = (Mm)/(27 [sin®-(n1/n2)* ™)

Where dp = depth of penetration, A = wavelength, n, = refractive index of sample, n, =
refractive index of IRE and 6 = angle of incident radiation (73).

The evanescent field interacts with the sample in the same way as IR radiation in
transmission mode, 1i.e. the sample absorbs radiation of specific
frequencies/energies. Generally the IRE is shaped in such a way that internal
reflection occurs several times, each resulting in additional attenuation of the IR
beam leading to amplification of the signal. The attenuated beam then exits the
IRE and is directed to a detector (see Figure 1.14). The dependence of depth of

penetration of the evanescent field - and therefore effective path length - on
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frequency leads to an increase in sensitivity of the ATR method that is linearly
inversely proportional to frequency. This effect manifests itself as a linear ramp
of intensity increase as frequency is lowered that can be clearly seen when
comparing ATR FTIR difference spectra with equivalents recorded in

transmission mode.

sample

IRE

1
i
IR beam focusing
glowbar element MCT
detector

Figure 1.14 Schematic of the ATR accessory used in this study (not to scale). IR
radiation (red line) is emitted from a glow bar and (after passing through an
interferometer (not shown)) is directed into the IRE via a focusing element. Total
internal reflection occurs three times at the sample (shown in brown)/IRE interface. The
attenuated radiation is then directed to an MCT detector.

Use of ATR FTIR spectroscopy overcomes many of the disadvantages associated
with working in transmission mode, particularly when working with proteins. In
recent studies (30;53,74-76) protein films have been adhered directly to the IRE
by drying. Upon rehydration the protein layer remains adhered to the IRE,
presumably by hydrophobic interaction between the protein film and the IRE. In
studies done to date, this interaction has been shown not to affect significantly
the IR characteristics of the protein or its functionality although this does require
confirmation in each case. This technique greatly increases the concentration of
the protein within the region of the evanescent field, in comparison to that of a
sample in solution, and also decreases the water band contributions. Most
importantly, the sample is more accessible than the sealed samples used in
transmission mode. This has been exploited by our laboratory’s development of
devices that allow synchronous acquisition of UV/visible and infrared spectra
(see sections 2.4.5 and 2.4.6) and with which redox and ligand changes can be
cyclically induced in the protein films. This accessibility is also vital for
manipulation of samples in situ; the great importance of which will be made

clear in section 1.2.2.3.
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1.2.2.3 The study of proteins by infrared

spectroscopy

The IR absorbance characteristics even of a small protein are complex on
account of the great number of vibrational modes present. As an example, a
protein of 200 amino acids will consist of approximately 3000 atoms, each of
which will have three degrees of vibrational freedom, leading to a total of 9000
degrees of vibrational freedom. These give rise to a vast range of normal mode
vibrations, many of which will create IR-active absorption bands. These overlap
to produce an absolute absorbance spectrum that lacks any fine detail because of
the number of components. Although the absolute spectrum theoretically
contains a vast amount of structural information only a limited amount can be
easily deconvoluted and interpreted, for example, types of secondary structure
content and lipid content. Because of the large number of peptide bonds,
common to all amino acids, their normal modes in the 1700-1590 cm’ and 1570-
1490 cm™ regions, termed amide I and amide II respectively, dominate protein
absolute absorbance spectra. Amide I sighals arise primarily from the peptide
C=0 stretching modes (~80%) with contributions from peptide C-N stretching
and N-H bending modes (~10% each) (73); they are little affected by the amino
acid sidechains (77) but their frequencies are governed by their secondary
structures. Deconvolution of the broad amide I band (and, to a lesser extent, the
other amide bands) has yielded secondary structural information, such as a-helix,
B-sheet and B-turn content, that is in good agreement with known high resolution
protein structures for proteins both in solution (78) and in rehydrated layers
adhered to an IRE (79). Absolute absorbance spectra are also useful for rapid
and accurate determination of the protein/lipid ratio. The carbonyl group of
lipids has a characteristic absorbance at 1736 cm™ and the absorbance of protein
at this frequency is minor (79). Therefore, integrals of the 1736 cm’™ lipid band
and the protein amide I band can be used to determine the lipid/protein
concentration accurately if a calibration curve is prepared. Goormaghtigh et al

have also derived a quantitative relation using dimyristoylphosphatidylcholine
of:

Samide I/ Sv(C=O) lipid = [Protein]/5.[Lipid]
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Where S,mie 115 the integrated area of amide I and /Sv(c-o) iipia 1S the integrated area of the
band at 1736 cm™ (79)

For protein studies, however, far more informative structural and mechanistic
information can be obtained from analyses of difference spectra. Subtraction of
a spectrum recorded after induction of a change in the protein sample from a
spectrum recorded before the change yields a difference spectrum consisting
solely of signals arising from vibrational modes affected by the change. Signals
in difference spectra arise from chemical changes within the protein structure,
including protonation state changes of individual amino acid sidechains, and
from changes in bond strength, polarity and hydrogen-bonding. Even very small
changes, for example hydrogen-bonding-distance changes of less than 0.1 A, can

produce frequency changes that are easily detected (80).

Because the amplitude of the features that make up a difference spectrum can be
several orders of magnitude less than those of an absolute spectrum, any such
changes must be induced with minimal additional disturbance to the sample and
it is highly desirable that the induced change be reversible so that many
difference spectra for the same transition of the same sample can be averaged to
achieve acceptable signal:noise. In practice it is almost impossible to induce the
desired change without introduction of some additional signals due to protein
concentration changes or from changes of other reagents in the mixture and it is
rout}ine to acquire high quality model spectra of added compounds or
representing artefactual protein changes for use as subtractors (this process is
explained in detail in Chapter 3). Available methods for reliably inducing
changes include buffer exchange and electrochemistry. Perfusion-induced
difference spectroscopy can currently only be carried out in ATR mode. A
buffer is continuously perfused over the protein film surface and the protein state
can be changed by switching reagents in the perfusant using an electronic valve.
This method has been used to monitor changes induced by redox state changes
(74), pH jumps (87), ligand binding (82), and interconversions between reaction
intermediates (83). Electrochemically-induced difference spectroscopy can be
performed in either transmission (84) or ATR mode (30). In both cases suitable
redox mediators are required in order to allow electrical communication between

the working electrode and the protein. Potential is controlled using a

44



Chapter 1

conventional three electrode potentiostat. The systems developed within our
laboratory for perfusion- and electrochemically-induced ATR FTIR difference
spectroscopy allow synchronous UV/visible spectroscopy. The IR and
UV/visible spectrophotometers and the electronic valve (for perfusion
experiments) or potentiostat (for electrochemical experiments) are interfaced to
the same computer allowing multiple experimental cycles to be performed for
signal averaging purposes without the presence of an operator. These systems

are described in detail in section 2.4.

1.2.2.4 Interpretation of protein difference spectra

The complexity of protein difference spectra is dependent on the degree of
localisation of the induced change and its chemical nature. Even seemingly
small changes induced in small proteins can produce difference spectra that are
challenging to interpret. This challenge is by no means insurmountable and there
are several strategies for assigning the features of such spectra. Tentative
assignments can be made simply by comparison of the position, amplitude and
bandwidth of features with those of a range of model compound spectra. Use of
D,0 media to replace exchangeable protons with deuterons results in
characteristic H-D exchange effects for those groups that involve exchangeable
protons. Comparison of the H-D exchange effects on a protein signal and on a
signal in a model compound spectrum to which the protein signal has been
tentatively assigned can allow the assignment to be further established. A range
of model compound spectra in H,O and, where available and appropriate, D,O
media (obtained either from the literature or by experimental measurement) that
have assisted the interpretation of the difference spectra obtained from
cytochrome bc; complex and complex I are detailed in Chapter 3. Further
support for assignments can be obtained from the use of isotopically-labelled
material to label the protein globally, to label just one specific type of amino acid
or cofactor or, in its most elegant and technically challenging form, to label just
one specific amino acid (85). In addition site-directed mutagenesis of individual
residues, selected by study of X-ray crystallographic or nuclear magnetic
resonance structures, can be used to confirm assignments. Finally, ab initio
calculations of normal mode frequencies and intensities using density functional

theory (DFT) can be performed serving as a parallel means of making
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assignments and, potentially, represent an important means of assigning signals
to chemical structures which are not easily represented by model compounds (for
example, the covalently linked histidine/tyrosine structure of cytochrome c
oxidase (86)). Currently these methods are limited to relatively small molecules
in simple environments by the time taken for calculations to be performed. With
the continual introduction of ever faster microprocessors the value of the

computation approach is likely to increase rapidly.

In summary, the mechanism by which IR radiation is absorbed by proteins leads
to availability of very fine scale structural/mechanistic information, such as
hydrogen bond strength changes and protonation state changes, that cannot be
obtained by techniques such as NMR or X-ray crystallography. However,
interpretation of information provided by the IR spectra of proteins is greatly
aided by the structural data that these techniques provide. Model compound data
also play a vital role and such data are continuing to accumulate. As each protein
study is published, in addition to a contribution toward the understanding of that
protein, a series of more widely applicable model compound measurements are
usually included (for example, Iwaki et al (30)). In this way, as time progresses,
the interpretation of protein difference spectra will become less challenging and
the need for the time consuming acquisition of model compound spectra will be

reduced.

1.3 NADH:ubiquinone oxidoreductase

1.3.1 Overview

Much of the work presented in this thesis is directed towards the analysis of
NADH:ubiquinone oxidoreductase (Complex I): the largest and most complex
component of the respiratory electron transfer chain. Complex I serves as the
main entry point for electrons into the respiratory chain. It catalyses the
oxidation of NADH and reduction of ubiquinone coupled to the translocation of
protons across the inner membrane of mitochondria, or the plasma membrane in

prokaryotes, as detailed below:

NADH + Q+ 5H'n - NAD' + QH, + 4H'p
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Where Q refers to ubiquinone and H'z and H'p to the protons translocated from the
negative side to the positive side of the membrane (§7)

Recent advances in the study of complex I have greatly increased our
understanding of electron transfer within the complex. However, knowledge of
how protons are pumped and by what means this is coupled to electron transfer is
limited. This lack of understanding is largely due to the great number of subunits
and prosthetic groups, to the difficulty in monitoring the internal reaction kinetics
of the component Fe-S centres and to limited availability of structural

information.

1.3.2 Subunit composition and prosthetic groups

Complex I extracted from bovine heart mitochondria consists of at least 46
different subunits with a combined mass of ~ 980 kDa (88;89). Bacterial
complex I (~ 500 kDa) typically consists of 14 subunits (See Table 1.2). Notable
exceptions are E. coli and Thermus thermophilus complexes; the former
consisting of 13 subunits due to gene fusion (87) and the latter including an
additional non-homologous 15th subunit with a possible function connected to its
unusual habitat (90). Homologues of all 14 of the common bacterial subunits are
present throughout the superfamily and bind all known prosthetic groups.
Therefore these 14 subunits are thought to represent a common minimal

functional core for complex I from all sources.
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The 14 core subunits can be divided into a hydrophobic group and a hydrophilic
group. Using bovine nomenclature, ND1, ND2, ND3, ND4, ND5, ND6 and
ND4L are hydrophobic subunits predicted to fold into approximately 50 o-
helices across the membrane (9/). These subunits, which are usually
mitochondrially encoded in Eucarya, do not contain any known cofactor-binding
motifs nor have any redox active prosthetic groups been reliably associated with
them, though they may provide part of the substrate ubiquinone binding site.
Weak homology of ND2, ND4 and ND5 with components of the Na'/H"
antiporter in Bacillus subtilis (see section 1.3.3) and the transmembrane position
of the hydrophobic subunits has led to the suggestion that they are involved in

proton translocation.

The 75 kDa, 51 kDa, 49 kDa, 30 kDa, 24 kDa, PSST and TYKY subunits are
hydrophilic and bind all known prosthetic groups, namely a non-covalently
bound flavin mononucleotide (FMN), two binuclear Fe-S centres and, typically,
six tetranuclear Fe-S centres (See Table 1.2 for details of their coordination
within the complex). Binuclear centres Nla and N1b and tetranuclear centres
N2, N3, N4 and NS are detectable by EPR allowing their midpoint potentials
(Em7) to be measured (See Table 1.3). E; values for tetranuclear centres Néa
and N6b, which are not detectable by EPR, have been measured by UV/visible
spectroscopy (92) (See Table 1.3). The midpoint potential of N2 is higher than
this group (bovine and Y. lipolytica complex I) and is pH dependent (93)
indicating that upon reduction a proton is taken up or released either from the
centre itself or from a nearby amino acid residue. Complex I from E. coli, T.
thermophilus and various other bacteria contains an additional tetranuclear centre

N7 (94). The location and function of the prosthetic groups will be discussed in

section 1.3.6.
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Component E7 (mV) pH dependency
B.t Tt* | Ec’ | YI® |Nc” | (mV/ipH)

FMN2¢-> le | -336"" -30 above pH 8

(measured for 2¢e

FMN le=> 0e | 414"' reduction) '

[2Fe-2S]Nla | -3702 <350 | -330 -60 2

[2Fe-2S]N1b | -245° 270 | -230 0°

[4Fe-4S] N2 -50t0-150° |-300 |-220 |-140 |-168 |-607to0-36°

[4Fe-4S] N3 -245° 440 | -270 265 |0°

[4Fe-4S] N4 -245* 290 | -270 268 |0?

[4Fe-4S] N5 2702 0°

[4Fe-4S] N6a 270 |0’

[4Fe-4S] N6b 270 |0’

[4Fe-4S] N7* -250 0°

NADH -320 (2¢") (in solution) ®

Ubiquinone 110 (2¢) (in solution) ®

Table 1.3 Midpoint potentials for redox active groups of complex 1. Substrates and
prosthetic groups of Complex I from bovine (B.1), T. thermophilus (T.t), E. coli (E.c), Y.
lipolytica (Y.I) and Neurospora crassa (N.c); E.; values, where known, and pH
dependencies are indicated. *N7 is only present in some bacteria, for example E. coli
(94). "Measured at pH 7.5. ' (95) 2(93) * (96) * (97) ° (98) ¢ (99) (92) ® (100) ° (101)

The roles of the additional non-core subunits of eukaryotic complex I, of which
there are 32 in the bovine complex, are in general unknown. With the exception
of the 10.6 kDa subunit the sequences of all of the bovine non-core subunits are
known (see (88) for review). These subunits are not thought to be directly
involved with the electron transfer/proton pumping functions of complex L
Instead, it has been proposed that they function to allow assembly, to provide
additional stability (90;102), to allow regulation (88), or to provide protection
against detrimental effects resulting from reactive oxygen species (ROS) (103).

Some of the bovine non-core subunits show homology to proteins of unrelated
function, the consequences of which are not known. Examples of subunits

showing such homology and for which there is experimental evidence suggesting
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that the homologue’s function may be retained in complex I are detailed in Table

1.4.

Subunit* | Details References

39 kDa Nucleotide binding motif (residues 19-49), may bind (88,104,105)
either NADH or NADPH. Disruption of the 39 kDa
homologue in Neurospora crassa resulted in the absence
of a tightly bound NADPH observed in the wild-type
enzyme. In addition, sequence comparisons suggest the
39 kDa subunit is related to short-chain
dehydrogenase/reductases.

SDAP Closely related to acyl-carrier proteins involved in fatty (88,106)
acid biosynthesis in bacteria and chloroplasts. Disruption
of the SDAP homologue in N. crassa resulted in incorrect
assembly of complex I and a 4-fold increase of the
lysophospholipid content of the mitochondrial
membranes.

B16.6 B16.6 is a homologue of human GRIM-19, thought tobe | (107,;108)
part of the interferon-3 (IFN-3) and all-trans-retinoic acid
(RA) pathway of cell-death induction. Treatment of
MCEF-7 cells with IFN-B and RA has been shown to result
in upregulation of the homologues of the B16.6, 30 kDa
and 15 kDa complex I subunits.

Table 1.4 Subunits of complex I which show homology to proteins of alternative
function. Only examples for which there is experimental evidence to support alternative
function associated with complex I are included. *B. taurus nomenclature.

1.33 Modular structure

Based on its size, complexity and sequence analysis it is generally accepted that
complex I evolution involved the recruitment of pre-existing functional modules
(103;109;110). In addition to complex I, several other proteins sharing one or
more of these ancestral modules have been identified. These proteins fall
primarily into a class of enzymes called hydrogenases and catalyse the inter-
conversion of molecular hydrogen and two protons plus two electrons (Z10).
The study of their structure and function has yielded useful information on the
organisation of the subunits in complex I and their function (//7). In addition,
the availability of high resolution structures for some complex I homologues has

enabled the construction of homology models (see below).

The proposed electron input, or N, module of complex I consists of the 24 kDa,

51 kDa and 75 kDa subunits and transfers electrons from NADH via FMN onto a
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chain of Fe-S centres. This module shares a common ancestor with the o subunit
(encoded by hoxF) and, in part, the y subunit (encoded by hoxU) of NAD'-
reducing hydrogenases of the type in Alcaligenes eutrophus (111;112). These
subunits contain a non-covalently bound FMN and motifs for two Fe-S centres; it
is expected that electrons are transferred through 2 4Fe-4S Fe-S centres onto
FMN where NAD" reduction occurs (112). It is proposed that this reaction is
reversed in the N module. Complex I equivalents found in chloroplasts,
cyanobacteria, and the archaeon Archaeoglobus fulgidus use alternative electron
input modules (//0). The seeming interchangeability implies that the module’s

function is distinct from energy coupling and proton pumping.

The connecting, or Q, module consists of the 49 kDa, 30 kDa, TYKY and PSST
subunits (/7/1) and, catalysing electron transfer from the N module to
ubiquinone, is the likely location for at least part of the energy coupling site(s) of
complex I. The 49 kDa subunit (which is fused to the 30 kDa subunit in E. coli)
and part of the PSST subunit are homologous to the large and small subunits,
respectively, of water soluble [NiFe] hydrogenases (//3,714). The small subunit
homologue in the membrane bound type-3 hydrogenase from E. coli is shortened
accommodating only the NiFe proximal Fe-S centre of the three Fe-S centres
present in the soluble hydrogenase. The missing Fe-S centre binding domain is
replaced in the membrane bound hydrogenase by an additional ferredoxin-like
subunit with homology to TYKY. The structures of the 49 kDa and PSST
subunits of Y. lipolytica complex I have been modelled based on the 2.7 A
resolution structure of the two subunit water soluble [NiFe] hydrogenase from
Desulfovibrio fructosovorans (PDB file 1FRF) in combination with sequence
alignments and secondary structure predications from other hydrogenases. This
model, and site-directed mutagenesis work based on this model, suggests that
during the evolution of complex I the hydrogenase NiFe centre was replaced by a
ubiquinone binding site (/02;115;116) (see Figure 1.15). This model will be

further discussed in section 1.3.7.
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Figure 1.15 Homology model of 49 kDa and PSST subunits. Model was constructed
using structural elements conserved from the large and small subunits of water-soluble
[NiFe] hydrogenase (1FRF). Fe-S centre N2 is shown as a space filled model. The area
highlighted in yellow corresponds to the location of the [NiFe] site in hydrogenases and
to a region of complex I where residues effecting quinone-homologue-inhibitor
sensitivity have been identified. The labelled histidine residue (His-226, Y. lipolytica
numbering) is the proposed centre N2 redox-Bohr group (See section 1.3.7).
Reproduced from (/117).

The N and Q modules account for the hydrophilic subunits of the complex,
NADH oxidation, electron transfer to ubiquinone, and at least part of the quinone
binding site (//7/). The remaining hydrophobic subunits: - ND1, ND2, ND3,
ND4, NDS5, ND6 and ND4L are known as the P module and most likely play a
major role in proton translocation across the membrane. A homologue of ND1
forms a component of the membrane bound type-3 hydrogenase from E. coli as
do homologues of subunits ND2, ND4 and ND5 which are also homologues of
each other and of subunits of the type-3 hydrogenase from the archaeon
Methanosarcina barkeri. The hydrogenase part of the formate hydrogen lyase
(FHL)-2 complex from E. coli contains further homologues of the
ND2/ND4/NDS5 family and a homologue of ND4L. Subunits ND2, ND4 and
ND5 also show weak homology to the Na’/H" antiporter proteins MrpA and
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MrpD encoded by the mrp (multiple resistance and pH adaptation) operon of

Bacillus subtilis.

1.34 Fragmentation

The spatial and functional associations between subunits suggested by homology
studies are supported by fractionation experiments using E. coli and bovine
complex I. Treatment of E. coli complex I with triton X-100 at pH 7.5 causes
fragmentation of the complex into three subcomplexes which correspond to the
three modules described above: - the dehydrogenase fragment: nuoE (24 kDa),
nuoF (51 kDa) and nuoG (75 kDa), connecting fragment: nuoD (49 kDa), nuoC
(30 kDa), Nuol (TYKY) and nuoB (PSST) and membrane fragment: nuoH
(ND1), nuoN (ND2), nuoA (ND3), nuoM (ND4), nuoK (ND5), nuoL (ND6) and
nuoJ (ND4L) (98).

Obtaining reproducible and definable fragments of bovine complex I is
complicated by the great number of subunits present. The composition of
subcomplexes published to date is summarised in Table 1.5. Fragmentation of
bovine complex I initially results in one fragment which includes the seven
hydrophilic core subunits, which coordinate all of the known prosthetic groups,
and two fragments which each include a portion of the hydrophobic core
subunits. The distribution of the hydrophobic subunits in these fragments
suggests that ND4 and 5 are close to each other as are ND1, ND2, ND3 and
NDA4L (117).
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FP Ia iy B IBs 1Bl Iy

51 kDa 24kDa |24kDa | ND4 (10%) ND4 ND1

24 kDa 51kDa |51kDa | NDS ND5 ND2

(1) 75kDa | 75kDa | (~11) (2*%) ND3
49kDa |49 kDa ND4L
30kDa | 30kDa ~4

TYKY | TYKY

PSST PSST

(~16) | (3)

Table 1.5 Composition of each of the defined bovine complex I fragments. Core
subunits are listed by name with number of non-core subunits in parentheses (* non-core
subunits PDSW and B17 are found in both Ifs and IBl (//7)). Treatment of bovine
complex I with perchlorate releases fragment FP (flavoprotein) which is water soluble
and able to transfer electrons from NADH to ferricyanide (//8,119). Treatment with the
non-denaturing detergent N,N-dimethyldodecylamine N-oxide (LDAO) results in three
subcomplexes termed Ia, IR and Iy. Ia consists of approximately 23 subunits, includes
all prosthetic groups and is equivalent to the electron input and connecting (N and Q)
modules discussed above (/20); fragments IB and Iy combined are equivalent to the P
module. Under slightly different conditions subcomplex Ia further fragments and I\ is
obtained. Further treatment of subcomplex Iff with LDAO results in fragmentation into
IBs and IBI providing insight into the organisation of the hydrophobic subunits (/17).
Subunit ND6 has not yet been identified in any of the bovine fragments.

1.3.5 Structure

With the exception of two recent publications resulting from X-ray
crystallographic studies of the peripheral arm of T. thermophilus (90;121),
structural information has been derived primarily from indirect homology
modelling and more direct fragmentation, cross linking and electron microscopy
(EM) studies.

Single particle image reconstruction EM studies have allowed the gross structure
of complex I from E. coli (122-125), Aquifex aeolicus (126), Neurospora crassa
(127), Y. lipolytica (111;128-130), Arabidopsis thaliana (131) and B. Taurus
(6,119) to be visualised ((/32-134) for review) (see Figure 1.16). The earliest
study, published by Leonard et al (/35), shows the structure of N. crassa
complex I to be shaped like a Stone Age axe head (/34), however the same group
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later published alternative L-shaped structures which are in good accordance
with the structures obtained from other organisms. In 2002 Béttcher et al
proposed that the active form of E. coli complex I assumes a horseshoe-like
structure and that the L-shaped structure is actually an inactive form (723).
However, these findings could not be reproduced by other groups (/24) and
therefore their significance is uncertain. At this time the consensus view is that
complex I from all sources examined has an L-shaped structure with a peripheral
or matrix-located arm and a membrane-located arm. In addition Sazanov et al
obtained 2D images of bovine complex I lacking ND5 and, by comparison with
images of the intake complex I, were able to conclude that NDS5 is located at the

distal end of the membrane arm (779).

N. crassa N. crassa N. crassa E. coli B. taurus
(1987) (1991) (1997, 1998) (1998) (1998)

Y. lipolytica E. coli A. thaliana Y. lipolytica
' (2000) (2002) (2005) (2006)

Figure 1.16 Complex I 3D models/2D images obtained from EM analysis. From top left
to bottom right (in order of publication): N. crassa in 1987 (135); N. crassa in 1991
(136); N. crassa in 1997 (127); E. coli in 1998 (122); B. taurus in 1998 (6); Y. lipolytica
in 2000 (/28); E. coli inactive and active form in 2002 (123); A. thaliana in 2005 (131);
Y. lipolytica in 2006 (111;130). The A. thaliana structure’s unusual form is accounted
for by its additional carboanhydrase module which protrudes into the mitochondrial
matrix near the middle of the membrane arm (/31).

Data described in previous sections and studies utilising chemical cross-linking
agents and methods analysing the conditions necessary to extract or disassociate
subunits from the membrane environment have contributed to the “pre-high
resolution structure” understénding of how the subunits fit into the presented EM
structures. The use of cross-linkers, for example disuccinimidyl tartrate - a
lysine specific cross-linker - followed by identification of products by Western

blotting with monospecific antisera has shown subunit-subunit interactions
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between the 51 kDa, 24 kDa and 75 kDa subunits and between the 30 kDa and
49 kDa subunits (/37;138). Treatment of Paracoccus denitrificans complex 1
containing membranes with sodium iodide and alkali pH extracted only the
subunits making up the peripheral or matrix located arm. Identification of these
subunits shows that the peripheral arm consists of 75 kDa, 51 kDa, 49 kDa, 30
kDa, 24 kDa, PSST and TYKY subunits and the membrane arm must therefore
consist of ND1, ND2, ND3, ND4, ND5, ND6 and ND4L (/39). Transmembrane
helix predictions also support this conclusion (97) (see Table 1.2), as do topology
studies using immunochemical methods in conjunction with cysteine-scanning
mutagenesis and chemical modification to analyse the ND6 homologue of P.
denitrificans. This study enabled the orientation within the membrane of each of
the five transmembrane helices to be determined; the C- and N- termini were
shown to be located in the cytoplasm and periplasm respectively (/40). Similar
studies have been performed for ND3 (/39), ND4L (/41), and ND1 (/42). A
review of these and additional biochemical analyses can be found in reference
(134). With regard to the membrane arm of complex I these studies represent the

frontier of our knowledge.

Recently X-ray crystallography has been used to obtain a structure of the
hydrophilic domain of complex I from T. thermophilus at a resolution of 3.3 A
(90) (See Figure 1.17). From this structure the seven hydrophilic core subunits
and a previously unknown subunit named Nqol5 that is unique to T.
thermophilus and close relatives can be resolved along with the cofactors they
coordinate. Nqo15 has a similar fold to frataxin, a mitochondrial iron chaperone,
and a role in Fe-S centre regeneration with possible connection to the extreme
habitat of T. thermophilus has been suggested (90). The peripheral arm structure
accounts for 280 kDa of the total mass of the complex, 520 kDa. Out of the 2510
residues predicted from the sequences, 2333 have been modelled. They form a
Y-shaped structure approximately 140 A in height. The orientation was
determined by fit within an unpublished E. coli low resolution EM structure
produced by the same group (presumably equivalent to that presented above
(122)) and by qualities of the N-terminal o-helix of the PSST homologue
(labelled H1 1n Figure 1.17). The electron density map from which the structure
is derived suggests that this helix is rigid, protruding some 25 A from the body of
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the peripheral arm. It has a relatively polar upper surface and a hydrophobic
lower surface and is proposed to extend into the surface region of the membrane
domain. Therefore it is proposed that the membrane domain extends below and
to the right of the structure as orientated in Figure 1.17.

+
FMN - 3 Nqo3 (75 kDa)
L 5‘0‘47 4 -
NGOl o EARRPREE 4L N T
(51 kDa V\ Ve 4 ,f‘?:.?} )
- At e s A2
< AR 2 BN Y
g pe :‘ * ” ("‘ L7 X /‘
b i1 3 : N o .
o B R
% SNy
Ngo5 ,‘ ol )
(30 kDa ; ' .,7‘, l' Ngo15
> ERSNPATL | Nqod (TYKY)
¥
-Af ‘\‘"j\'\
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: ‘» Nqo6 (PSST)
Nqo4 ,1, (,
(49 kDa - ‘
L. ‘
v Q

Figure 1.17 Architecture of the hydrophilic domain of 7. thermophilus complex I at 3.3
A. Side view with membrane arm likely to be below extending to the right. Colour is
by subunit, which are labelled using 7. thermophilus nomenclature (bovine
nomenclature in parentheses). Atoms of FMN are shown as a stick model and labelled;
those of iron and sulphur from the Fe-S centres are shown in red and yellow
respectively. A possible quinone-binding site (Q) is indicated by an arrow (90). See
text for significance of helix H1 of Nqo6 (PSST). Figure drawn using PyMol ™ from
PDB file 2FUG.

A solvent exposed cavity is proposed for the NADH binding site in the 51 kDa
homologue that is sufﬁcienﬂy close to FMN to permit hydride transfer. Fe-S
centres N3 and Nla are within 14 A of FMN, the maximum distance for
physiological electron transfer (/7). From N3, Fe-S centres N1b, N4, N5, N6a

and N6b form a linear chain to N2 without any individual transfer step exceeding
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an edge to edge distance of 14 A. Fe-S centre N2 is coordinated entirely in the
PSST homologue and, uniquely, by two consecutive cysteine residues. The
poorly conserved centre N7 is 20.5 A from this chain; the roles of N1a and N7
will be discussed in section 1.3.6. A quinone binding site is proposed to be
located close to N2 and at the interface between the peripheral and membrane
arms. The publication of this structure has greatly increased our understanding
of how electrons are most likely to be transferred from FMN to quinone within
complex I. It also has implications for the coupling and proton pumping

mechanisms and these will be discussed in the next section.

1.3.6 Electron transfer pathway

The above high resolution structure of the peripheral arm of complex I has
revealed the organisation of the hydrophilic subunits and the prosthetic groups
they coordinate. Based on the locations of the groups and their midpoint
potentials the following path of electron transfer has been proposed (90). Pairs
of electrons enter complex I by hydride transfer from NADH to FMN and are
then transferred individually to N3, the Fe-S centre that is closest to the FMN.
The NADH binding site, FMN and N3 are all located within the 51 kDa (Nqol)
subunit. Electron transfer proceeds linearly through N1b, N4 and NS5 in the 75
kDa (Nqo3) subunit before being transferred to N6a then to N6b, both of which
are prosthetic groups of the TYKY (Nqo9) subunit. Electrons then pass onto the
highe'st potential Fe-S centre, N2 in the PSST (Nqo6) subunit, which in turn is
thought to be able to reduce ubiquinone to ubiquinol in two one-electron steps
(via semiquinone) (90). This electron transfer chain may be summarised as:
NADH-FMN-N3-N1b-N4-N5-N6a-N6b-N2-ubiquinone and its topography and

energetics are illustrated in Figure 1.18.
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Figure 1.18 Organisation and energetics of the complex I electron transfer chain. Left:
Organisation of Fe-S centres of 7. thermophilus complex I showing proposed route of
electron transfer and centre-centre transfer distances (edge to edge distances are given in
parentheses) in A (see text). Reproduced from (90). Right: Schematic for electron
transfer. Midpoint potentials (E,; V) are indicated by horizontal bars. Fe-S centre Nla
is not likely to be involved in direct electron transfer from FMN to Q (see text).
Adapted from (/43).

Support for direct electron transfer from N2 to Q is provided by EPR data which
shows a magnetic interaction between N2 and semiquinone that indicates a 12 A
distance between the centres (/44;145) (see later discussion in this section and
section 1.3.8.1). The edge-to-edge separation of centre N7 from the proposed
electron transfer chain is 20 A (~ 6 A greater than the proposed maximum
distance for physiological electron transfer (/7)). This, combined with the poor
conservation of N7, suggests it to be an evolutionary remnant without an
important role in complex I function (90). The involvement of Nla is more
perplexing. It is possible that FMNH, transfers electrons almost synchronously
to N3 and N1la, minimising time spent in the semiquinone form. Upon oxidation
of N3 the electron at Nla could be transferred via FMN to re-reduce N3. The
proposed advantage for this would be to minimise ROS formation from the
semiquinone form of FMN (90).

1.3.7 Coupling mechanism

Complex I pumps four prdtons across the membrane per pair of electrons
transferred from NADH to ubiquinone (/46;/47). Neither the mechanism by
which protons are pumped nor the means by which proton pumping is coupled to

the relatively well understood process of electron transfer are known. Fe-S
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centre N1a seems unlikely to be involved in the coupling mechanism based on its
location relative to the membrane and low midpoint potential. The linear
arrangement and approximately equal midpoint potentials (Em7 = ~ -250 mV) of
the other Fe-S centres, with the exception of centre N2, would seem to suggest
that the “non-N2 Fe-S centres” function solely to supply a coupling site, located
near or in the membrane arm, with low potential electrons. This is supported by
the use of alternative electron input modules by some complex I equivalents (see
section 1.3.3) and by the presence of homologues of the electron input module
(24 kDa, 51 kDa and 75 kDa subunits) in various soluble, non-energy converting,
NAD(P)-depending hydrogenases and formate dehydrogenases of bacteria and
archaea (/10).

In Y. lipolytica site-directed mutagenesis experiments have shown that the E,; of
Fe-S centre N2 can be lowered from -140 to -220 mV by replacing a single
residue (an H226M substitution in subunit NUCM). This also resulted in
elimination of the N2 pH dependence and, unexpectedly, did not affect the
function of the complex (/07). This would seem to render N2 equivalent to the
six isopotential centres and would suggest that all the Fe-S centres function
solely to transport electrons from FMN to an unknown coupling site. Alternative
functions for the 85 A long electron transfer chain formed by the Fe-S centres
may include minimising generation of ROS or minimising damage caused by

ROS..

Highly active complex I preparations from bovine and Y. lipolytica have been
shown to retain only substoichiometric amounts of ubiquinone (/48) which
would seem to rule out the presence of any tightly bound quinone moieties. This
conclusion and those of the discussion above put great emphasis on the role of
the Q-site(s) in the coupling and proton translocation mechanisms. The location
and number of Q-site(s) in complex I is not known. Studies of bovine complex I
by EPR spectroscopy (see section 1.3.8.1) have identified three distinct
semiquinone signals, termed SQng SQns, and SQnx, with differing
physicochemical properties ('1 44;145). SQnr has a rapid spin relaxation time, is
dependent on the presence of a membrane potential and, in conjunction with
analysis of the Fe-S centre N2 signal, has been shown to indicate a paramagnetic

interaction between the semiquinone from which it arises and N2 (144,145).
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Analysis of this interaction indicates that the distance between N2 and the source
of SQnris ~12 A (/45). Currently it is not known whether the three EPR signals
arise from three semiquinones in three distinct binding sites or from a
combination of a lesser number of bound semiquinones in differing states (i.e.
effects of changes in the protein are transmitted to the semiquinone via the Q-site
in which the semiquinone is bound and affect its EPR characteristics). The
application of EPR spectroscopy to complex I is discussed in greater detail in

section 1.3.8.1.

Mutations in subunit ND1 have been found that result in altered quinone
reduction kinetics (/49) suggesting that ND1 may form part of the Q-site(s), a
conclusion that is further supported by photolabelling experiments using a
rotenone analogue (/50) and from the study of Q-site inhibitor resistant mutants
(I151). The homology, fragmentation and structural data discussed above do not
rule out the possibility that there is a large Q-site formed from residues of the 49
kDa, PSST and NDI1 subunits. A possible Q-site binding motif has been
identified in ND4 and ND5 by bioinformatic analysis of known Q-sites (62).
The possibility of the involvement of ND4 is further supported by a study in
which the ND4 subunit homologue in E. coli was directly photoaffinity labelled
by an azido-Q analogue (/52). In addition, several mutations that are linked to
human mitochondrial diseases map very close to the identified motifs indicating
that this region is functionally important (62,753). Structural studies suggest that
ND4 and NDS5 are located at the distal end of the membrane arm to N2 (see
sections 1.3.4 and 1.3.5) which would suggest that the coupling mechanism

involves the full length of the membrane arm.

Studies demonstrating the binding and reduction of compounds ranging from the
relatively hydrophilic ubiquinone-0 to ubiquinone derivatives especially
synthesised with large bulky sidechains (/54) have suggested that the Q-site(s) is
either large or flexible. This notion is further supported by the plethora of
hydrophobic complex I inhibitors with widely differing structures (155), a great
number of which have been shown to occupy the same binding pocket by

equilibrium binding studies (/56).
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Also relevant to the complex I coupling mechanism are studies suggesting
complex I from Klebsiella pneumoniae (157) and E. coli (158) are able to pump
sodium ions in place of protons. This is a controversial issue at present: a recent
review by Brandt (//1) argues compellingly against this, suggesting, amongst
other things, that the observed activity could be due to NQR-type NADH

dehydrogenase in K. pneumoniae and H'/Na" antiporter activity in E. coli.

In 1998 Dutton et al proposed that coupling and proton translocation may be
accomplished using a reverse Q-cycle mechanism similar but functionally
opposite to that of cytochrome bc) complex (see section 1.1.3.2) (159). The first
step of the proposed mechanism is reduction of a ubiquinone, bound at a Q-site
within the membrane arm close to the matrix side (Q,.), by Fe-S centre N2
forming a reactive semiquinone. This semiquinone subsequently oxidises a
ubiquinol also bound within the membrane arm but at a Q-site near the inter-
membrane space side (Qnx). Redox changes are accompanied by uptake of 2
protons from the matrix during the formation of ubiquinol at Q,, and release of a
single proton into the inter-membrane space during the formation of a
semiquinone at Qux. The ubiquinol bound at Q,, is then released and a
ubiquinone binds in its place. A second electron from Fe-S centre N2 reduces
this ubiquinone forming a second reactive semiquinone which oxidises the
semiquinone bound at Qx to ubiquinone. As with the first stage 2 protons are
taken 'up from the matrix and one is released into the inter-membrane space.
Exchange of ubiquinol for ubiquinone at Q,, and ubiquinone or ubiquinol at Quy
marks the end of the cycle. This mechanism accounts for translocation of 2
protons per NADH oxidised. Dutton et al propose that an additional tightly or
covalently bound quinone or quinone-like moiety (Qyy), located between Qnx and
Qnz couples the transfer of electrons between the Q-sites to proton translocation
using a conformation gated mechanism. They speculate Q,, may account for
UV/visible data assigned to a possible quinone-like structure in the membrane
arm of complex I by Friedrich et al (160) (discussed in section 1.3.8.2). Other Q
cycle based mechanisms have also been proposed (/6/), but they are less
obviously related to known mechanisms of other enzymes and remain

speculative (162).
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Proposed mechanisms (or components of mechanisms, see above) that do not
utilise a reverse Q cycle fall into two classes: directly-coupled and indirectly
coupled (/25,134;163;164). In directly-coupled mechanisms proton transfer
across a hydrophobic barrier is controlled directly by a gating reaction, such as a
coupled electron-transfer reaction, positioned at (or close to) the barrier.
Cytochrome c¢ oxidase is an example of a directly-coupled proton-pump (see
section 1.1.3.3). In indirectly-coupled mechanisms the driving reaction is
spatially separated from proton transfer across the hydrophobic barrier, and the
two are coupled indirectly by interactions with the protein structure. The rotary
catalysis of F-type ATPases (see section 1.1.3.5) is an example of an indirectly-

coupled mechanism.

Hirst (162) discusses two mechanisms that are broadly in accord with the
experimental evidence described in this section and could each occur with direct-
or indirect-coupling. In the first, proton transfer is coupled to a reduction of Fe-S
centre N2. An electron is transferred to N2 forming a high energy state, perhaps
by altering the conformation of the surrounding protein, conserving the potential
energy. Relaxation of the reduced centre N2 from this high energy state to a
lower energy state could be coupled to the transfer of two protons across a
barrier. Reduced centre N2 in the lower energy state would still be capable of
reducing bound (semi)quinone. In the second mechanism described, proton
transfer is coupled to substrate binding or product dissociation. This would
require the translocation of 4 protons using energy liberated from the binding of

ubiquinone or the release of ubiquinol.

From the currently available experimental data it is not possible to tell whether
the coupling mechanism is direct or indirect. Centre N2 has been particularly
implicated in directly-coupled mechanisms because of its midpoint pH-
dependency, which means that a proton is bound on reduction and released again
on reoxidation. Combining this with a gating mechanism that only allows
protonation from the n-side of the membrane and deprotonation to the p-side
would create a coupled proton transfer mechanism. The unique ligation of N2 by
two consecutive cysteine residues may allow the 4Fe-4S centre to be directly
protonated (90) which would favour a direct redox driven model. However, the

fact that the redox Bohr group of N2 can be removed without adverse

64



Chapter 1

consequence to function disfavours a direct redox driven model of this kind

(101).

More recently, a number of groups have emphasised indirectly-coupled
mechanisms involving conformational changes operating over a distance. For
example, Sazanov et al have suggested that elements within the high resolution
structure may be able to transmit redox state-dependent signals from the Fe-S
centres to the membrane domain (90). Brandt et al have suggested that the high
levels of variability within their EM particle analysis data sets are indicative of
unusual flexibility in the complex I structure. They also suggest features in the
structure may represent a transient structural connection between the peripheral
domain and the middle of the membrane domain (/30). Occurrence of such large
scale structural changes may also account for the ‘horseshoe’ shaped EM image
obtained by Béttcher et al (see section 1.3.5). However, it is clear that further
data are required before the nature of coupling/proton-pumping mechanism of

complex I can be determined.
1.3.8 Spectroscopic studies of complex I

1.3.8.1 Electron paramagnetic resonance

spectroscopy

EPR spectroscopy allows detection and characterisation of species that have
unpaifed electrons including the Fe-S centres (when reduced), FMN (when in the
semiquinone form) and substrate ubiquinone (when in the semiquinone form) of
complex I. Sled et al used a combination of potentiometry and X-band EPR
spectroscopy to redox titrate the g = 2.005 flavosemiquinone signal in bovine
complex I (95). Relative flavosemiquinone concentration ([F1')/[Flw]),
calculated from the relative peak to peak amplitude of the g = 2.005 signal and
the total FMN concentration, was plotted against ambient potential (E},). At 25
°C [F1')/[Flio] is related to Ej, by the following equation:

1

1 —
[FI']/[F1,,]= 1+10(E.,—Em”°)/59 +10(Em2/1_5h),59

Where E,,'”° and E,;”" are midpoint potentials for the first and second reductive steps of
FMN (165).
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Sled et al found values of -414 mV and -336 mV for Em”O and EmZ/1 respectively
(see Table 1.3) to be optimal for simulation of their data obtained at pH 7.5 (93).
Additional data obtained at a range of pH values enabled the pH dependency of
the midpoint potential of the 2 e reduction of FMN in complex I to be
determined (see Table 1.3). The data also allowed pK values of the
flavosemiquinone (FI"/FIH’) and reduced flavin (FIH/FIH,;) forms to be
estimated as 7.7 and 7.1 respectively (95).

Ohnishi et al have reviewed the large body of EPR data on the Fe-S centres of
complex I (96). This work details the resolution of six distinct Fe-S centres: 2Fe-
2S centres Nla and N1b and 4Fe-4S centres N2, N3, N4 and N5 using reductive
titrations, potentiometric titrations and spectral computer simulations. Beinert et
al originally identified four Fe-S centres in the isolated bovine complex. The
signal of the first centre (N1b in modern nomenclature) at g, , x = 2.022, 1.938,
1.923 was measured at 77 K and was characteristic of a binuclear centre. The
second centre (N2) produced a well resolved signal characteristic of a
tetranuclear centre at g, = 2.054, g« -y = 1.922 at temperatures above 20 K. The
third and forth centres (N3 and N4) could not be resolved in this study; in
combination they produced an EPR signal at g, =2.100 and gx = 1.886 and 1.862
(166). Ohnishi et al later resolved the third and forth centres potentiometrically
in pigeon heart submitochondrial particles where they exhibited different Epnz,
values (-240 and -410 mV, respectively). The N3 and N4 signals were suggested
to be at g y, x = 2.10, ~1.93, 1.87 and g, y, x = 2.11, ~1.93, 1.88 respectively
(167). Albracht suggested a value of 2.037 for the N3 g, signal obtained from
computer fit for equi-spin content of centres N3 and N4 from the bovine heart
complex I (/68). This finding was confirmed by experiment by Ohnishi and the
g value of centre N3 in pigeon heart submitochondrial particles was revised: g
zyx = 2.04, 1.93, 1.87 (96). At lower temperatures EPR signals from species
with more rapid spin relaxation rates are more readily detectable. Low
temperature (<7 K) measurements of the Nqo3 subunit of P. denitrificans
complex I (homologue of the bovine 75 kDa subunit) have allowed detection of
the centre NS signal at g ,yx = 2.07, 1.92, 1.90 (/69). An EPR signal at g ,,x =
2.00, 1.95, 1.92 measured in the flavoprotein fragment of P. denitrificans has
been tentatively assigned to centre N1a (/70). The additional Fe-S centre found
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in T. thermophilus, E. coli and some other bacteria was originally thought to be a
third 2Fe-2S type centre. EPR data from Ohnishi et al later proved that the
additional centre is tetranuclear prompting its name to be changed from centre
Nlc to N7 (94). Investigation of complex I fragments with EPR spectroscopy
allowed the locations of all EPR-detectable Fe-S centres to be tentatively
assigned prior to publication of the high resolution structure of the T.
thermophilus hydrophobic domain (90) (which confirmed the earlier findings)
(see Table 1.2). EPR experiments in conjunction with potentiometry and pH
titration have enabled midpoint potentials and their pH dependencies to be
determined (see Table 1.3). Fe-S centres N6a and N6b have not yet been
detected by EPR spectroscopy, although they have been detected by UV/visible

spectroscopy as described in section 1.3.8.2.

As briefly described in section 1.3.7, EPR spectroscopy has also been applied to
ubisemiquinone species associated with complex I (/144,145;171). Three distinct
signals have been resolved in the complex I segment of the mitochondrial
respiratory chain during steady-state NADH oxidation in tightly coupled bovine
heart submitochondrial particles. These signals are distinguishable by their spin
relaxation properties. SQr has a fast spin relaxation rate and is only observable
in the presence of a membrane potential. SQns and SQnx are both insensitive to
membrane potential and have slow and very slow spin relaxation rates
respectively. Because semiquinones have their spin densities distributed over
several atoms paramagnetic interactions with nearby spin systems are the
strongest determinates of spin relaxation rate (/45). The differences in spin
relaxation rates of the observed semiquinone signals therefore indicate that the
semiquinone species from which they originate are located at differing locations
within the enzyme complex or that the redox centres close to the Q-site(s) are in
differing states (/45). The enhanced spin relaxation time of SQys is an indication
of interaction between the semiquinone and a tetranuclear Fe-S centre (/45).
Based on a close correlation between a line shape alteration of the g, = 2.054
signal of centre N2 and quenching of the SQys signal, either by changing
membrane potential or through use of inhibitors, it was proposed that SQnr
interacts with centre N2 (/44). This proposal was confirmed through

identification of additional indicators for interaction between the N2 and SQys
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signals and, through computer simulation of the interactions, a centre-to-centre

distance of 12 A has been proposed (145).

Although the studies outlined above have provided information on complex I of
great value the technique of EPR spectroscopy is not without limitations.
Relatively large volumes and high concentrations of protein are required for
analysis. Also, options for in situ manipulation of the sample during acquisition
of spectra are limited because of the inaccessibility of the sample chamber and
the necessity for very low temperatures for detection of signals with fast spin
relaxation rates. Finally, EPR is unable directly to detect non-paramagnetic

species.

1.3.8.2 UV/Visible spectroscopy

Complex I is not well suited to investigation by UV/visible spectroscopy on
account of the poor UV/visible signatures of the Fe-S centres. Although flavin
and flavoproteins are in general amenable to investigation by UV/visible
spectroscopy (oxidised flavin has well characterised absorptions at 450 and 370
nm) (/72), most data on FMN in complex I have been obtained by EPR (see
section 1.3.8.1). This is because the broad signals from the Fe-S centres obscure

the more informative contributions from FMN (95).

UV/Visible spectroscopy has been used to characterise the EPR-silent
tetranuclear Fe-S centres N6a and N6b by Friedrich ef al. Signals at 325 and 425
nm appearing as troughs in oxidised minus reduced difference spectra were
resolved from those of FMN and the EPR detectable Fe-S centres kinetically
during the oxidation of NADH-reduced N. crassa complex I by oxygen. The
midpoint potential of this signal was determined to be -270 mV by redox titration
and found to be pH-independent between pH 7.0 and 8.2. Equivalent signals at
330 and 425 nm were detected in E. coli complex I, although they could not be
completely resolved from other components (92,160). Equivalent signals were
detected in an E. coli fragment consisting of subunits NuoB, NuoCD and Nuol
and 1n the related Ech hydrogenase from M. barkeri, a membrane-bound
multisubunit [NiFe] hydrogenase which contains homologues of all subunits in
the E. coli fragment plus homologues of two of the membrane subunits. The

absence of similar signals in an equivalent spectrum from the soluble NAD"-
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reducing hydrogenase from Ralstonia eutropha, which contains homologues of
all subunits of the E. coli fragment with the exception of Nuol (TYKY)
supported tentative assignment of the novel redox centre to the Nuol subunit
(160). Subsequent comparison of the connecting fragment spectrum with an
equivalent spectrum of the Clostridium pasteurianum 8 Fe-ferredoxin supported
the assignment of the novel signal to two tetranuclear Fe-S centres located on
subunit Nuol (92,760). These findings have subsequently been confirmed with
the publication of the high resolution structure of the I. thermophilus
hydrophobic domain (90).

Hellwig et al recorded electrochemically induced UV/visible redox difference
spectra of E. coli complex I and a fragment of that complex to accompany FTIR
measurements (see section 1.3.8.3). They reported several broad and featureless
signals resulting from overlapping contributions from FMN and the Fe-S centres
which were monitored in order to confirm the reversibility of induced redox

changes (84).

Friedrich ef al have reported UV/visible signals in a reduced minus oxidised
difference spectrum of E. coli complex I which they tentatively assign to an
additional redox group of unknown chemistry possibly located in the membrane
arm (/60). With continuous acquisition of UV/visible spectra, oxidised complex
I was reduced with a 5-fold excess of NADH in anaerobic conditions; complete
reduction was confirmed by removing a small aliquot for analysis by EPR. The
NADH:NAD" ratio was then adjusted by adding lactate dehydrogenase and
pyruvate to give a final redox potential of -150 mV (calculated from the applied
pyruvate/lactate ratio). Oxidation of NADH to NAD" occurred in seconds and
oxidation of complex I occurred in minutes. At equilibrium a small aliquot was
removed for analysis by EPR, this indicated that all EPR detectable components
had been re-oxidised. However, the UV/visible spectrum obtained at -150 mV
differed from the initial fully oxidised spectrum. The plot of the reduced minus
oxidised difference consisted of a positive absorbance at approximately 300 nm
and a very broad negative feature around 450 nm. Redox titration in an ultra-thin
layer spectroelectrochemical cell allowed a midpoint potential for the cause of
these unusual signals to be estimated at -80 mV. Based on this midpoint value

Friedrich et al suggest that the putative redox centre lies in the membrane arm
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where it is involved in electron transfer from Fe-S centre N2 to quinone. The
origin of the signals was further investigated by acquisition of an oxidised minus
reduced FTIR difference spectrum for the 0 mV to -130 mV transition. The
presented spectrum consists of peaks at 1656, 1638, 1165 cm™ and a trough at
1100 cm™. The peaks at 1656 and 1638 cm’ are tentatively assigned to C=0 and
C=C modes, respectively, or to perturbations of the peptide backbone. Friedrich
et al go on to speculate that these signals may arise from an unknown quinoid
structure. It is important to note that since these findings were published in 2000
no further supporting evidence for such a structure, with the exception of the
EPR findings discussed above, has been found. Also, our group has applied
redox difference FTIR spectroscopy to the membrane arm of bovine complex I

and found no supporting evidence (work of Fisher, N., unpublished).

1.3.8.3 FTIR spectroscopy

In Chapter 5 a thorough FTIR characterisation of complex I from Y. lipolytica
and B. taurus 1s described. Prior to this study several FTIR studies on complex I
from E. coli were published by Hellwig et al, these are summarised below. The
data presented in Chapter 5 are broadly consistent with the E. coli data however
the presented interpretations and conclusions differ radically from those of
Hellwig et al. 1t is therefore appropriate to describe the available IR data on
complex I only briefly here prior to discussing it fully in light of the findings of
this work (and the additional high resolution structural data now available) in

Chapter S.

The first FTIR spectroscopic characterisation of complex I was performed by
Hellwig ef al in 2000 (84). In this study electrochemically induced difference
spectra were recorded in transmission mode for critical potential steps of
complex I from E. coli and of the soluble NADH dehydrogenase fragment, which
consists of subunits NuoE, NuoF and NuoG, of the same complex. Redox
difference spectra of all components were recorded using oxidising and reducing
potentials of 200 and -700 mV versus Ag/AgCl (corresponding to 404 and -496
mV SHE) respectively. In order to investigate signals arising from changes
associated with FMN, the midpoint of which they determined to be -530 mV
versus Ag/AgCl (-326 mV SHE) in E. coli complex I (as unpublished data),
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difference spectra were obtained for the potential step between -500 and -700
mYV versus Ag/AgCl (-296 and -496 mV SHE). Additional difference spectra for
the potential step between -300 and -500 mV versus Ag/AgCl (-96 and -296 mV
SHE) were recorded in order to investigate signals arising from changes
associated with the isopotential Fe-S centres and, in the case of the whole
complex, Fe-S centre N2. The results of this study are discussed in detail in
Chapter 5. Briefly, obtained spectra are interpreted to indicate that strong
reorganisations on the polypeptide backbone occur with redox changes of both
FMN and Fe-S centres based on amplitude of amide I signals. A signal at 1548
cm™ and an indistinct signal at 1710 cm™ in the spectra obtained for the -296 to -
496 mV potential step were tentatively assigned to FMN based on comparisons
with difference spectra obtained for FMN and FAD in solution. Contributions
from FMN were noted to be smaller than expected. Differences between spectra
obtained from the whole complex and from the NADH dehydrogenase fragment
were interpreted as arising primarily from changes associated with
reduction/oxidation of Fe-S centre N2, which is not present in the fragment, and
associated protonation state changes. Also absent from the fragment and
therefore likely to contribute are Fe-S centres N6a and N6b. Although these
centres were characterised and tentatively assigned to subunit Nuol of E. coli
complex I in a manuscript by the same authors submitted within the same month
(160), their contributions are not discussed. Differences in the amplitude of
signalé between 1710 and 1720 cm™ in the spectra obtained for the -96 to -296
mV SHE potential step of the fragment and of the whole complex were
interpreted as indicating either a possible deprotonation of an aspartic or
glutamic acid sidechain or a change in the environment of a protonated

aspartic/glutamic acid upon reduction of N2.

In a second study by Hellwig et al (173) electrochemically induced redox
difference spectra for the 0 mV to -500 mV potential step were recorded in
transmission mode for both E. coli complex I and its NADH dehydrogenase
fragment. They calculated double difference spectra and observed, in addition to
signals that they previously tentatively assigned to aspartic or glutamic acid
residues (84) (see above), signals at 1515 and 1498 cm™ that they tentatively

assigned to protonation and deprotonation of one or more tyrosine sidechains
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respectively based on comparison with model compound data (see section 3.5.5).
These signals were assigned to tyrosine 114 and tyrosine 139 of subunit NuoB by
FTIR analysis of site directed mutants. The putative tyrosine signals were found
at half the wild-type intensity in double difference spectra obtained from Y114C
and Y139C mutants and at negligible intensity in a Y114C/Y 139C double mutant
suggesting that they originate from protonation of both tyrosine 114 and tyrosine
139 upon reduction of Fe-S centre N2. The authors speculate that tyrosine 114
and 139 may be involved in the proton pumping mechanism of complex I and
draw attention to the reduced amplitude of amide I signals in the double mutant
redox difference spectrum which may indicate that a conformational change is
involved in this mechanism. In a later publication (/74) the authors state that
this data shows that the reaction of N2 is coupled to a major conformation

change of the enzyme. These results are discussed more fully in Chapter 5.

In a further study by Hellwig et al (174) electrochemically induced difference
spectra of E. coli complex I are presented for the potential step from -50 to -650
mV versus Ag/AgCl (154 to -446 mV SHE) at pH 5.5, 6.5 and 7.5. A peak at
1732 cm™ in the (oxidised minus reduced) pH 5.5 difference spectrum that is
absent at pH 6.5 was tentatively assigned to protonation of an aspartic or
glutamic acid sidechain which occurred at the lower pH but not at the higher.
Concomitant variations at approximately 1585 and 1408 cm™ were tentatively
assigned to loss of the deprotonated form, and supported this assignment
(assignments were based on IR studies of model compounds (/75), see section
3.5.5). The complex I preparation used for these studies included 0.5 molecules
of quinone per complex. Differences in the amplitude of signals arising from
redox changes of ubiquinone between the spectra at different pH values was
supposed to reflect an effect of pH on the quinone binding affinity of the
complex. The authors made tentative assignments to quinone, including signals
at 1264 and 1610 cm™', and noted their increased amplitude at low pH. They
interpreted these findings as possible indicators that the protonation of
sidechains, possibly including the glutamic/aspartic acid mentioned above, may
promote quinone binding and therefore may be used as markers for identification

of the Q-site(s). These results are further discussed in Chapter 5.
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1.4 Aims and objectives

This thesis describes the application of FTIR spectroscopy to cytochrome bc;
complex and complex I. The aims of the present study were: i. to obtain redox
difference spectra of cytochrome bc; complex, using the novel technique of
electrochemically-induced ATR FTIR redox difference spectroscopy, that were
comparable to previously published spectra obtained using different approaches
(see Chapter 4); ii. to gain new insight into the mechanism of quinone oxidation
at the Q,-site of cytochrome bc; complex (see Chapter 4); iii. to obtain redox
difference IR spectra of all components of complex I and to resolve signals
arising from changes associated with reduction/oxidation of Fe-S centre N2 in
order to gain new insight into the structure and mechanism of complex I (see
Chapter 5); and iv. to collate IR data on and make new FTIR measurements of a
wide range of model compounds to aid acquisition of and interpretation of the

respiratory complex spectra (see Chapter 3).
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Chapter 2: Materials and Methods

2.1 Protein purification

2.1.1 Mitochondrial cytochrome bc; complex

Mitochondrial cytochrome bc; complex was isolated from bovine heart muscle
by the method described in reference (74). All steps were performed at 0-4 °C.
First, Keilin-Hartree (KH) particles (/76) were prepared: 660 g fresh lean beef
heart muscle was diced and washed with water to remove haemoglobin prior to
placing in a Waring Blender (model 34BL.23) with 2 1 of 50 mM sodium bicine
pH 8.0. 20 ml of 2 M sodium bicine pH 9.0 was added prior to blending for 30
seconds at low speed, 30 seconds at medium speed then 45 seconds at high speed
with the blender vessel briefly cooled by plunging into ice between each step.
The pH was then adjusted to 8.0 with 2 M sodium bicine pH 9.0 and the sample
pressed through a layer of muslin prior to centrifugation at 3000 g,, (2500 rpm in
Sorvall SLC-6000 rotor) for 40 minutes. The supernatant was passed through 2
layers of muslin then centrifuged at 20,000 g,y (13,000 rpm in GSE rotor or
14,500 rpm in Sorvall SS-34 rotor) for 1 hour. The resulting pellet was
resuspended with a Dounce homogeniser to 100 ml with 0.1 M sodium borate
(orthoborate, BOs>), 0.1 M sodium phosphate at pH 8.5. Two beef hearts

provided sufficient material for two batches to be processed in a single day. The
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two resulting 100 ml suspensions were combined, diluted to 1 1in 0.1 M sodium
borate, 0.1 M sodium phosphate pH 8.5 and centrifuged at 20,000 g, for 1 hour.
The supernatant was discarded to leave a pellet of KH particles that were
resuspended in approximately 100 ml 0.1 M sodium borate, 0.1 M sodium
phosphate pH 8.5. The total concentration of protein was estimated from
cytochrome ¢ oxidase concentration, determined spectrophotometrically from a
sodium dithionite-reduced minus potassium ferricyanide-oxidised difference
spectrum  (€606-630 nm = 25.7 mM".cm’ (177)). Mitochondrial protein
concentration was estimated from this value using a figure of 0.4 nmoles
cytochrome ¢ oxidase/mg mitochondrial protein (/78). Typically, a two batch
preparation, processed in a single day, yielded around 100 ml of ~ 45 mg of

protein/ml resuspended KH particles. These were stored at -80 °C until required.

Both cytochrome bc; complex and cytochrome ¢ oxidase can be purified from
KH particles by cholate solubilisation followed by ammonium sulphate
fractionation. KH particles were diluted to 20 mg of protein/ml in 0.1 M sodium
borate, 0.1 M sodium phosphate pH 8.5. A 5 ml aliquot was removed and used
to determine optimum sodium cholate concentration for solubilisation of
cytochrome bc; complex and precipitation of contaminants at 40% (NH4),SO4
saturation. This was assessed by incrementally increasing sodium cholate
concentration in the presence of 40% (NH4),SO4 and clearing any precipitate
using a benchtop microfuge. At each increment the cytochrome ¢ oxidase and
cytochrome bc; complex content of the supernatant was determined
spectrophotometrically from reduced minus oxidised difference spectra
(cytochrome b of cytochrome bc; complex €s62-575 nm = 28.6 mM ' .cm’ (177)).
Typically, addition of 46 ul 20% (w/v) sodium cholate per ml was found to be
optimal, resulting in a supernatant containing 16% and 63% of the original
concentration of cytochrome c¢ oxidase and cytochrome bc; complex
respectively. These conditions were used for the bulk: sodium cholate was added
to the diluted KH preparation drop wise, followed by (NH4),SO4 to 40%
saturation. After 30 minutes the preparation was centrifuged at 35,000 g,,
(20,000 rpm in SS-34 rotor) for 20 minutes and the pellet discarded. The
supernatant was allowed to stand for 1 hour prior to centrifuging at 35,000 g,, for

1 hour. 12 g/100 ml (NH4),SO4 was added to the supernatant to give a final
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saturation of 55%. The preparation was allowed to stand for 20 minutes, during
which time cytochrome bc; complex precipitated, prior to centrifuging at 35,000
gav for 20 minutes. The supernatant, containing primarily haemoglobin and
cytochrome ¢, was discarded and the cytochrome bc; complex containing pellet
was resuspended to 30 ml with 0.1 M sodium phosphate, 0.5% (w/v) sodium
cholate pH 7.4. The preparation was left overnight, during which time further
contaminants precipitated, prior to centrifuging at 35,000 g,, for 20 minutes. The
resulting supernatant was brought to 25% (NH4),SO4 saturation prior to
centrifuging at 35,000 g,y for 15 minutes. The supernatant was treated with
additional (NH4);SO,4 such that percentage saturation was increased in 3%
increments up to 50% with precipitates removed at each increment by
centrifugation at 35,000 g,, for 15 minutes. Each of the resulting pellets was
resuspended in 0.1 ml 0.1 M sodium phosphate pH 8.0; cytochrome ¢ oxidase
and cytochrome bc; complex content were determined spectrophotometrically as
before. One typical cytochrome bc; complex preparation yielded 150, 312 and
114 nmoles at 38, 41 and 44% (NH,4),SO, saturation respectively; no cytochrome
c oxidase was detectable in these samples. Finally, fractions with no detectable
oxidase were pooled and dialysed against 0.1 M sodium phosphate at pH 8.0; it
was not found to be necessary to add additional sodium cholate to prevent
precipitation. Typical preparations yielded around 0.7 ml of 100 uM cytochrome

bc) complex. Samples were stored in small aliquots at -80 °C.

2.1.2 Rhodobacter  capsulatus  cytochrome bc,

complex (wild-type and E295V mutant)

Bacterial cytochrome bc; complex was supplied by P. L. Dutton from the
University of Pennsylvania, U.S.A. It was purified from a genetically engineered
strain of Rba. capsulatus in which the chromosomal copy of the pet operon had
been deleted and into which a plasmid, encoding the pet operon, had been
introduced. Because the plasmid was present in multiple copies, cytochrome bc;
complex was over produced (/79). Proteins were solubilised with n-dodecyl-3-
D-maltoside (DDM) from chromatophores obtained from French-pressure cell

extracts. Cytochrome bc; complex was subsequently purified with successive
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diethylaminoethanol column chromatography steps (179-181). The supplied 39
pM aliquots were stored at -80 °C.

Cytochrome bc; complex with a glutamic acid to valine substitution at position
295 in cytochrome b was also supplied by P. L. Dutton. The site-directed
mutation was introduced using the Quikchange system from Stratagene. This
system involved the copying of an engineered template plasmid which contained
a wild-type copy of petABC, using a suitable DNA polymerase and primers
designed to incorporate the E295V substitution into the product. Resulting DNA
fragments were sequenced and those which encoded only the single amino acid
change were inserted into an expression vector and introduced into a Rba.
capsulatus strain from which the petABC gene had been deleted (182). Success
of the procedure was confirmed by sequencing plasmid DNA from the mutated
strains. Cytochrome bc, complex was then purified in a similar manner to the

wild-type complex (/82,183). The supplied 40 uM aliquot was stored at -80 °C.

2.1.3 Bovine complex I

Mitochondrial complex I, purified from bovine heart muscle as described in
reference (/84) was supplied by Judy Hirst, Cambridge, U.K. Mitochondrial
membranes were prepared from isolated mitochondria by disruption with a
Waring blender in the presence of 150 mM potassium chloride (/85) and
resuspended in 20 mM Tris-HCl, 10% (v/v) glycerol and 1 mM ethylenediamine
tetra-acetic acid (EDTA) at pH 7.4. Membrane proteins were solubilised by
addition of 1% DDM and complex I was purified by anion exchange
chromatography followed by size exclusion chromatography then concentrated to
~ 2 mg/ml using a centrifugal concentrator (/84). The concentration of the
supplied samples was 129 mg/ml; samples were stored at -80 °C in 25 ul

aliquots.

2.14 Yarrowia lipolytica complex I (wild-type and
H226M mutant)
Wild-type complex I was prepared from a recombinant strain of Y. lipolytica

which produced complex I with a His-tag incorporated onto the C-terminus of

subunit NUGM (the homologue of the bovine 30 kDa subunit). The gene NUGM
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was deleted from Y. lipolytica strain GB1 (/86), and replaced by a plasmid copy
which included a C-terminal extension consisting of six histidine residues.
Introduction of the His-tag into complex I was shown not significantly to affect
assembly or function of the complex (1/86). Cells in 400 mM sucrose, 1| mM
EDTA, 20 mM sodium MOPS at pH 7.2 were broken using a bead beater (/87).
Membrane proteins were made soluble by adding 1 g DDM per g of protein; in
the presence of 1 mM phenylmethylsulfonyl fluoride, a protease inhibitor. The
His-tagged Complex 1 was then isolated using a nickel nitrilotriacetic fast flow
Sepharose column (Pharmacia) and fast protein liquid chromatography. The
combined peak fractions containing complex I activity were pooled, concentrated

to 73 mg/ml using a centrifugal concentrator and stored at -80 °C (186).

Complex I in which His-226 of the NUCM subunit (homologue of the bovine 49
kDa subunit) was replaced by a methionine residue was prepared from strain
Anucm L1 (/88), in which the NUCM gene had been deleted. The H226M point
mutation was generated by the QuikChange method (Stratagene) using a
polymerase chain reaction product containing the NUCM gene as a template, a
suitable DNA polymerase and primers designed to incorporate the substitution
into the product. Resulting fragments were sub-cloned into pUB4 and introduced
into strain ANUCM L1 (188). Y. lipolytica H226M complex I was then purified
by essentially the same method as described for the wild-type complex
(186,188). The concentration of the supplied sample was 9 mg/ml; the sample

was stored at -80 °C.

2.1.5 Complex I activity assay

Complex I activity was determined by monitoring oxidation of substrate NADH
spectrophotometrically (/48). NADH absorbs in the near UV at 260 and 340
nm; oxidation to NAD" results in a small downshift of the 260 nm absorption and
abolition of the 340 nm band, the extinction coefficient (€340 nm) of which is 6.2
mM'.cm” (/89). Initial rates for NADH oxidation by complex I were
determined from AA340400 nm,» measured with a Sigma ZWSII dual-wavelength
spectrophotometer, versus time and using an €340400 nm of 6.1 mM.cm™.
Reactions were carried out in a 1 cm pathlength cuvette in 3 ml buffer (20 mM

Hepes, 250 mM Sucrose, 2 mM EDTA, 2 mM sodium azide pH 8.0) with 2 mM
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hexaammineruthenium chloride as an electron acceptor. A baseline absorbance
was measured prior to addition of 3 ul 100 mM NADH. After a short delay to
determine background rate, 6.8 ug Y. lipolytica complex I in a 3 pul volume was
added and AAs40.400 nm Was monitored over several minutes. To determine the
effect on activity of additional lipid, complex I was incubated on ice for 1 hour
with L-a-phosphatidyl choline type IV-S (Sigma P3644) at a lipid to protein
ratio of 500:1 prior to the activity assay. For this purpose a 5.4 mM stock
solution of L-a-phosphatidyl choline was purified by washing the lipid solid in
chloroform, followed by acetone and thorough drying onto the surface of a round
bottomed flask. The lipid was then dissolved into 20 mM potassium Hepes, 50
mM potassium chloride, 1.6% w/v n-octyl B-D-glucopyranoside pH 7.2 with

vigorous vortex mixing.

2.2 Model compounds and reagents

To aid interpretation of the complex FTIR difference spectra obtained from
cytochrome bc; complex and complex I a number of simple chemicals and
proteins were analysed. The model compounds described below were either
components of, or related to components of, the proteins under investigation or

were chemicals used to buffer or induce changes in the proteins.

2.2.1 Ferredoxins

Ferredoxins are low molecular weight, soluble proteins that contain one or more
iron-sulphur (Fe-S) centres. In some instances, structural data are available for
both oxidised and reduced forms, for example Desulfovibrio africanus 4Fe-4S
ferredoxin (/90;191), allowing the effect of Fe-S centre redox changes on the
peptide backbone to be visualised (/92) (see section 5.3.1). The IR absorption
properties of ferredoxins were analysed to assist in the interpretation of IR
spectra of complex I, the bovine and yeast form of which contain two 2Fe-2S
type- and six 4Fe-4S type- Fe-S centres. All ferredoxins were supplied by Prof.
Richard Cammack, Kings College London with the exception of the 2Fe-2S type
ferredoxin from parsley which had been prepared by a standard method (793) by
P. Rich. Ferredoxins containing a single 4Fe-4S type Fe-S centre or ferredoxin

containing two 4Fe-4S type Fe-S centres were purified from D. africanus (194)
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and Clostridium sporogenes (195) respectively. All samples were stored at -80
°C.

2.2.2 Flavin mononucleotide

Flavin mononucleotide (FMN), supplied by Sigma (F6750), is a non-covalently
bound component of complex I. 2 mM FMN solutions in 20 mM potassium
phosphate and 200 mM potassium chloride at pH 6.0 and 8.0 were analysed by
electrochemically-induced ATR FTIR redox difference spectroscopy (see section
2.4.6) in order to identify marker bands that would be expected to contribute to
complex I spectra. FMN exists in reduced (FMNHy), semiquinone (FMNH") and
oxidised (FMN) forms. In solution the semiquinone form is unstable and the
midpoint potential (En7) for 2¢” reduction/oxidation is -219 mV (100). The pK,
values of FMNH, / FMNH and FMNH / FMN" are 6.7 and 8.5 respectively in
aqueous media (/65,196); pK, values and midpoint potentials of FMN in

complex I are detailed in section 1.3.2.

2.2.3 Histidine

The imidazole sidechain of histidine is able to ligate metals and exist in four
different protonation states (see section 3.5.4). This amino acid therefore has the
potential to play a direct role in protonation transfer mechanisms. Imidazole
minus imidazolate and imidazolium minus imidazole FTIR difference spectra
were ‘recorded in order to determine IR markers useful for the detection of
histidine protonation state changes in proteins. Solubility changes occurring with
protonation state changes complicated this process and necessitated the use of
monomeric L-histidine solutions and of thin layers of poly-L-histidine (n = 112)
for acquiring a full dataset of imidazole minus imidazolate and imidazolium
minus imidazole spectra respectively (see section 3.5.4). pH titration of a
solution of 50 mM L-histidine (monomeric) and 10 mM potassium ferrocyanide
(€2038 cmt = 4140 M'l.cm'l) and the measured effective pathlength of the ATR
evanescent wave (see section 2.4.2) enabled the extinction coefficient of an IR
marker band at 1450 cm™ for the imidazole-imidazolate protonation state change

difference spectrum to be determined (see section 3.5.4).
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2.24 Electrochemical mediators

Potassium ferricyanide (En; = 420 mV), hexaammineruthenium chloride (Exy =
70 mV), gallocyanine (En7; = 20 mV), anthraquinone-2,6-disulfonate (Erm7 = -185
mV), benzyl viologen dichloride, (Em7 = -311 mV) and methyl viologen, (Ery = -
449 mV) were used in appropriate combinations for redox mediation during
electrochemically-induced FTIR difference spectroscopy (see section 2.4.6).
Redox difference spectra for each of these compounds were measured in order to
identify any contribution from these compounds to the redox difference spectra
of the proteins under investigation. Such contributions could be removed by

subtraction of the appropriate pure mediator spectrum (see section 3.4.2).

2.25 Potassium phosphate buffer

Proteins, including ferredoxins, were buffered in potassium phosphate at an
appropriate pH during ATR FTIR analyses. Dihydrogen phosphate ions (H,PO4’
) (hydrogen-ion donor (acid)) and hydrogen phosphate ions (HPO4*) (hydrogen-
ion acceptor (base)) have different IR absorption characteristics. Variation in the
ratio of the concentrations of buffer components is detectable by FTIR for even
slight changes in pH. In order to identify buffer contributions to protein FTIR
difference spectra and to remove them when necessary absolute FTIR spectra
were recorded for 0.5 M potassium phosphate solution at pH values from 5.5 to

8.5 at 0.1 pH unit increments (see section 3.4.1).

2.3 UV\isible spectroscopy

UV/Visible spectra were recorded in an appropriate wavelength range either
using a cuvette or using a fibre optic probe (Avantes, The Netherlands); the latter
enabled measurement of samples mounted on the IRE allowing simultaneous
UV/visible and ATR FTIR spectroscopy. In both cases similar in-house-
assembled spectrophotometers were used. The light source consisted of a 12 V
100 W tungsten lamp in an Applied PhotoPhysics (APP) housing powered by a
Bentham 505 current-stabilised filament lamp power supply. UV/Visible
radiation was passed through a /3.4 scanning monochromator (APP) and
delivered to the sample either directly, when using a cuvette, or by a fibre optic
reflecting probe, when making simultaneous UV/visible and ATR FTIR

measurements.  Transmitted radiation was detected by a high voltage
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photomultiplier tube. The resulting signal was amplified appropriately by a
Keithley 428 current amplifier, with 1 ms filter enabled, then digitised by a
Microlink analogue to digital converter. Equipment was interfaced to a control
computer that could be synchronised to the computer controlling the IR
spectrophotometer so that both UV/visible and IR data acquisition could be
automatically synchronised. Absorbance values were computed as log Io/I,,
where I is the sample intensity and I is an appropriate background value. More
specific details on how this technique was used are included in the relevant

results chapters.

2.4 Infrared spectroscopy

FTIR spectra of cytochrome bc; complex, complex I and model compounds were
recorded with a Bruker IFS 66/S spectrophotometer, fitted with a liquid nitrogen-
cooled MCT-A- or -B-type detector. With the exception of transmission mode
measurements performed to determine the effective pathlength of the ATR

evanescent wave (see below) all measurements were performed in ATR mode.

24.1 Attenuated total reflection FTIR spectroscopy

All measurements in ATR mode were taken at room temperature with a 1.5 mm
aperture and a resolution of 4 cm’. The ATR accessory (DuraSamplIR, SensIR
Technologies, Europe) was formed from a 3 mm surface diameter 3 reflection
silicon internal reflective element (IRE), mounted on a ZnSe focusing element
and surrounded by a stainless steel plate. Prior to sample deposition the IRE was
polished with a paste of 0.03 mm alumina powder, and cleaned with water and
ethanol; this resulted in the removal of a thin layer (estimated to be in the order
of microns) of the uppermost surface of the IRE and with it any contaminants.

This configuration allowed the 4000 cm™ to 900 cm™ region to be measured.

2.4.2 Effective ATR path length

In order to interpret ATR FTIR spectra quantitatively it was necessary to
determine the path length of the evanescent wave established at the IRE surface.
Path length can be calculated from the measured IR absorbance of a sample with
known extinction coefficient and concentration (see introduction, section 1.2.1).

The extinction coefficient of ferricyanide at 420 nm is 1.0 mM.em? (197);
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ferricyanide also has a characteristic absorption in the mid-IR region at 2115 cm’
! for which the extinction coefficient is not known. In order to determine this
extinction coefficient for use in calculating the ATR evanescent wave pathlength,
potassium ferricyanide solutions at 25 mM, 50 mM and 100 mM were prepared
in 0.1 M potassium phosphate at pH 7.0. The ferricyanide concentration of these
solutions was confirmed using UV/visible spectroscopy and a cuvette of known
pathlength with appropriately diluted samples. Each solution was then loaded
into a cell consisting of two calcium fluoride windows that are transparent to
both UV/visible and IR radiation, and separated by a spacer of approximately 30
um thickness (Graseby SpecAc). UV/Visible spectroscopy at 420 nm was used
to determine the pathlength of this cell prior to recording the intensity of the
absorbance at 2115 cm™ by transmission FTIR spectroscopy. From these data,
an average value of 1.1 mM.cm™ was calculated for the extinction coefficient of
the 2115 cm™ absorbance band of ferricyanide (see Table 2.1). The ATR
apparatus was then mounted in the IR spectrophotometer and intensities of the
2115 cm™ peaks of the three ferricyanide solutions measured. The pathlength of
the evanescent wave at 2115 cm’ was calculated to be 2.6 um from the
ferricyanide extinction coefficient and known concentrations (see Table 2.2).
Since the depth of penetration of the evanescent wave is linearly inversely
proportional to frequency (72), the pathlength (in um) at any other frequency x
cm’ is 2.6 x (2115/x). In addition to wavelength (), the depth of penetration
(dp) of the evanescent wave is also affected by the refractive indexes of the
sample (n;) and IRE (n;) and by the angle (0) at which incident radiation strikes

the reflecting surface; see equation below (72) and section 1.2.2.2:
dp=(\/n)/ (2n [sin 6 - (n, / n2)’1*>)

Therefore extrapolation of an effective pathlength for a protein sample from this

data requires the assumption that »; is constant.
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Ferricyanide AA420-500 nm Pathlength of | AAj;15.2080 et €2115 ¢!

conc. (mM) cell (um) (transmission) . .
(mM " .cm”)

25 0.082 31.5 8.88x10™ 1.07

50 0.166 31.3 1.78x107" 1.08

100 0.330 314 3.58x10" 1.08

Average 314 1.08

Table 2.1 UV/Visible data used for determining pathlength of cell and transmission
mode FTIR data used for determining €;1;5 cmr1; S€€ tEXt.

Ferricyanide | AA,;15.2080 el £2115 cor! Path length of evanescent wave
conc. (mM) | (ATR) . (pm)
(mM ".cm™)
25 6.92x107 1.08 2.56
50 1.37x107 1.08 2.54
100 2.79%10™ 1.08 2.58
Average 2.56

Table 2.2 ATR FTIR data used for determining effective pathlength of evanescent wave;
see text.

243

Preparation of protein for ATR FTIR

spectroscopy

ATR FTIR spectroscopy can be applied to both hydrophilic and hydrophobic
proteins.  Hydrophilic soluble proteins (e.g. ferredoxins) required less
preparation, although it was necessary for proteins to be prepared at sufficient
concentration (ideally, = 2 mM) and volume (~ 25 pul) for difference

spectroscopy.

ATR FTIR difference spectra of poly-L-histidine (in the insoluble imidazole
form - see section 3.5.4), cytochrome bc; complex and complex I were obtained
from rehydrated protein films adhered directly to the IRE through hydrophobic
interacticns. This procedure required less protein than was necessary for the
study of soluble proteins. For example, a single layer of complex I of optimal

thickness could be formed from ~ 0.01 mg protein. In order to promote the
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hydrophobic forces necessary to create a stable protein layer detergent and
excess salt were removed from the samples immediately prior to adhering them
to the prism (see Chapter 3). For preparation of a single poly-L-histidine layer
20 ul of 25 mg/ml poly-L-histidine (n = 112) in 0.3 M hydrochloric acid was
diluted to 2.5 ml with 1 mM potassium phosphate and the pH adjusted to 8.0
with 0.3 M potassium hydroxide. After centrifuging at 375,000 g,, for 5 minutes
the resulting pellet was resuspended in 10 ul distilled water and dried onto the
IRE prior to rehydration with 1 mM potassium phosphate, 100 mM potassium
chloride at pH 8.0. For the cytochrome bc; complex and complex I, ATR-ready
aliquots consisting of the minimal amount of detergent depleted protein required

for a single layer suspended in 1-2 ul water were prepared as follows:

10 ul bovine cytochrome bc; complex was diluted into 2 ml 1 mM potassium
phosphate, 0.02% sodium cholate pH 7.0 then centrifuged at 414,000 g,,
(100,000 rpm in Sorvall S100-AT4 rotor) for 90 minutes at 4 °C. The resulting
pellet was washed by resuspending in buffer (1 mM potassium phosphate pH
7.0) and centrifuged at 414,000 g,, for 60 minutes at 4 °C after which time the
supernatant was discarded. The pellet was washed in buffer for a second time by
centrifuging as above for 45 minutes and the final pellet was resuspended in 10
ul water then split into 2 pl aliquots that were either diluted and applied to the
prism or stored at -80 °C for later use. ATR-ready Rba. capsulatus cytochrome
bc; complex aliquots (wild-type and E295V) were prepared in an identical

procedure except the initial material was 40 pul protein diluted into 2 ml buffer.

For bovine and Y. lipolytica (wild-type and H226M) complex I, 0.1 mg protein
was diluted into 2 ml 20 mM potassium phosphate, 0.0075% (w/v) sodium
cholate, 0.0075% (w/v) n-octyl B-D-glucopyranoside at pH 8.0 and pelleted by
centrifugation at 390,000 g,, (95,000 rpm in S100-AT4 rotor) for 30 minutes at 4
°C. The resulting pellet was washed twice, by resuspending in 20 mM potassium
phosphate pH 8.0 and centrifuging at 300,000 g,, (85,000 rpm in S100-AT4
rotor) for twenty minutes and then by resuspending in 1 mM potassium
phosphate pH 8.0 and centrifuging at 300,000 g,, for 20 minutes. The final pellet
was resuspended in 10 ul water and split into 1 ul aliquots that were either

diluted then applied to the prism or stored at -80 °C.
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Prior to preparation of rehydrated protein films the IRE was cleaned as described
in section 2.4.1. An ATR-ready aliquot was diluted to a volume of 6 ul with
water, which thawed the sample if necessary, and then deposited directly onto the
IRE. The sample was then dried under a gentle stream of air. In later
experiments a stream of nitrogen was used due to concerns about the purity and
reliability of the compressed air supply; this change was not found to have any
detectable effect on the experiment. Cytochrome bc; complex films were
rehydrated with 50 ul 100 mM potassium phosphate, 200 mM potassium chloride
at pH 7.0 and Complex I films were rehydrated with 10 ul of 20 mM potassium
phosphate, 200 mM potassium chloride at pH 6.0 or 8.0. Drying and rehydration
were monitored from absolute ATR FTIR absorption spectra measured at
different stages during preparation of a rehydrated protein film (see Chapters 4
and 5). Cytochrome bc; complex and complex I protein films were sufficiently
stable for ATR FTIR difference spectroscopy after approximately 60 and 30

minutes respectively.

244 H-D exchange

For deuterium oxide exchange, sample preparation and ATR measurements were
performed throughout by substitution of D,O buffers at appropriate pD
(assuming pD is equal to the pH meter reading + 0.4 (/98)). Preincubation of
samples in D,0 overnight at 4 °C before dilution and washing as described above
incteased the amount of H/D exchange, the final extent of which was estimated
to be >90% using the methods described in (/99). Briefly, extent H-D exchange
of the peptide groups was calculated from the change in the ratio w (Aamide
1/ Aamide 1), Where Aamige 1 and Aamige 1 are the integrated intensity of the amide II
and amide I bands, respectively. The total fraction of unexchanged peptide
groups in the protein (f) was estimated from the relation f= w’/w, where w’ is the
amide I and II intensity ratio measured for samples exposed to D,O and w the

intensity ratio before exposure (799).

2.4.5 Perfusion-induced ATR FTIR difference
spectroscopy

For measurement of perfusion-induced difference spectra an in-house

constructed stainless steel 75 pl internal volume chamber with inlet and outlet
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tubes was placed over the IRE and rehydrated protein layer (see Figure 2.1A).
The chamber was sealed to the stainless steal IRE surround by a gasket
consisting of parafilm which was cut to shape and onto both sides of which a
small quantity of high vacuum grease had been applied. An electronically
controlled three-way valve and peristaltic pump allowed continuous flow
(approximately 1 ml per minute) of alternating buffers over the rehydrated
protein film. ATR FTIR difference spectra were recorded as either protonation
state or redox changes were induced by the perfusant. Buffer solutions were
freshly prepared and mechanically degassed using a hand vacuum pump
(Mityvac 04010) prior to the ATR FTIR measurements. Buffers containing
sodium dithionite were maintained under an argon atmosphere and, in
experiments using sodium dithionite, the electronic three-way valve was replaced
with a manual valve and tubing lengths kept minimal. Details of timings
required for redox/protonation state changes are included in the relevant results

chapters.

2.4.6 Electrochemically-induced difference
spectroscopy

Electrochemically-induced redox difference spectra were measured using an in-
house constructed electrochemical cell which was attached to the ATR apparatus
in the same way as the perfusion cell (described above). The assembled cell
formed a chamber of approximately 20 ul internal volume, the roof of which
consisted of a 9 mm diameter circular glassy carbon working electrode, over the
rehydrated protein film or containing protein in solution. An auxiliary electrode
consisting of a platinum sheet (40 mm’ surface area) was connected to the
sample by a porous glass frit, and a Ag/AgCl reference electrode provided the
reference voltage (204 mV) (see Figure 2.1B). A version of this device fitted
with a fibre optic probe enabled simultaneous acquisition of UV/visible and
FTIR spectra (see Figure 2.1C). Redox mediation between glassy carbon and
protein film was provided by an appropriate mediator solution the composition of
which is detailed in Chapters 3, 4 and 5, as are the applied potentials and redox

equilibration times.
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Figure 2.1 Schematics of perfusion and electrochemical cells. The perfusion cell (A)
formed a sealed chamber over the rehydrated protein film and IRE. In/outlets allowed
buffer, the composition of which was controlled using computer controlled valves, to be
continuously perfused through the chamber. The electrochemical cell (B) was used to
induce changes in rehydrated protein films and protein in solution. It formed a chamber,
the ceiling of which was composed of a circular glassy carbon working electrode, over
the sample and IRE. A porous glass frit connected the sample chamber to a platinum
auxiliary electrode and a Ag/AgCl reference electrode. Use of appropriate
electrochemical mediators allowed redox equilibration between the working electrode
and protein sample and potential was controlled using a potentiostat and a computer
controlled offset device. A version of the electrochemical cell fitted with a fibre optic
probe (C) enabled simultaneous acquisition of UV/visible and FTIR spectra. Drawings
are not to scale; see text for further details. Adapted from figures of M. Iwaki.
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Chapter 3: Model Compound IR Measurements

3.1  Overview

In order to assist in the acquisition and interpretation of IR difference spectra of
cytochrome bc; complex and complex I (see Chapters 4 and 5 respectively), the
IR absorbance characteristics of a number of more simple proteins/compounds
were measured or, where possible, derived from the literature (see also
Introduction section 1.2.2.3). The spectra presented below were measured either
to allow detection and quantitation of contaminants (sodium cholate, n-octyl B-p-
glucopyranoside, polycarbonate and high vacuum grease (see section 3.3)),
detection and removal of unavoidable overlapping signals of added reagents (e.g.
phosphate, electrochemical mediators, NAD", NADH and sodium dithionite (see
section 3.4)) or to assist in interpretation of respiratory complex difference
spectra (ferredoxins, FMN, ubiquinone and histidine (see section 3.5)). In order
to use a model compound spectrum to identify and quantify/remove contributions
from contaminants/reagents from respiratory complex difference spectra a full
assignment of bands is unnecessary. However, if a model compound spectrum is
to assist in interpretation it must be well understood and, where possible, specific
features should be assigned to specific vibrational modes. Therefore, a greater

level of interpretation is included for the model compound spectra presented in
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section 3.5 than for those presented in sections 3.3 and 3.4. Section 3.5 also
includes a description of the IR absorbance characteristics of ubiquinone, lysine,
tyrosine, aspartic acid and glutamic acid that were taken from available literature
(75,80). Water vapour, condensed water and deuterium oxide are also addressed
(section 3.2) because both model compound spectra and spectra from the

respiratory complexes were routinely adjusted to remove their contributions.

3.2 Water vapour, condensed water and deuterium

oxide

IR signals from water vapour can contribute to IR spectra when the amount of
water vapour in the IR beam path, within the spectrometer and ATR accessory,
differs between background and sample measurements. The IR spectrometers
used were purged with dry air in order to minimise the amount of water vapour
in the beam path. However, some residual water vapour remained in the purge
gas and some leakage of atmospheric air was inevitable. Furthermore, the water
content of air varied with temperature, atmospheric conditions and other factors.
However, since the amount of water vapour fluctuates around an approximately
constant value, averaging of many spectra frequently eliminated or greatly
reduced the magnitude of the water vapour signals. A high quality absolute
absorbance spectrum of water vapour was recorded to identify and remove
(where necessary) any remaining contributions (see Figure 3.1, trace A). It
consists of a complex and highly reproducible series of bands in the 2100-1200
cm’ region. This spectrum was acquired in conjunction with routine
maintenance of the purge system. When the system was shutdown the water
vapour concentration within the spectrometer rapidly equilibrated with that of the
environment. Immediately after reactivating the purge system a background
measurement was made. After several hours the water vapour concentration
inside the spectrometer had minimised and a sample measurement was made; the
resulting spectrum was inverted to give the presented absolute absorbance

spectrum.

Absolute absorbance ATR FTIR spectra of condensed water and deuterium oxide
were obtained by measuring the difference between a spectrum obtained from the

clean prism surface and one with a 50 ul droplet of water or deuterium oxide
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deposited on the prism respectively (see Figure 3.1, traces B and C). In the case
of deuterium oxide a volatiles cover was used to prevent H,O/D,O exchange
with the surrounding atmosphere. These spectra, which are both dominated by
O-H/D scissoring mode at 1638/1205 cm™, were used as subtractors to
compensate for changes in H,O or D,O concentrations caused by

expansion/contraction of protein films and also to remove solvent signals from

model compound spectra.
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Figure 3.1 FTIR absolute absorbance spectra of water vapour, condensed water and
deuterium oxide. Trace A is the inverse of a spectrum recorded during removal of water
vapour from the IR beam path after completion of routine maintenance of the system
used to purge water vapour from the spectrometer (see text). The sample spectrum at
low water vapour (an average of 8000 interferograms at 4 cm™ resolution) was recorded
several hours after a background (1000 interferogram average) had been recorded at
ambient water vapour content. Traces B and C are absolute absorbance spectra of
condensed water and deuterium oxide respectively. Each is the average of 1000
interferograms at 4 cm™ resolution.
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3.3 Model compound measurements for detection of

contaminants

3.3.1 Detergent

During preparation of ATR-ready aliquots (for adhesion to the IRE), cytochrome
bc) complex and complex I were made soluble in a solution of 0.02% (w/v)
sodium cholate or a solution of 0.0075% sodium cholate and 0.0075% n-octyl B-
p-glucopyranoside, respectively (see Materials and Methods section 2.4.3 for full
description). Removal of detergent prior to drying onto the IRE was required to
promote the hydrophobic protein-protein and protein-IRE interactions. It was
found that the number and duration of the ultracentrifuge steps used to remove
detergent were important factors for successful preparation of protein layers that
remained stably attached to the IRE upon rehydration. This was presumably
because hydrophobic protein-protein interactions, which resulted in loss of
available hydrophobic protein surfaces for interaction with the IRE, started to
occur at the point when the detergent concentration dropped below its critical
micellar concentration and further loss of detergent from the protein surfaces
provided sites for possible aggregation. Any additional centrifugation after this
point therefore resulted in a loss of layer attachment stability as measured by IR
spectroscopy during layer preparation (see Materials and Methods). However, if
the centrifugation steps were too short or too few in number, detergent remained

which was found also to result in poor layer stability.

Measurement of the absolute IR absorbance spectra of 10% (w/v) sodium cholate
and 10% (w/v) n-octyl B-p-glucopyranoside (Figure 3.2, traces B and C) in
water, with solvent contributions (trace A) subtracted, enabled detergent signals
in the spectra acquired during drying of protein layers to be identified when
present. The sodium cholate spectrum is simple in the range of interest
consisting of a broad peak at 967 cm™ with a shoulder at 929 cm’'; these signals
most likely arise from the combination of the numerous C-H out-of-plane
bending modes of the ring structures (73). The n-octyl B-p-glucopyranoside
spectrum is more complex with peaks at 1458, 1376, 1161, 1103, 1097, 1036 and
995 cm™. The peaks at 1458 and 1376 cm™ are likely to contain contributions
from C-H deformation modes of CH; and CHj groups respectively (73). The
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overlapping signals between 1161 and 995 cm™ most likely include contributions
from C-O stretching modes and C-H bending (both in- and out-of-plane)
associated with the ring structure (73). The presence of detergent signals in the
spectra recorded during layer preparation, which always coincided with complete
loss of the layer from the IRE upon rehydration, indicated that layer instability
resulted from the ultracentrifugation washes being too mild rather than too harsh.
This information was of great use when establishing a procedure to remove
sufficient detergent without compromising the quantity of hydrophobic protein

surfaces available for interaction with IRE.
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Figure 3.2 Absolute absorbance ATR FTIR spectra of distilled water, sodium cholate, n-
octyl B-p-glucopyranoside. Trace A, distilled water; trace B, 10% (w/v) sodium cholate

minus trace A; and trace C, 10% (w/v) n-octyl B-p-glucopyranoside minus trace A. Each
spectrum is the average of 1000 interferograms at 4 cm™ resolution.
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3.3.2 Polycarbonate and vacuum grease

During preparation of ATR-ready aliquots detergent was removed by a series of
ultracentrifugation wash steps (see Materials and Methods and above) using
polycarbonate ultracentrifuge tubes. Occasionally aliquots were found to be
contaminated with polycarbonate; this presumably occurred while resuspending
protein pellets in the polycarbonate tubes using a glass rod. An absolute
absorbance spectrum of polycarbonate was measured by pressing the base of a
centrifuge tube against the IRE. The resulting spectrum (Figure 3.3, trace A)
consists of peaks at 1771, 1504, 1220, 1188, 1158, 1102, 1080 and 1013 cm’™.
The absorbance at 1771 cm™, likely to arise from C=0 stretching modes (73),
was particularly useful for detection of polycarbonate contamination in protein
samples because it lies outside the envelope in which biological materials
conventionally absorb. Signals between 1220 and 1013 cm™ may arise from C-O
stretching modes, however this is speculative because the nature of the
polycarbonate polymer used is not known. The presence of polycarbonate
signals in the absolute absorbance IR spectra recorded during protein drying (see
Materials and Methods) did not coincide with poor layer stability. However,

contaminated layers were not used for data collection.

Perfusion and electrochemistry cells were mounted onto the stainless steel
surround of the IRE using a parafilm gasket and a small amount of high vacuum
grease (see Materials and Methods). In order to address concerns that the
vacuum grease might contaminate the protein layer an absolute absorbance
spectrum of vacuum grease was recorded. Absolute absorbance spectra
measured by directly applying vacuum grease to the IRE consisted solely of
signals with AA greater than 1; this results from absolute or near absolute
attenuation of the IR beam at those frequencies and leads to distortions of the
spectra in regions of very high absorption. In order to obtain a thinner (sub-
penetration distance of the evanescent wave (see Introduction)) film of vacuum
grease, 10 pul of vacuum grease-saturated water was dried onto the IRE and an
absorbance spectrum recorded (Figure 3.3, trace B). The resulting vacuum

! and two broader

grease spectrum consists of a very sharp peak at 1260 cm’
overlapping peaks at 1091 and 1021 cm™ all with AAs of less than 0.06. This

spectrum indicates that the vacuum grease is soluble to a small extent and that its
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IR absorbances are very strong. The exact composition of the vacuum grease
used is not known other than it being silicone based. Siloxane- (Si-O-Si)
forming polymers containing eight or more silicon atoms have characteristic
strong absorbances close to 1090 and 1020 cm™ due to the antisymmetric Si-O-Si
stretching modes (200) and it therefore seems highly probable that vacuum
grease contains such polymers. Data were not collected from protein layers in
which vacuum grease was detected, either during layer preparation or during the
course of an experiment. In practice, vacuum grease contamination occurred

very infrequently.
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Figure 3.3 ATR FTIR absolute absorbance spectra of polycarbonate (trace A) and high
vacuum grease (trace B). Trace A was recorded by pushing the base of an
ultracentrifuge against the IRE. Trace B, which is expanded x10, was recorded by
drying 10 pl vacuum grease-saturated H,O onto the IRE. It was not possible to acquire a
spectrum by placing vacuum grease directly onto the IRE because the absorptions at
1260, 1091 and 1021 cm™ were too great (see text). Each spectrum is the average of
1000 interferograms recorded at 4 cm™ resolution.
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3.4 Model compound measurements for removal of

artefacts

34.1 Phosphate

Phosphate was generally used to buffer rehydrated protein films during both
perfusion and electrochemistry experiments. Dihydrogen phosphate (H;POy)
ions serve as the major proton donor species and hydrogen phosphate ions
(HPO,*) as the major proton acceptor species for buffering in the pH 5.0 - 8.0
range. The dihydrogen phosphate and hydrogen phosphate ions have differing
IR absorbance characteristics and therefore any pH change of the buffer will
contribute a phosphate difference spectrum to electrochemically- and perfusion-

induced IR difference spectra of cytochrome bc; complex and complex I.

In order to identify and remove (where necessary) phosphate buffer contributions
in the IR difference spectra of proteins, absolute absorbance spectra were
recorded for an 0.5 M potassium phosphate solution through a pH range of 5.5 to
8.5 in 0.1 pH unit increments (see Figure 3.4 A). The hydrogen phosphate ion
(the dominant form at pH 8.5, trace i) absorbs strongly at 1075 and 989 cm’.
The dihydrogen phosphate ion (dominant at pH 5.5, trace iii) absorbs at 1156,
1075, 935 cm™, however, the absorption at 1075 cm™ is approximately half the
intensity of that of the hydrogen phosphate ion. All spectra are dominated by the
1638 cm™ scissoring mode of water. This water contribution was removed by
generating phosphate pH difference spectra (see Figure 3.4 B) which were
‘Interactively’ subtracted from protein difference spectra in order to remove any
phosphate contributions. Subsequent to these experiments Kldhn et a/ published
FTIR spectra of 100 mM potassium phosphate solutions at pH 9.2 and 5.2 that
are in good agreement with the pH 5.5 and 8.5 spectra presented in Figure 3.4 A
and, based on density functional theory (DFT) calculations, made the following
assignments: for the H,PO,4 ion (the dominant form at low pH) peaks at 1156,
1075 and 935 cm™ arise from a P-O stretching mode, an in-phase P-O stretching
mode and a P-OH stretching mode, respectively. For the HPO,* ion (the
dominant form at high pH) the superposition of two P-O stretching modes results
in the peak at 1075 cm™ and the peak at 989 cm™ arises from an in phase P-O
stretching mode (201).
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In order to investigate further the IR signals arising from the different forms of
phosphate involved in buffering around pH 7.0, the AA of each of the four
signals was plotted against pH (see Figure 3.5). Nernst curves were then fitted
and pK values for each signal determined, the average of which matches the

literature value of 6.8 (100) for the H,PO, /HPO,* couple.

It might be noted that any redox or ligand reactions that involve a net protonation
change will result in the release/uptake of a buffer proton. Hence, monitoring of
the IR changes due to phosphate can be exploited to quantitate net proton change

as has been done in, for example, cytochrome bc; complex (202).
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Figure 3.4 Absolute absorbance spectra (A) and difference spectra (B) of 0.5 M
potassium phosphate at pH values ranging from 5.5 to 8.5 in 0.1 pH unit increments. In
(A) phosphate at pH 8.5, 7.0 and 5.5 is shown in blue, black and red respectively;
phosphate at all other pH values is shown in grey. In (B) pH 8.1 minus pH 7.9, pH 7.1
minus pH 6.9 and pH 6.1 minus pH 5.9 difference spectra are shown in blue, black and
red respectively; each is expanded x4. Each spectrum, in both (A) and (B), is the
average of 1000 interferograms at 4 cm™ .
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Figure 3.5 AA of each of the phosphate IR signals plotted against pH. For calculating
AA values the absorbance at 1380 cm™ was taken to be zero. Data are shown as black
crosses. Henderson-Hasselbalch curves, shown as red lines, were fitted to the data and
pK values for each signal are indicated as white circles. Average pK value, indicated by
the vertical line, is pH 6.8.

3.4.2 Electrochemical mediators

For acquisition of electrochemically-induced difference spectra, redox mediation
between the glassy carbon working electrode and the protein film (or solution)
was provided by an appropriate phosphate-buffered mediator solution (see
Materials and Methods). The six mediators used were potassium ferricyanide
(Em7 = 420 mV), hexaammineruthenium chloride (£,,7; = 70 mV), gallocyanine
(Em7 = 20 mV), anthraquinone-2,6-disulfonate (En; = -185 mV), benzyl viologen
dichloride (En7 = -311 mV), and methyl viologen (En; = -449 mV).
Electrochemically-induced reduced minus oxidised difference spectra of each
mediator were measured ‘separately (see Materials and Methods) in order to
identify and remove (where necessary) any contributions to the difference spectra
of proteins. The redox difference spectra of these compounds vary in

complexity, reflecting the complexity of their structures, from the relatively
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simple spectra of ferricyanide and hexaammineruthenium to the more complex

spectra of gallocyanine and anthraquinone-2,6-disulfonate (see Figure 3.6).
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Figure 3.6 Structures and electrochemically-induced reduced minus oxidised difference spectra of
mediator compounds used to allow redox equilibration between working electrode and protein
solutions/layers. Mediator compounds were in 20 mM potassium phosphate, 200 mM potassium
chloride at pH 7.0. Reducing/oxidising potentials were 200 mV above/below the E,,; value of the
mediator compound respectively except for benzyl viologen and methyl viologen where reducing
potentials of -400 and -425 mV were used respectively; these potentials were chosen to prevent 2
¢ reduction and formation of the uncharged insoluble doubly-reduced compounds. 10 minutes
was allowed for redox equilibration. Reduced minus oxidised and oxidised minus reduced
spectra (each the average of 1000 interferograms at 4 cm™ resolution) were averaged to produce
the spectra shown. Spectra are: 2 mM potassium ferricyanide (trace A, average of 80 spectra),
0.5 mM hexaammineruthenium chloride (expanded x2, trace B, average of 21 spectra), a
saturated solution of gallocyanine (x4, trace C, average of 16 spectra), 2 mM anthraquinone-2,6-
disulfonate (x2, trace D, average of 264 spectra), 20 mM benzyl viologen dichloride (trace E,
average of 20 spectra) and 5 mM methyl viologen (%10, trace F, average of 96 spectra).
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343 NADH, NAD' and sodium dithionite

Perfusion-induced reduced minus oxidised difference spectra of complex I were
recorded using buffer containing 50 uM NADH or 5 mM sodium dithionite for
reduction and 50 uM NAD" for oxidation (see Materials and Methods and
Chapter 5). In order to ascertain whether signals from NADH and NAD'
contributed to these spectra, absolute absorbance spectra of 40 mM NADH and
NAD" were reproduced from (203) and a NADH minus NAD" difference
spectrum calculated (see Figure 3.7, traces A, B and C respectively). Major
features of the NADH minus NAD" difference spectrum are at 1700(-), 1687(+),
1649(+), 1545(+), 1420(+), 1408(-), 1396(+), 1308(+), 1230(+), 1183(+), 1144(-
), 1115(+), 1081(-), 1021(+) and 938(-) cm’ where (+) and (-) indicate peaks and
troughs respectively. Scaling the NADH minus NAD" spectrum to be equivalent
to a spectrum produced from 50 uM NADH/NAD" gave a maximum AA of
approximately 0.00001. This value is 20-fold smaller than the perfusion-induced
redox difference spectra of complex I (maximum AA of approximately 0.0002)
(see Chapter 5) and therefore, contributions from NADH and NAD" would be
indicative of NADH/NAD" being retained in the binding site of complex I. The
sodium dithionite absolute absorbance spectrum (see Figure 3.7, trace D) was
measured by recording a background spectrum of 50 ul water then adding a grain
of sodium dithionite, mixing rapidly prior to covering with a volatiles cover, then
recording a sample spectrum. This rapid but non-quantitative approach was used
because sodium dithionite was observed to decompose rapidly in aqueous
solution. The main features of the spectrum are a broad peak at 1055 cm™ and a

sharper peak at 920 cm’™'.
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Figure 3.7 ATR FTIR absolute absorbance spectra of 40 mM NADH and NAD" in 0.1
M potassium phosphate, 2 mM MgCl, at pH 7.2 with buffer contributions removed were
reproduced from (203) (traces A and B respectively); NADH minus NAD" difference
spectrum (expanded x2, trace C (trace A minus trace B)). Absolute absorbance
spectrum of sodium dithionite (trace D) was obtained by recording a background
spectrum of a droplet of 50 ul of water then adding a grain of sodium dithionite, mixing
rapidly prior to covering with a volatiles cover, then recording a sample spectrum. All
spectra are the average of 500 interferograms recorded at 4 cm’.
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3.5 Model compound measurements for interpretation
of cytochrome bc,; complex and complex | difference

spectra

3.5.1 Ferredoxins

Ferredoxins are small proteins which contain one or more iron-sulphur centres
and generally function in electron transfer. Electrochemically-induced redox
difference spectra of ferredoxins were recorded to aid in the interpretation of the
amide I and II signals in redox difference spectra of complex I (see Chapter 5).
Redox difference spectra were recorded in HO and D,0 media for the 2Fe-2S
parsley ferredoxin and the 2[4Fe-4S] ferredoxin from C. sporogenes; a redox
difference spectrum was recorded in H,O media for the 4Fe-4S D. africanus
ferredoxin (see Materials and Methods) (see Figure 3.8). The 2Fe-2S parsley
ferredoxin redox difference spectrum recorded in H,O media (trace A.) has major
features at 1700(-), 1669(-), 1650(+), 1638(+), 1553(+), 1523(+) and 1501(-) cm’
', The redox difference spectra (in H,O media) of the 2[4Fe-4S] C. sporogenes
and the 4Fe-4S D. africanus ferredoxins are very similar with major features at
1675(-), 1638(+), 1597(+), 1552(+), 1519(-) and 1494(-) cm’'. These spectra and
their use in the interpretation of the amide I and II regions of redox difference

spectra of complex are discussed in full in Chapter 5.
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Figure 3.8 Electrochemically-induced redox difference spectra of soluble ferredoxins
from Parsley, C. sporogenes and D. africanus. Ferredoxins were in 0.1 M potassium
phosphate and 100 mM potassium chloride at pH/D 8.0. Reducing and oxidising
potentials were -500 and 200 mV respectively, 50 pM methyl viologen allowed redox
equilibration between electrode and protein for which 8 minutes was allowed. For H-D
exchange, samples were washed and concentrated in equivalent D,O media. Reduced
minus oxidised and oxidised minus reduced spectra (each the average of 1000
interferograms at 4 cm’ resolution) were averaged to produce the spectra shown.
Spectra are: 2 mM parsley 2Fe-2S ferredoxin in H,O (trace A, average of 106 spectra) or
D,0 (trace B, average of 54 spectra); 2.5 mM C. sporogenes 4Fe-4S ferredoxin in H,O
(trace C, average of 98 spectra) or D,O (trace D, average of 70 spectra); 0.42 mM D.
africanus 4Fe-4S ferredoxin in H,O (trace E, average of 258 spectra).

3.5.2 Flavin mononucleotide

Complex I contains a single non-covalently bound FMN coordinated by the 51
kDa subunit that is thought to accept electrons from NADH via hydride transfer
(90) (see Chapter 5). The IR spectra of FMN have been described in detail in
both H;O and D,O (84;204). Electrochemically-induced ATR FITR redox
difference spectra of FMN in solution at pH/D 6.0 and 8.0 were recorded to aid
assignment of signals in the redox difference spectra of complex I to FMN. The

redox difference spectra of complex I are dominated by signals in the amide 1
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and II regions. Therefore, only features of the FMN redox difference spectra that
lie outside these regions or have large extinction coefficients are labelled (see
Figure 3.9). In the pH 6.0 spectrum these features are at 1713(-), 1547(-),
1517(+), 1407(+) and 1355(-) cm™. Upon H-D exchange the 1713, 1517, 1407
and 1355 cm™' signals are downshifted by 11, 2, 7 and 2 cm’ respectively and the
1547 cm™ signal is upshifted by 1 cm™. The 1407 cm™ is pH-dependent with an
approximately 2-fold increased intensity at pH 8.0 indicating that it is most
prominent in the anionic FMNH' form (pK, of FMNH,/FMNH" = 6.7 in aqueous
media (/65) and 7.1 in bovine complex I (95)). The presented spectra are in
good agreement with previously published FAD and FMN spectra where some
assignments of principal bands have been made (84,204). Peaks at 1517 and ~
1407 cm™' are assigned to hydrogen in-plane bending and N5-H in-plane bending
(in part) modes respectively of the reduced form (204); troughs at ~ 1711 and
1547 cm™ are assigned to (C=0) and v(C=C) modes respectively of the oxidised
form (84,204).
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Figure 3.9 Redox difference spectra of FMN at pH 6.0 and 8.0. Reduced minus oxidized
difference spectra of a solution of 2 mM FMN (E,7 = -219 mV) in 20 mM potassium
phosphate and 200 mM potassium chloride at pH/D 6.0 and 8.0. Reducing conditions
were -550 mV and oxidising conditions were 200 mV and equilibration occurred after 6
minutes. Reproduced from Marshall ez al (76).

3.5.3  Ubiquinone

Biochemical analyses of Y. lipolytica complex I preparations have shown that
substoichiometric ubiquinone typically remains bound (/48) and therefore was
expected to contribute the complex I difference spectra. The IR redox difference
spectra of ubiquinone (75,;205-209) have been described in detail in both H,O
and D,0O media (see Figure 3.10 - data plotted from (75)). Such model spectra
provide valuable templates for recognition of ubiquinone bands in difference
spectra of complex I. The ubiquinol minus ubiquinone spectrum (in H,O) has
features at 1664(-), 1648(-), 1610(-), 1492(+), 1469(+), 1430(+), 1387(+), 1288(-
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), 1262(-), 1203(-), 1149(-), 1112(+), 1091(+), 1054(+), 1015(+), 963(+) and
916(+) cm™. Particularly useful IR markers for ubiquinone are H/D-insensitive
troughs at 1288 and 1262 cm™ that involve the methoxy groups and a sharp C=C
band at 1610 cm™ (205-209), and for ubiquinol are four bands between 1492 and
1387 cm™ and five between 1112 and 963 cm™ that show a characteristic pattern
of H/D-sensitivity (75).
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Figure 3.10 Electrochemically-induced redox difference spectra of ubiquinone-50 layer
at pH/D 8.0. Several pl of 2 mg/ml ubiquinone-50 in 80% diethyl ether 20% ethanol
mixture was applied to the IRE and allowed to evaporate to dryness. The layer was
rehydrated with distilled water followed by exchange with 100 mM potassium
phosphate, 100 mM potassium chloride pH/D 8.0. Reduction/oxidation was induced by
the same electrochemical cell as described in Materials and Methods; addition of 0.5
mM anthraquinone-2,6-disulfonate allowed redox equilibration between the working
electrode and the ubiquinone-50 layer. Traces A and B are ubiquinol minus ubiquinone
in H;O and D,0 media respectively; each is the average of three 1000 interferogram
spectra recorded versus the oxidised background. Data from (75).
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In order to allow quantitation of redox-active ubiquinone in complex I samples
absolute absorbance spectra of solutions of 5, 7.5 and 10 mM decyl/-ubiquinone
in ethanol were measured (see Figure 3.11). The intensity of the band at 1264
cm’, assigned to a mode involving the methoxy groups, was plotted as AAjxe-
1241 against concentration. Comparison of the intensity of the trough at ~ 1265
cm” in reduced minus oxidised redox difference spectra of complex 1 with this
plot allowed the concentration of redox-active ubiquinone present to be estimated

(see section 5.3.2).
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Figure 3.11 ATR FTIR absolute absorbance spectra of decyl-ubiquinone. Traces A, B
and C arise from 5, 7.5 and 10 mM solutions of decyl/-ubiquinone in ethanol (ethanol
contributions have been subtracted). A plot of AAju.1241 against ubiquinone (Q)
concentration (see inset plot) was used to quantify the ubiquinone contribution in
difference spectra of complex I.
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3.54 Histidine

The histidine sidechain has four different protonation states: - imidazolium, N=-
protonated imidazole, Nt-protonated imidazole and imidazolate (see Figure
3.12). In aqueous media the two tautomeric imidazole forms are found in
equilibrium with each state roughly equally occupied. In proteins one imidazole
form can be expected to be favoured by the surrounding protein environment.
Transitions of histidine between the imidazole and imidazolium are expected to
be important in many enzymological processes on account of the physiologically
accessible pK of 6.04 (/00). The imidazolate to imidazole transition has a pK of
14.37 (210). However, even this transition is still possible in some protein
environments, especially where one of the histidine nitrogens is ligated to a metal
ion (211) as occurs widely in cytochromes and iron sulphur proteins (30,80). As
an alternative example, the Cu, Zn superoxide dismutase active site contains a
histidine residue (His-61 in bovine numbering) in the imidazolate form that
coordinates both zinc and copper by its Nn and Nt nitrogens respectively.
Studies using UV, resonance Raman and several other spectroscopies suggest
that upon reduction of Cu®* to Cu* (which occurs during the catalytic cycle) the
bridge formed by this imidazolate is broken and that Nt of His-61 becomes

protonated, i.e. an imidazolate to imidazole transition occurs (212).

a b c d

Figure 3.12 Structure diagram of a histidine sidechain: (a) imidazolium form, (b) N=-
protonated imidazole form, (c) Nt-protonated imidazole form, (d) imidazolate form. pK
for imidazolium form = 6.04 (100); pK for imidazolate form = 14.37 (210); in aqueous

solution Nt- and N=- protonated imidazole forms are in equilibrium and roughly equally
occupied. Adapted from (213).

The IR absorption characteristics of histidine have recently been determined in
detail; the sidechain is particularly amenable to study by IR spectroscopy

because each protonation state has differing absorbance characteristics.
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Information on band positions and assignments for histidine and/or related
materials has been collated by Barth (2/4). Normal mode calculations of the
different protonation states of the related 4-methyl-imidazole and its zinc-ligated
state have been published by Noguchi et al (27/1;215). Additional data, which
includes some experimental results from this thesis (see below), have been

published by Iwaki ef a/ (30) and in the review by Rich et al (80).

Measurements were made to determine the IR signatures arising from
protonation state changes of histidine for both imidazolate to imidazole and
imidazole to imidazolium transitions in both H,O and D,0O media (see Figure
3.13). Acquisition of these spectra was complicated by the effect of protonation
state on the solubility of histidine: the imidazolate and imidazolium forms of the
sidechain carry an overall charge and are highly soluble with respect to the
neutral and relatively insoluble imidazole forms. The imidazolium minus
imidazole difference spectra (Figure 3.13, traces A and B) were induced by
cyclic exchange of buffer at pH/D values selected to induce reversible
protonation state changes of a proportion of the sidechains of a layer of poly-L-
histidine (n = 112) (see Materials and Methods) while leaving a critical
proportion in the insoluble imidazole form and thus maintaining layer stability.
The imidazole minus imidazolate difference spectra (Figure 3.13, traces C and D)
were obtained from L-histidine solutions at differing pH/D values chosen to
provide a difference in protonation state without saturating the lower pH solution
with the less soluble imidazole form. The imidazolium minus imidazole
difference spectrum recorded in H,O media has features at 1644(+), 1631(-),
1484(+), 1466(-), 1425(+), 1329(-), 1272(-), 1258(-), 1247(+), 1203(+), 1191(-),
1099(+) and 1085(-) cm™. The most prominent feature is the peak /trough at
1644/1631 cm’’, although, this is likely to be obscured by amide I changes in a
protein difference spectrum. The most useful indicator of the imidazolium-
imidazole protonation state change is therefore the peak/trough at 1099/1085 cm’
! which occurs in a region of the protein spectra where few other components
contribute (with the notable exception of ubiquinone, see Figure 3.10 and
Chapter 5). This feature is also present in the spectrum recorded in D,O media
as a peak/trough at 1102/1090 cm™ allowing assignment of protein spectra

features to histidine protonation changes based on characteristic band position
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and shift on H-D exchange. The imidazole minus imidazolate difference
spectrum recorded in H,O media has features at 1573(+), 1545(-), 1490(+),
1451(-), 1403(+), 1323(+), 1262(+) and 1102(-) ecm™. As with the imidazolium
minus imidazole difference spectrum many of the prominent features can be
expected to be obscured by amide I (and II) changes in a protein difference
spectrum. However, the troughs at 1451 and 1102 cm™, which display +1 and 0
cm’ shifts on H-D exchange respectively are useful indicators for detecting the
imidazole-imidazolate transition in proteins. Two smaller positive bands at 1323
and 1262 cm™ also provide useful indicators on account of their characteristic H-
D exchange sensitivity. Equivalents of these bands have been observed in
difference spectra of cytochrome bc; complex and have been used to show
directly that a key imidazole/imidazolate change of a metal-bound histidine (2/6)

occurs in the active site of this enzyme (30).
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Figure 3.13 Imidazolium minus imidazole and imidazole minus imidazolate ATR FTIR
difference spectra of histidine. Perfusion-induced imidazolium minus imidazole
difference spectrum in H,O media (trace A) was recorded by cyclic exchange of 1 mM
potassium phosphate, 100 mM potassium chloride at pH 7.0 and 8.0 (pK = 6.04 (100))
over a layer of poly-L-histidine (see Materials and Methods). The spectrum is an
average of 11 spectra, each of which was an average of 500 interferograms at 4 cm™
resolution. The equivalent difference spectrum in D,O (trace B) is reproduced from (80)
where a comparable method was used by M. Iwaki. Imidazole minus imidazolate
difference spectrum in H,O (trace C) was obtained by subtracting the absolute spectrum
of 500 mM L-histidine in 3.2 mM NaOH at pH 11.5 from the absolute spectrum of 500
mM L-histidine in 1.58 M NaOH at pH 14.2 (solvent contributions were subtracted,
each spectrum was the average of 4 spectra, each of which was the average of 500
interferograms at 4 cm™ resolution). The equivalent difference spectrum in D,O (trace
D) is reproduced from (30) where a comparable method was used by M. Iwaki. Figure
is reproduced with modifications from (80).

The imidazole/imidazolate transition of L-histidine was further investigated with
the aim of determining an extinction coefficient for the 1451 cm™ imidazolate
signal. Absolute absorbance spectra of 50 mM L-histidine, 10 mM potassium
ferrocyanide in solutions of NaOH at pH 11.5, 14.6, 14.7, 14.85 and 15.0 were
recorded; absolute absorbance spectra at pH 11.4 and 15.0 and a series of
difference spectra were plotted (see Figure 3.14). The difference spectra show
the increasing intensity of the 1450 cm™ (seen at 1451 cm™ in Figure 3.13) signal
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and the effects of very high pH on the ferrocyanide signal at 2037-2039 cm™.
Using the absorbance at 1470 cm™ as a zero value, AA14s0-1470 Was plotted against
pH and a Nernst curve fitted using the pK value of 14.37 (210) (see Figure 3.15).
From this plot the value for AA 4501470 of a spectrum of 50 mM L-histidine in the
imidazolate form is estimated to be 0.0062 (at approximately pH 17). The
extinction coefficient of the ferrocyanide signal at 2038 cm™ of 4140 M .cm™
(determined by transmission IR spectroscopy) (30) allows the ATR pathlength to

be calculated:
Pathlength = AA/(concentration x extinction coefficient) = 3.43x10*cm

From known pathlength, concentration and AA the extinction coefficient of the

1450 cm™ imidazolate histidine signal can be calculated:

Extinction coefficient = AA/(concentration x pathlength) =257 M™.cm’!



Chapter 3

Figure 3.14 ATR FTIR absolute absorbance and pH difference spectra of 50 mM L-
histidine, 10 mM potassium ferrocyanide at high pH. Absolute absorbance spectra
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(traces A and B) were each the average of 4 spectra, each of which was the average of

500 interferograms at 4 cm™ resolution. Difference spectra (traces C, D, E and F) were
calculated from spectra that were each the average of 4 spectra, each of which was the

average of 500 interferograms at 4 cm™ resolution.
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Figure 3.15 AAj4s0.1470 of each of the L-histidine pH difference spectra at high pH (see
Figure 3.14) plotted against pH. Data are shown as black crosses. A Nernst curve,
shown as a red line, was fitted to the data using a pK value of 14.37 (210) in order to
extrapolate a maximum AA;450.1470 0f 0.0062 at ~ pH 17.

3.5.5 Lysine, tyrosine, aspartic acid and glutamic
acid

Additional protonatable amino acids that may be expected to contribute to the
redox difference spectra of cytochrome bc; complex and complex I are lysine,
tyrosine, aspartic and glutamic acids, the structures of which are shown in Figure
3.16. A large amount of infrared data on these amino acids can be found in the
literature. Most useful are reviews by Barth (27/4) and Rich et al (80). The latter
includes protonation state change FTIR difference spectra of these amino acids
and these are reproduced in Figure 3.17 to Figure 3.19 and discussed in detail

below.
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Figure 3.16 Structures of lysine, tyrosine, aspartic and glutamic acid.

The Ne nitrogen of lysine has protonated e(NH;") and deprotonated (NH,) states
and an associated pK of 10.54 in solution (/00), which is likely to differ in the
protein environment. The protonation state change difference spectrum of poly-
L-lysine (see Figure 3.17) includes signals arising from antisymmetric and
symmetric in-plane bending modes of e(NH;") at 1620 and 1521 cm’
respectively in H,O media and 1171 and 1062 cm’ respectively in D,0 media.
It is noted that, in H,O media, these broad bands are likely to be closer to 1630
and 1526 cm™ (values reported in earlier studies (2/4)) and are distorted in the
presented spectra by amide I and II changes manifesting as troughs at 1643 and
1548 cm™. An additional novel feature in the presented spectra is an H-D
insensitive band at 1473 cm™ that is present in the protonated form and absent in
the deprotonated form. The 1171 and 1062 cm™ signals in the D,O spectrum and

H-D insensitive 1473 cm™ signal are the most useful for identifying protonation

state changes of lysine in protein difference spectra (80).
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Figure 3.17 pH change-induced protonation state change ATR FTIR difference spectra
of poly-L-lysine in H,O (trace A) and D,O (trace B) media. Poly-L-lysine was used in
order to avoid interference from the B(NH,) amino group. Reproduced from (80).

The tyrosine sidechain has a phenolic OH group that undergoes deprotonation
with an associated pK of 10.46 in solution (/00), although this is likely to differ
in the protein environment. The tyrosine sidechain is also capable of forming a
radical state. Because of the catalytic importance of this sidechain and its
informative IR absorption characteristics a great body of IR data is now available
on this residue. These data has been collated by Barth (2/4) and
collated/expanded by Rich et al (80) and by Berthomieu on the tyrosine radical
IR spectra (217). Protonated minus deprotonated difference spectra of poly-L-
tyrosine in H,O and D,O media are shown in Figure 3.18. The 1515 cm™ signal
arises from a combination of C-C stretching and C-H in-plane bending ring
modes in the protonated state (2/4). Upon deprotonation the band shifts to 1495
cm™ and both signals have characteristic H-D exchange sensitivities. Also useful
for identifying tyrosine protonation state change signals are features in the
difference spectrum at 1274 and 1169 cm™. In the absolute IR absorbance
spectrum of protonated tyrosine (not shown) a broad peak at 1241 cm™ is
assigned to a C-O stretching mode and a peak at 1175 cm™ is assigned to an in-
plane bending C-H ring mode (80;2/4). These modes will be affected by
deprotonation and these effects are the likely cause of the troughs at 1274 and
1169 cm™ in the protonated minus deprotonated difference spectrum. Therefore,
the signals at 1515/1495, 1274 and 1169 cm™ are the most useful for
identification of tyrosine pfotonation state changes (80,214).
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Figure 3.18 pH change-induced protonation state change difference ATR FTIR spectra
of poly-L-tyrosine in H20 (trace A) and D20 (trace B) media. Reproduced from (80).

The aspartic acid and glutamic acid sidechains, with solution pKs of 3.90 and
4.07 respectively (/00), are also highly amenable to study by FTIR spectroscopy.
Protonated minus deprotonated difference spectra of poly-L-aspartic acid and
poly-L-glutamic acid in H,O and D,O media are reproduced from (80) in Figure
3.19. The major signals of the H,O spectra arise from the loss of symmetric and
antisymmetric COO" stretching modes at 1397 and 1580 cm™, respectively, in
aspartic acid and at 1404 and 1556 cm™, respectively, in glutamic acid and the
gain of the C=O stretching mode of the carboxylic acid which forms a peak
within the 1710 - 1790 cm™ region (for both sidechains). The frequency range of
the carboxylic acid C=O stretching mode is of great significance because no
othér side chains have absorbances in this range and therefore, provided
vibrational modes from other non-protein components can be ruled out,
assignments of this vibration to glutamic/aspartic acid can be considered
definitive. In addition, the frequency of the carboxylic acid C=O stretching
mode is sensitive to the hydrogen bonding environment of the residue — as
hydrogen bond strength increases the frequency of the vibration decreases
(80;218). Therefore a change in environment of a protonated carboxylic acid
residue results in a peak/trough feature within the 1710 - 1790 cm™ region.
Further information has also been derived from the separation between the
symmetric and antisymmetric COO" stretching modes which have been used to
assess whether the sidechain is acting as a monodentate or bidentate ligand
(219;220).
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Figure 3.19 pH change-induced protonation state change difference ATR FTIR spectra
of poly-L-aspartic acid in H,O (trace A) and D,O (trace B) media and poly-L-glutamic
acid in H,O (trace C) and D,O (trace D) media. Reproduced from (80).

3.6 Conclusions

The model compound data presented in this section were used to assist in
acquisition and interpretation of the IR spectra of cytochrome bc; complex and
complex I presented in chapters 4 and 5 respectively. The IR absorption
characteristics of the model compounds in solution have been shown by previous
studies to be highly comparable to their absorption characteristics when in the
protein environment. For example, a study by Wille e a/ showed signals arising
from FAD bound in several flavoproteins to be similar in overall shape to those
arising from FAD in aqueous solution (204). In addition, Iwaki ef a/ used model
compound data on ubiquinone and histidine to make tentative assignments of
signals in the redox difference spectra of bovine cytochrome bc; complex to
ubiquinone bound in the Q;-site (74) and to make definitive assignments of
signals in redox difference spectra of the Rba. capsulatus complex to a histidine
imidazolate/imidazole transition (30). Furthermore, small differences between
the frequencies and relative intensities of signals in a model compound spectrum
(recorded in aqueous solution) and of signals in a protein spectrum (assigned to
that model compound) can provide information about the nature of the protein

environment local to the compound. For example, position of the C=0 stretching
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mode of protonated glutamic/aspartic acid residues provides information about
the hydrogen bonding environment that the residue is in (see section 3.5.5). As a
further example, the study by Wille et al also discusses shifts in specific flavin
signals in the redox difference spectrum of pyruvate oxidase that may result from

the bent conformation of the flavin cofactor in this enzyme (204).

In general, artefactual contributions to the difference spectra of the respiratory
complexes from compounds required to induce the appropriate redox changes,
such as electrochemical mediators (see section 3.4.2), were successfully removed
(where necessary) using the spectra presented in section 3.4 as subtractors.
However, signals confidently assigned to sodium dithionite in the perfusion
induced (using sodium dithionite as reductant) redox difference of complex I (see
Figure 5.6, trace A) could not be removed completely. This is likely to be
because the model compound spectrum of sodium dithionite (see Figure 3.7,
trace D) arises from very fresh sodium dithionite. The artefactual signals in
Figure 5.6, trace A are likely to arise form a mixture of sodium dithionite and the
products of its oxidation/decomposition (227). For future experimentation this
oxidation/decomposition could be monitored by ATR FTIR spectroscopy and a
set of high quality model compound spectra could be recorded. A combination
of spectra from this set could then be used more effectively to subtract the

contributions of sodium dithionite from the complex I difference spectrum.
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Chapter 4: Investigation of the Cytochrome bc;
Complex by Electrochemically-Induced
Difference Spectroscopy

4.1 Introduction

Cytochrome bc; complex has played an important role in the development of
methods for measuring FTIR difference spectra of hydrophobic proteins. The
first' published redox difference spectra of cytochrome bc; complex were
measured by Baymann et al (202) in transmission mode using a
spectroelectrochemical cell and detergent solubilised complex from Rba.
capsulatus. Baymann et al measured full redox difference spectra and spectra
arising from redox changes of individual components by redox poising, including
haem by and haem by. In addition to signals from amide I and II peptide
backbone changes and from haem modes, these spectra were expected to contain
signals arising from protonation state changes of groups that are redox-linked to
the Fe-S centre, haem by and haem by (see section 1.1.3.2). Peaks at 1720 cm’!
were present in the reduced minus oxidised redox difference spectra of both
haem by and haem by (recorded at pH 6.5) and were tentatively assigned to the
protonation of glutamic acid(s) and/or aspartic acid(s) (specifically to gain of the

C=0 stretching mode of the protonated form, see section 3.5.5) upon reduction
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of each haem. The appearance of these signals in equivalent spectra recorded at
pH 8.7 supported this assignment in the case of haem b1 and allowed the pK of
the protonatable group to be estimated as 8.7, which the authors noted to be high
for a glutamic/aspartic acid (see section 3.5.5). In the case of the signal
associated with haem by, additional interpretation was prevented due to the low
signal:noise of the haem by spectrum recorded at pH 8.7. Candidate
glutamic/aspartic acids, from which these signals may arise, were discussed
based on the available high resolution structures. Also discussed were signals at
1702/4 cm’, which were tentatively assigned to either an additional carboxylic
C=0 stretching mode which is in an unusual environment or a very high
frequency amide I vibration (202) (signals in this region are discussed further in

section 4.5).

This work was furthered by Iwaki et al using perfusion-induced ATR FTIR
redox difference spectroscopy applied to cytochrome bc; complex, from both
Rba. capsulatus (75) and B. taurus (74), adhered to the IRE as rehydrated films
(see section 2.4.3) (222). These studies demonstrated that this novel approach
was able to produce spectra of higher signal:noise than, but otherwise highly
comparable to, equivalent spectra obtained in transmission mode. The versatility
of this method was demonstrated by the resolution of signals due to redox
changes of haem c;/Fe-S centre, haem b, and haem by/ubiquinone of the bovine
complex by selective reduction (74). In addition, signals arising from Fe-S
centre and haem c¢;, individually, were resolved in the Rba. capsulatus complex
by use of a mutant in which the midpoint potential of haem ¢; was lowered to 60
mV (75). Both of these studies made a range of firm and tentative assignments
of features, for example, to amide I and II changes, to haem modes and to
changes in amino acid side chains (74,75); only those pertaining to the redox-
linked protonatable groups of haem b, and haem by, specifically to putative
aspartic/glutamic acid residues, are discussed here. The perfusion-induced
difference spectra arising from changes associated with the reduction/oxidation
of haem by and haem by, individually, in the bovine complex (74) are similar in
overall appearance to those in the Rba. capsulatus complex (202). The 1710 -
1790 cm™ region, where protonation state changes of glutamic acid(s) and/or

aspartic acid(s) (or perturbation of these residues in their protonated forms) are
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expected to contribute, appears to contain peak/trough features at 1728/1741 cm’
and 1721/1744 ¢cm™ in the haem b, and haem by spectra, respectively. These
were tentatively assigned to perturbations and/or protonation or deprotonation of
aspartic or glutamic residues close to each haem group (74). In addition, based
on analysis of available structures the authors suggested Glu-295 and Asp-252
(of cytochrome b, Rba. capsulatus numbering) as the most likely candidates for
haem b, and haem by linked signals, respectively. If signals in the 1710 - 1790
cm’! range of the difference spectra of haem by or haem by arise from
protonation state changes of aspartic/glutamic acid residues, then signals arising
from gain/loss of the symmetric and antisymmetric COQO" stretching modes of the
deprotonated form might also be expected. Unfortunately these modes absorb in
very crowded regions of the spectra (see section 3.5.5), making their definitive

identification difficult.

In order to develop this line of work further, electrochemically-induced ATR
FTIR redox difference spectroscopy was applied to rehydrated films of bovine
cytochrome bc; complex using a novel in-house constructed electrochemical cell
(see section 2.4.6). The resulting difference spectra for redox changes of all
components of the complex and for redox changes associated with haem b, and
haem by, individually, are shown to be highly comparable to equivalent spectra
obtained using the already-established perfusion method (see Figure 4.2 and
Figure 4.3). The use of redox potentiometry in combination with an appropriate
redox mediator solution provides greater control of ambient redox potential and
ease of use than the perfusion method described above (and in section 2.4.5). In
particular, the system can in principle allow full stepwise redox titration of
multiple components. Furthermore, the static redox equilibration buffer means
that experiments in D,O media are far more easily and cheaply performed than
the perfusion methods that require large volumes of D,0O. At the time these
experiments commenced, a facility for acquiring FTIR and UV/visible spectra
simultaneously was available for the perfusion method but not for the
electrochemical method. Experiments using an early prototype electrochemical
cell that included this facility are described in sections 4.4.1 and 4.4.2. However,
the reduction in surface area of the working electrode required to accommodate

the fibre optic probe was found to result in unacceptably long redox equilibration
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times and the prototype was not used for later experiments. Since completion of
the experiments described in this thesis, further developments of this technology
have resulted in an in-house constructed electrochemical cell which includes a
platinum minigrid working electrode and a larger fibre optic probe; these
modifications result in higher signal:noise UV/Visible spectra and greatly

reduced redox equilibration times.

Section 4.4 describes the application of electrochemically-induced ATR FTIR
redox difference spectroscopy to rehydrated films of cytochrome bc; complex
from Rba. capsulatus for the first time. The aim of these experiments was to
measure difference spectra arising from redox changes associated with haem b,
and haem by, individually, at higher signal:noise than those described above
(202), in order better to interpret putative glutamic/aspartic acid signals in the
1710 - 1790 cm’™' region. In order to test the tentative assignment of protonation
state change/perturbation of Glu-295 to the signals within the 1710 cm’ - 1790
cm’ region of the haem by spectrum, cytochrome bc, complex with a glutamic
acid to valine substitution at position 295 in cytochrome b (see section 2.1.2) was
also analysed. Glu-295 was selected for mutagenesis because it is a component
of the highly conserved PEWY motif, close to haem by (approximately 9 A from
haem by in the stigmatellin bound structure (see Figure 1.6)), and is present in
differing orientations in structures with different inhibitors bound (see section
1.1.3.2). In addition to the availability of site directed mutagenesis, use of Rba.
capsulatus was advantageous because the pH dependencies of each of the B-type
haem midpoint potentials suggest a single strongly coupled protonatable group as
opposed to the weaker coupling (possibly of several groups) indicated by the

bovine B haem midpoint pH dependencies (see section 1.1.3.2).

The experiments described in this chapter were performed after the publication
of (74,;75) and prior to (and contributing to) (33), see section 4.5. At the stage of
the work reported here, development of the electrochemical cell had progressed
to include a prototype which incorporated a fibre optic probe (see section 2.4.6).
This allowed the redox states of the B- and C-type haems to be monitored (in real
time) during establishment of suitable conditions for reduction/oxidation of haem
by and haem by, individually. In addition, monitoring changes in the UV/Visible

spectra recorded simultaneously with FTIR data confirmed the purity of the final
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averaged haem b and haem by spectra. Therefore, both ATR FTIR and
UV/visible spectra are presented for wild-type Rba. capsulatus cytochrome bc

complex.

4.2 IR absorption spectra acquired during preparation
of rehydrated films

The process of preparing rehydrated films of cytochrome bc; complex that were
adhered to the IRE, as described in section 2.4.3, was monitored by IR
spectroscopy to assess layer quality and stability. Differences in the absolute
absorbance spectra obtained from the bovine and Rba. capsulatus complex at
each stage of layer preparation were minimal as shown in Figure 4.1. The
absorbance spectrum of the ATR-ready aliquot, recorded immediately after
sample deposition onto the IRE (trace A), was dominated by the O-H scissoring
mode of water at 1638 cm™. The absorbance spectrum of the dried protein layer,
trace B, was dominated by amide I (1651/2 cm™) and amide II (1540/2 cm™)
protein bands together with a contribution from water underlying the amide I
band. Because this contribution from water did not diminish with extended
drying time it was concluded that the absorption originates from integral
structural waters that are tightly bound to the protein. A band at 1739/8 cm™ can
also be seen that is due primarily to the ester bond of lipid (223) and can provide
a useful means of estimating lipid/protein ratios (see section 1.2.2.3). On several
occasions the protein layer was rejected at this stage due to the presence of
signals from either excess detergent or polycarbonate; the latter was found to
originate from the ultracentrifuge tubes used in ATR-ready sample preparation
(see sections 2.4.3 and 3.3.2). The absorbance spectrum obtained after
.rehydration is shown as trace C; the protein bands decrease in amplitude as the
protein layer expands and the water contribution under the amide I envelope
increases. In general, it took 60 minutes for the rehydrated film to stabilise to a
level sufficient for redox difference spectra to be measured accurately. It was
found that rehydrated layers that retained >20% amide II signal (AA1540-1480 cm-1)
on rehydration and had a stable rehydrated AAs40.1480 cm greater than 0.1 could

produce difference spectra of adequate signal/noise ratio.
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Figure 4.1 ATR FTIR absorption spectra of bovine and Rba. capsulatus cytochrome bc,
complex during rehydrated film preparation from ATR-ready samples. Each spectrum is
the average of 500 interferograms recorded against an equivalent background spectrum
measured immediately after cleaning and drying the IRE. Trace A was recorded
immediately after diluting an ATR-ready sample to 6 ul with water then placing it on the
IRE. The absorption spectrum was recorded again after the sample had been dried under
a gentle stream of dry air (trace B). A final absorption spectrum was recorded after
rehydration with 50 ul 100 mM potassium phosphate, 200 mM potassium chloride
pH7.0 (trace C) (see Materials and Methods).

4.3 Comparison of electrochemically- and perfusion-
induced ATR FTIR redox difference spectra of bovine
cytochrome bc, complex

In’ order to validate use of the newly developed electrochemical cell (see section
2.4.6), electrochemically-induced redox difference ATR FTIR spectra of bovine
cytochrome bcy complex were measured and compared with equivalent spectra
obtained by the already-established perfusion method (reproduced from (74))

(see section 2.4.5).

4.3.1 Redox difference spectra of whole complex

Electrochemically-induced ATR FTIR redox difference spectra for reduction and
oxidation of all components of a rehydrated film of bovine cytochrome bc;
complex at pH 7.0 are shown in Figure 4.2. Traces A and B are reduced minus
oxidised and oxidised minus reduced spectra respectively. These spectra are near
mirror images of each other confirming the reversibility of the redox-induced

changes. A final high quality reduced minus oxidised spectrum (trace E) was
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obtained by inverting trace B and averaging with trace A (to generate trace C),
followed by interactive subtraction of minor contributions from layer
swelling/shrinkage, redox mediators and buffer components (trace D) (these
adjustments will subsequently be referred to as ‘baseline adjustments’). The
final spectrum (trace E) exhibits principal features at 1743(-), 1723(+), 1691(-),
1665(+), 1656(-), 1629(+), 1621(-), 1612(+), 1565(-), 1537(+), 1506(-), 1405(+),
1390(-), 1339(+), 1236(+), 1218(+), 1163(+), 1144(-), 1102(-) and 1084(+) cm,
where (+) and (-) indicate peaks and troughs respectively. The final spectrum
(trace E) is in good agreement with the previously-published equivalent
perfusion-induced redox difference spectrum (shown as trace F, reproduced from
(74)) and is of similar amplitude and signal:noise (see section 4.3.3 for

discussion).
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Figure 4.2 Comparison of electrochemically- and perfusion-induced ATR FTIR full
redox difference spectra of bovine cytochrome bc¢; complex. Electrochemical reduction
conditions were -400 mV applied for 20 minutes and oxidation conditions were 500 mV
applied for 15 minutes. Redox mediation between working electrode and protein film
was provided by a buffer of 200 mM potassium phosphate, 100 mM potassium chloride,
500 pM potassium ferricyanide, 100 pM benzyl viologen at pH 7; see section 2.4.6.
Traces A and B are averages of sample spectra from 17 reduction transitions and 18
oxidation transitions, respectively, with each spectrum consisting of 1000 inferograms.
Trace C, obtained by averaging trace A and the inverse of trace B, is equivalent to the
average of 35 reduced minus oxidised spectra (trace C). The final spectrum, trace E,
was obtained by subtracting trace D, a scaled benzyl viologen reduced minus oxidised
difference spectrum, from trace C. In this experiment it was not necessary to make
baseline adjustments for buffer or protein layer swelling/shrinkage contributions.
Equivalent perfusion-induced reduced minus oxidised difference spectrum (at pH 7.5)
was reproduced from (74) as trace F for comparison purposes. Peak/trough labelling
refers to the electrochemistry data.

4.3.2 Redox difference spectra of haem by and by

In order to confirm the feasibility of the electrochemical method to obtain
electrochemically-induced difference spectra arising from redox changes of haem

by and haem by individually, spectral differences between samples poised at

129



Chapter 4

appropriate ambient potentials were acquired and compared to equivalent
perfusion-induced spectra. From the reported Er; values of haem by (-25 mV),
haem by (90 mV), haem ¢, (242 mV) and the Fe-S centre (305 mV) in the bovine
complex (see section 1.1.3.2) (32-34), and preliminary experiments (data not
shown), redox conditions (reduction/oxidation) of -450/-20 mV and 40/200 mV
were selected for the for the resolution of haem b; and haem by individually,
respectively (see Figure 4.3). The electrochemically-induced reduced minus
oxidised IR difference spectrum due to haem by is plotted as trace A (in black);
baseline adjustments were made as described previously. It exhibits principal
features at 1742(-), 1702(+), 1691(-), 1683(+), 1675(-), 1664(+), 1647(-),
1630(+), 1614(+), 1557(-), 1540(+), 1522(+), 1497(-), 1406(+), 1336(+),
1265(+), 1230(-), 1205(+), 1169(+), 1141(-), 1129(+), 1109(+), 1092(-), and
1064(-) cm™. The electrochemically-induced reduced minus oxidised IR
difference spectrum due to haem by is plotted as trace B (in black); baseline
adjustments were made as described previously. The final spectrum exhibits
principal features at 1740(-), 1688(-), 1674(-), 1665(+), 1654(-), 1636(+),
1617(+), 1583(-), 1553(+), 1521(+), 1510(-), 1486(+), 1413(-), 1404(+), 1364(-),
1331(+), 1303(-), 1276(+), 1245(+), 1225(-), 1214(+), 1180(-), 1160(+), 1116(+),
1101(-) and 1067(-) cm™. The equivalent perfusion-induced haem 4, and haem
by difference spectra (reproduced from (74)) are shown overlaid in red for
comparison purposes. As with the redox difference spectra for all components
the haem br and haem by electrochemically- and perfusion-induced spectra are
similar in amplitude, signal:noise and are broadly in agreement; however

differences are present in several regions and these are discussed in section 4.3.3.
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Figure 4.3 Comparison of electrochemically- and perfusion-induced ATR FTIR redox
difference spectra of the B-type haems of bovine cytochrome bc; complex. Traces A
and B are reduced minus oxidised difference spectra due to haem b; and haem by
respectively. The electrochemically-induced haem b; difference spectrum (black line)
was measured using reducing conditions of -450 mV and oxidising conditions of -20
mV, both applied for 15 minutes. The electrochemically-induced haem by difference
spectrum (black line) was measured using reducing conditions of 40 mV and oxidising
conditions of 200 mV, both applied for 15 minutes. Baseline adjustments (as described
previously) were made to final presented haem b, and by spectra which are equivalent to
the average of 37 and 26 reduced minus oxidised spectra, each consisting of 1000
interferograms, respectively. A solution of 200 mM potassium phosphate, 100 mM
potassium chloride, 250 pM hexaamminerutherium chloride, 50 uM anthraquinone-2,6-
disulfonate, 50 pM benzyl viologen, 50 uM gallocyanin at pH 7.0 provided buffering
and redox mediation. Equivalent perfusion-induced reduced minus oxidised difference
spectra of haem b, and haem by (acquired by reduction/oxidation with 3 mM sodium
dithionite in buffer (50 mM HEPES, 50 mM potassium phosphate, 100 mM potassium
chloride 5 pM phenazine methosulfate pH 7.5)/aerobic buffer and 300 pM succinate in
buffer/285 pM fumarate 15 pM succinate in buffer, respectively) were reproduced from
(74) and are overlaid in red for comparison purposes. Peak/trough labelling refers to the
electrochemistry data.
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4.3.3 Discussion of differences between
electrochemically- and perfusion-induced redox
difference spectra

The electrochemically- and perfusion-induced full redox difference spectra
presented in Figure 4.2 are in good agreement, both in amplitudes and positions
of features and in signal:noise. Tentative assignments for many of the features of
the perfusion-induced spectrum based on isotope exchange effects and analysis
of related proteins and model compounds were made in (74) and these are also
applicable to the electrochemically-induced spectrum. Changes in the 1700 -
1610 cm™ region were primarily assigned (tentatively) to amide I bands arising
from changes in the peptide backbone and it was acknowledged that these are
likely to obscure other more informative bands. Peaks at 1236, 1339 and 1405
cm’', together with at least part of the broad positive feature in the 1550 - 1530
cm’’ region were tentatively assigned to haem modes based on similarities with
haem modes seen in the redox difference spectrum of the model compound iron
protoporphyrin IX-bisimidazole (74). The peak/trough feature at 1723/1743 cm’
was tentatively assigned to the C=O stretching mode of protonated aspartic
acid(s) and/or glutamic acid(s) (74) (see section 3.5.5). Troughs at 1258 and
1289 cm™' in the perfusion-induce spectrum were tentatively assigned to methoxy
and/or ring modes of ubiquinone (74) (see section 3.5.3). Small troughs at these
positions, indicated by arrows in Figure 4.2, are also present in the
electrochemically-induced spectrum although it is acknowledged that these
signals are only just detectable. Additional tentative assignments are discussed
in (74).

Electrochemically- and perfusion-induced redox difference spectra from haem b
and haem by, individually, are compared in Figure 4.3. The maximum
amplitudes of these spectra are approximately half those of the full redox
difference spectra in Figure 4.2, therefore discrepancies between the techniques
are likely to be more apparent in this comparison. The overall shapes of the
spectra obtained by the two methods are similar with the majority of features
being present at similar positions and amplitudes. There are a number of minor

differences between the electrochemically- and perfusion-induced difference
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spectra of haem b;. Differences in relative amplitudes of features in the amide I
and II regions (1700 - 1590 cm™ and 1570 - 1490 cm’’, respectively) are likely to
arise primarily from base line adjustments carried out to remove contributions
from shrinking/swelling of the layer in both studies. For example, troughs at
1557 and 1497 cm™ in the electrochemically-induced spectrum appear at 1549
and 1487 cm™ in the perfusion-induced spectrum. The most prominent
difference outside the amide I and II regions is the presence of a peak at 1265
cm’' in the electrochemically-induced spectrum that is absent from the perfusion-
induced spectrum. This peak does not correspond to any of the model
compounds surveyed in Chapter 3 (the very sharp vacuum grease absorption at
1260 cm™ is ruled out by the broad nature of the observed redox signal) and
cannot currently be assigned. The amide I and II regions of the haem by
electrochemically- and perfusion-induced difference spectra are in good
agreement. In other regions notable differences include the greater amplitude of
the peak at 1485 cm’', the presence of a peak at 1297 cm™' and the absence of a
peak at 1331 cm™' in the perfusion-induced spectrum that are present at reduced
amplitude, absent and present, respectively, in the electrochemically-induced
spectrum. The peak at 1485 cm™ has been tentatively assigned a C-C ring mode
of ubisemiquinone in the Q;-site (74) and it is possible that the semiquinone is
stabilised in the reducing conditions used in the perfusion experiment (where the
obligatory n=2 couple succinate/fumarate was used to poise potential) and not by
those used in the electrochemistry experiment (where complete equilibration of
all n=1 states was achieved due to the mediators present). The peaks at 1297 and
1331 cm’, from the perfusion- and electrochemically-induced spectra,

respectively, cannot be assigned at this time.

In conclusion the differences between the electrochemically- and perfusion-
induced redox difference spectra presented in Figure 4.2 and Figure 4.3 are
considered to be minor and the electrochemical method is considered valid for

the analysis of rehydrated films of cytochrome bc; complex.
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4.4 Investigation of Rhodobacter capsulatus
cytochrome bc, complex by electrochemically-

induced redox difference spectroscopy

Electrochemically-induced ATR FTIR redox difference spectroscopy was
applied to cytochrome bc; complex from Rba. capsulatus in order to resolve
signals arising from haem b and haem by, individually. Use of a novel
electrochemical cell, which incorporated a fibre optic probe (see section 2.4.6),
allowed simultaneous acquisition of FTIR spectra while the redox state of the B-
and C-type haems was monitored in real time. This allowed electrochemical
conditions suitable for the acquisition of FTIR difference spectra arising solely
from redox changes associated with haem b; and haem by, individually, to be
determined. Changes in the UV/visible spectra acquired during measurement of
FTIR spectra for averaging allowed the purity of the final averaged haem b; and

haem by spectra to be confirmed.

4.4.1 UV/Visible redox difference spectra

Electrochemically-induced UV/visible difference spectra of all components of a
rehydrated layer of Rba. capsulatus cytochrome bc; complex adhered to the IRE
are shown in Figure 4.4 (see section 2.4.6). Traces A and B are reduced minus
oxidised and oxidised minus reduced spectra respectively. These spectra are near
mirror images of each other confirming the reversibility of the induced redox
changés. The final spectrum (trace C) is dominated by a peak at 560 nm,
characteristic of haem by reduction, with a small shoulder at 553 nm,
characteristic of haem ¢; reduction. The contribution from reduction of haem by,
a small peak at 564 nm, would be expected to be obscured by the larger 560 nm
peak and the Fe-S centre is not expected to contribute; therefore, this spectrum is
consistent with all components of the complex undergoing reduction/oxidation
(74;75). These spectra were recorded simultaneously with the ATR FTIR
difference spectra shown in Figure 4.6 (trace A) and confirm that the spectrum

represented the redox transition of all components of the complex.
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Figure 4.4 Electrochemically-induced UV/visible difference spectra of all components
of Rba. capsulatus cytochrome bc, complex at pH 7.0. Reduction conditions were -450
mV and oxidation conditions were 500 mV, both applied for 25 minutes; buffer/redox
mediation solution was as described in Figure 4.2. Traces A and B are averages of
sample spectra from 4 reduction transitions and 4 oxidation transitions respectively. The
final spectrum, plotted as trace C, was obtained by averaging trace A and the inverse of
trace B and is equivalent to the average of 8 reduced minus oxidised spectra.

The known midpoint potentials of the Rba. capsulatus cytochrome bc; complex
components: - Fe-S centre E;; = 320 mV, haem ¢; £ =320 mV, haem b E7 =
-140 mV and haem by Ery7 = 40 mV (see section 1.1.3.2) (3/) and the ability to
monitor UV/visible absorbance changes almost in real time allowed selection of
appropriate potentials for obtaining UV/visible (and FTIR) difference spectra of
the individual B-type haems (see Figure 4.5). The difference spectrum due to
reduction/oxidation of both B-type haems together (Figure 4.5, trace B) was
dominated by a peak at 561 nm, indicative of reduction/oxidation of haem by,
without the haem c¢; 553 nm shoulder present in the spectrum due to all
components (trace A, reproduced from Figure 4.4). The difference spectrum due
to haem by (trace D) is also dominated by a peak at 561 nm; however, this

feature differs in intensity and shape on the high wavelength side from the
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feature in trace B. Subtraction of trace D from trace B (trace E) shows this
difference more clearly. It consists of a peak at 556 and 567 nm, characteristic of
haem b, reduction/oxidation (74), and indicates that trace D is due to changes in
haem by without contribution from haem b;. A difference spectrum due to haem
by is plotted as trace C. Full oxidation of haem b; was shown to be accompanied
by partial oxidation of haem by (data not shown) therefore, in order to measure a
pure haem b spectrum it was necessary only partially to oxidise haem b;. This
explains the difference in magnitude of trace C (shown expanded x2) and trace
E. These spectra were recorded simultaneously with the ATR FTIR difference
spectra shown in Figure 4.6 and confirm that trace B (of that figure) consists
solely of redox transitions of the two B-type haems and that traces C and D (of
that figure) consist solely of redox transition of haem b; and haem by,

respectively.
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Figure 4.5 Electrochemically-induced UV/visible difference spectra of the B-type haems
of Rba. capsulatus cytochrome bc, complex at pH 7.0. Trace A is reproduced from
Figure 4.4 for comparison purposes. Trace B is the difference spectrum due to haems b,
and by (combined). It was measured using reducing conditions of -450 mV applied for
10 minutes and oxidising conditions of 190 mV applied for 14 minutes. Buffer/redox
mediation solution was as described in Figure 4.3. The final presented spectrum is
equivalent to the average of 28 reduced minus oxidised spectra. Traces C and D are
difference spectra due to haems b; and by respectively. The haem b; spectrum was
measured using reducing conditions of 450 mV and oxidising conditions of -20 mV,
both applied for 10 minutes. The haem by spectrum was measured using reducing
conditions of 40 mV and oxidising conditions of 200 mV, both applied for 20 minutes.
The final presented haem b, and by spectra are equivalent to the average of 35 and 31
reduced minus oxidised spectra respectively. The difference between traces B and D is
plotted as trace E (see text).

4.4.2 IR redox difference spectra

Electrochemically-induced ATR FTIR redox difference spectra of Rba.
capsulatus cytochrome bc; complex were measured concurrently with the
UV/visible difference spectra described in section 4.4.1 and are shown in Figure
4.6. The difference spectrum arising from redox changes of all components is

shown as trace A and exhibits principal features at 1743(-), 1724(+), 1693(-),
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1684(+), 1678(-), 1670(+), 1653(-), 1623(+), 1609(-), 1556(+), 1548(-), 1534(+),
1506(-), 1492(+), 1482(-), 1469(+), 1449(-), 1431(+), 1388(+), 1289(-), 1277(+),
1264(-), 1239(+), 1202(-), 1148(-), 1115(+), 1104(-) and 1088(+) cm™. It is in
good agreement with the previously published equivalent perfusion-induced
redox difference spectrum (reproduced from (75) and overlaid in red) and shows
broad similarities to the electrochemically-induced difference spectrum due to all

components of bovine cytochrome bc; complex (Figure 4.2), see section 4.5.

Redox-induced ATR FTIR difference spectra arising from redox changes of both
B-type haems and of haem b; and by individually were also recorded
concurrently with the UV/visible difference spectra shown in Figure 4.5.
However, longer timings were necessary for redox equilibration when using the
fibre optic enabled electrochemical cell resulting in acquisition of fewer
difference spectra for averaging in a given time period and therefore lower
signal:noise in the final averaged spectra than in an equivalent spectrum recorded
using the electrochemical cell lacking the fibre optic probe (see section 4.5). In
order to increase the signal:noise ratio the FTIR spectra arising from redox
changes of both B-type haems and of haem b, and by individually were each
averaged with data (not shown) acquired from a different protein layer obtained
under equivalent conditions using the electrochemical cell lacking the fibre optic
probe. Final averaged spectra are shown in Figure 4.6 as traces B, C and D,
respectively. The reduced minus oxidised IR difference spectrum due to haem
b., after baseline adjustments, (trace C) exhibits principal features at 1743 (-),
1723(+), 1702(+), 1694(-), 1685(+), 1678(-), 1669(+), 1650(-), 1632(+), 1620(-),
1612(+), 1563(-), 1534(+), 1521(-), 1456(+), 1411(+), 1238(+), 1166(+), 1141(-),
1127(+), 1115(+), 1102(-) em”. The reduced minus oxidised IR difference
spectrum due to haem by, after baseline adjustments, (trace D) exhibits principal
features at 1740(-), 1653(-), 1624(+), 1612(-), 1563(+), 1487(+), 1470(+), 1451(-
), 1431(+), 1387(+), 1328(+), 1311(+), 1289(-), 1274(+), 1263(-), 1204(-),
1126(+), 1114(+), 1104(-) and 1052(+) cm’. These data are interpreted and

discussed in section 4.5.
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Figure 4.6 Electrochemically-induced ATR FTIR difference spectra of Rba. capsulatus
cytochrome bc; complex at pH 7.0. Trace A is the reduced minus oxidised difference
spectrum arising from redox changes of all components and is the average of 8 spectra
each of which consists of 1000 interferograms. Reduction conditions were -450 mV and
oxidation conditions were 500 mV, both applied for 25 minutes; data were recorded
synchronously with UV/visible data, see legend of Figure 4.4. See legend of Figure 4.2
for details of the buffer/redox mediation solution. The equivalent perfusion-induced
difference spectrum, reproduced from (75), is scaled and overlaid in red. Reduced
minus oxidised difference spectra arising from redox changes of both B-type haems and
of haem b, and by are shown as traces B, C and D respectively. Each is the average of
spectra recorded concurrently with the UV/visible spectra presented in Figure 4.4 and
additional spectra recorded under equivalent conditions using the electrochemical cell
lacking the fibre optic probe (see text). Traces B, C and D are the average of 58, 80 and
60 reduced minus oxidised difference spectra, each consisting of 1000 interferograms,
respectively. See legend of Figure 4.5 for reduction and oxidation conditions and legend
of Figure 4.3 for details of buffer/redox mediation solution.
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4.4.3 IR redox difference spectra of E295V
cytochrome bc; complex

Electrochemically-induced ATR FTIR redox difference spectra of Rba.
capsulatus cytochrome bc; complex in which Glu-295 of cytochrome b was
substituted for valine (see section 2.1.2) are shown in Figure 4.7. Traces A and
B arises from redox changes of all components and of haem by, respectively. The
E295V difference spectra, shown in red overlaid on equivalent wild-type spectra
(shown in black, reproduced from Figure 4.6), were measured using the
electrochemical cell lacking the fibre optic probe and the same conditions as
those used to acquire the wild-type spectra, see legend of Figure 4.6. These data

are discussed in section 4.5.
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Figure 4.7 Electrochemically-induced ATR FTIR difference spectra of all components
and of the haem b; of Rba. capsulatus E295V cytochrome bc; complex at pH 7.0.
E295V spectra are shown in red and were measured under the same conditions as the
wild-type spectra which are reproduced in black from Figure 4.6. Trace A is the average
of 144 reduced minus oxidised spectra, each consisting of 1000 interferograms, due to
redox changes of all components. Trace B is a difference spectrum due to haem b, and
is the average of 46 reduced minus oxidised spectra. For redox changes of all
components reduction/oxidation conditions were -450/500 mV and for redox changes of
haem b; reduction/oxidation conditions were -450/-20 mV; redox mediation was
provided by a buffer of 200 mM potassium phosphate, 100 mM potassium chloride, 500
pM potassium ferricyanide, 100 pM benzyl viologen at pH 7.
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4.5 Discussion and conclusions

Electrochemically-induced ATR FTIR difference spectra arising from
reduction/oxidation of all components of rehydrated films of bovine cytochrome
bc, complex have been shown to be highly comparable to equivalent spectra
obtained by perfusion-induced ATR FTIR spectroscopy (74), as have difference
spectra arising from reduction/oxidation of each of the B-type haems individually
(see section 4.3.3). These comparisons validate the functionality of the newly
developed electrochemical cell and associated protocols. This was further
demonstrated (for both the cells with and without the fibre optic probe) by
comparison of the full redox difference spectrum of cytochrome bc; complex
from Rba. capsulatus with the equivalent perfusion-induced spectrum from (75)
(see Figure 4.6) and comparison of the difference spectrum arising from
reduction/oxidation of haem bp with an equivalent spectrum obtained by
transmission FTIR (202). The haem b, redox difference spectra of bovine and
Rba. capsulatus complex are similar in overall shape (particularly in amide I and
Il regions). However, the Rba. capsulatus IR difference spectrum acquired using
reduction/oxidation conditions that were selected on the basis of the E; of haem
by to cause redox changes of haem by (Figure 4.6, trace D), differs markedly
from the equivalent obtained by transmission FTIR (202) and is not similar to the
equivalent bovine spectrum, even though the UV/visible spectra that were
recorded simultaneously were consistent with haem by reduction alone. Instead
this spectrum exhibits a striking similarity to the ubiquinone redox difference
spectrum presented in Figure 3.10. Based on position and relative amplitudes
almost all features (1653(-), 1612(-), 1487(+), 1470(+), 1431(+), 1387(+), 1289(-
), 1263(-), 1204(-), 1114(+) and 1052(+) cm™) can be confidently assigned to
redox changes of ubiquinone. The ubiquinone content of the Rba. capsulatus
cytochrome bc; complex preparation used has been analysed previously by
UV/visible spectroscopy and the ubiquinone:cytochrome bc; complex ratio was
shown to be 6-8:1 (75). It would follow that the major contributor to these
signals was adventitiously bound ubiquinone. If haem by signals underlie the
ubiquinone signals they are too small for interpretation. For future
experimentation, oxidation conditions could be selected that oxidise haem by

(Em7 = 40 mV) but do not oxidise the majority of ubiquinone (Ery7 = 110 mV
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(solution value) (/00)) together with reducing conditions that reduce haem by
without greatly reducing haem by (En; = -140 mV). Or, an attempt could be
made to remove the ubiquinone, for example, by washing with detergent while

the protein is bound to a column.

Unlike those of haem by, the signals arising from reduction/oxidation of haem b,
were successfully resolved in Rba. capsulatus using the electrochemical cell and
ATR apparatus (see Figure 4.6, trace C). This spectrum is of significantly higher
signal:noise than that previously acquired using transmission FTIR by Baymann
et al (202), particularly at lower frequencies where the effective pathlength of the
IR beam is extended in ATR mode. The spectrum shares many features with the
previously published transmission spectra (202) and the perfusion-induced
bovine haem b difference spectrum (acquired in ATR mode) (74), allowing

many tentative assignments to be made (see Table 4.1).

Tentative assignments Rba. capsulatus Bovine
((74;202)) Electrochemically- | Electrochemically- | Perfusion-
induced (ATR) induced (TRANS) | induced
Figure 4.6, trace D | (202) (ATR)
(74)

C=0 Asp/Glu 1743(-) - 1741(-)

C=0 Asp/Glu 1723(+) 1720(+) 1728(+)

C=0 Haem propionate/Amide I 1702(+) 1704(+) 1701(+)

C=0 Haem propionate 1694(-) 1690(-) 1692(-)

C=0 Haem propionate 1685(+) 1680(+) 1683(+)

C=0 Haem propionate 1678(-) 1674(~) 1675(-)

Amide I 1669(+) 1666(+) 1664(+)

Amide I - 1652(+) 1656(+)

Amide I 1650(-) 1646(-) 1649(-)

Amide I 1632(+) 1632(+) 1630(+)

Amide I 1620(-) 1618(-) 1622(+)

CoC haem vinyl 1612(+) 1608(+) 1612(+)

Amide II 1563(-) 1556(-) 1549(-)

CbCb haem 1534(+) 1532(+) 1537(+)

CbCb haem or Amide II 1521(-) 1518(5) 1525(+)

- 1456(+) - -
CaN haem 1411(+) 1400(+) 1407(+)
CoC3 haem vinyl 1141(-) 1140(-) -

Table 4.1 Comparison of redox difference spectra of haem b,. Features of redox
difference spectra of haem b, from Rba. capsulatus, acquired by electrochemically-
induced ATR FTIR spectroscopy (from Figure 4.6, trace D), electrochemically-induced
transmission FTIR spectroscopy (from (202)) and perfusion-induced ATR FTIR
spectroscopy. Tentative assignments for signals to protonation state change of glutamic
acid(s) or aspartic acid(s) or to perturbation of one or more such residues in the
protonated state are in bold.

142



Chapter 4

In addition to the numerous assignments to amide I and II and various haem
modes, a trough/peak feature at ~ 1742/1741 cm’', which is present in the ATR
FTIR haem b; difference spectra of the Rba. capsulatus and bovine complexes,
is tentatively assigned to a protonated glutamic acid(s) and/or aspartic acid(s)
responding to a change in its environment (or possibly, the redistribution of
protons between several carboxylic residues) (74,202), see section 3.5.5. The
peak (1720 cm™) of this feature is also present in the transmission mode spectra
of Rba. capsulatus and it is possible that the trough is also present but obscured
by noise (202).

An additional smaller peak at ~1702 cm™ may also arise from similar C=0
stretching modes (74,202), however these modes are not typically expected to
absorb below 1710 cm™. A more likely assignment would be to a high frequency
amide I vibrational mode, such as that of a proline, as suggested by Baymann et
al (202) or to a haem propionate (224). It has been proposed that a redox linked
perturbation of Glu-295 in the protonated form (or protonation state changes of
this residue) may contribute to the ~ 1742/1741 cm™ signals (74). This was
based on the proximity of the residue to haem by (see Figure 1.6), that it is highly
conserved and that its orientation in high resolution structures has been shown to
be dependent on the type of Q,-site inhibitor bound (74) (see section 1.1.3.2). To
investigate this proposal further, electrochemically-induced difference spectra
aﬁ§ing from reduction/oxidation of all components, and of haem b, of E295V
Rba. capsulatus cytochrome bc; complex (see section 2.1.2) were measured (see
Figure 4.7). There are no significant differences between the E295V and wild-
type full redox and haem b, difference spectra indicating that Glu-295 is not the
source of the signals in the 1710 cm™ - 1790 cm™ region of the haem b
spectrum and therefore cannot be the redox-linked protonated group of haem b;.
Subsequent to this study an E295H mutant has been analysed in the same
manner; the resulting spectra were shown not to differ significantly from wild-
type (33) confirming the conclusion that Glu-295 is not the source of the signals.
If it is assumed that the signals in the 1710 cm™ - 1790 cm™ region arise from a
perturbation of a protona;[ed carboxylic acid or a protonation state change of a
carboxylic acid, future experiments should investigate alternative candidate

glutamic and aspartic acids close to haem by and such candidates are detailed in
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Figure 4.8A. For example, a good candidate would be Asp-278 because it is
close to, and orientated towards, haem by, (sidechain to haem propionate = 10 A)

and is well conserved.

Haem C,

Haem C4

Asp-ﬂﬁ! e His-72*
'z,-(\ His-72
Glu-218* His-82
His-68" {His-276 c
R -]
" His-68 ‘W‘:W/ P
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m By X o~
< {%Sﬁgmﬁoﬂin
His-188* P

b

’ Haem B, -“
His-97 His-198

Figure 4.8 Aspartic acid, glutamic acid and histidine residues in the vicinity of haem b;.
Atoms of aspartic acid residues and glutamic acid residues (A) and Histidine residues
(B) within 20 A of the iron of haem b, in the Rba. capsulatus structure (Rba. capsulatus
numbering) are coloured orange, green and magenta respectively. All residues are of
cytochrome b except for Glu-218 of cytochrome c;; His-68*, His-72* and His-198* are
of the other cytochrome b of the dimeric structure. Figure drawn using PyMOL™ from
PDB file 1ZRT.

It is also appropriate to examine the haem b;, difference spectrum for alternative
signals that may arise from protonation state changes of a non-glutamic/aspartic
acid group. The C=O stretching mode of a haem propionate, in the protonated
form, would be expected to absorb between 1700 and 1665 cm™. The symmetric
and antisymmetric COO™ modes would be expected to absorb between 1420 and
1300 cm™ and between 1620 and 1540 cm™ respectively (224). Therefore, the
peak close to 1700 cm™ in the haem &; difference spectrum is consistent with the
protonation of a haem propionate (or a protonated propionate group responding
to a change in environment). This assignment is highly tentative as the feature
could also arise from, as discussed above, a glutamic/aspartic acid or an amide I
mode. Establishing a more definitive assignment to a propionate would require
the analysis of complex in which the haem &, ring had been isotope labelled, in a
similar manner to that used by Mileni er a/ to investigate the role of the ring C
propionate of the distal haem in the proposed E-pathway of quinol:fumarate
reductase by FTIR (224). The haem b, difference spectrum also contains several
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bands in the 1100 cm’' region where protonation state changes of histidine
(perturbation of histidine in imidazole/imidazolium forms) are expected to
contribute (see section 3.5.4). In the by difference spectrum these signals appear
as a peak/trough at 1115/1102 cm’' which is consistent with a histidine residue
responding to changes in its environment. This tentative assignment could be
made more definitive by analyses of complex in which individual candidate
histidine residues (see Figure 4.8B) had been replaced, by site directed
mutagenesis, or isotopically labelled. The relatively well conserved, His-276 is
positioned close to haem by, and the Fe-S centre and would therefore be a good

residue to investigate further.

The role of Glu-295 in the mechanism of quinone oxidation at the Q,-site of
cytochrome bc, complex remains unknown. It has recently been shown, through
a study involving extensive mutagenesis of Glu-295, that replacement of the
residue (with alanine, valine, phenylalanine, histidine, lysine or glutamine)
results only in a moderate (between 5 and 50-fold) reduction in hydroquinone
oxidation rates. In addition it was shown that replacement of Glu-295 does not
effect the midpoint potential pH dependency of haem b; (or the Fe-S centre)
further confirming that Glu-295 is not the strongly redox-linked protonatable
group (see section 1.1.3.2). The authors note that the Q,-site is highly resilient to
site directed mutagenesis and suggest that certain residues, most likely including
Glu-295, may play vital roles, but that there is a structural redundancy in effect
meaning that removal of one of these residues results in the role being performed
by another residue(s) (53). If this is the case, it is implied that the traditional
methods for deducing catalytic site function (i.e. performing site directed
mutagenesis to identify key residues, noting their relative positions from a high
resolution structure and making deductions from there) will have to be rethought

for analysis of the Q,-site.
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Chapter 5: Investigation of Complex | by Redox
Difference InfraRed Spectroscopy

5.1 Introduction

As detailed in Chapter 1 (section 1.3), complex I is the least understood of the major
respiratory complexes. This is largely due to its great size, high level of complexity,
the absence of a complete high resolution structure and a lack of suitable techniques
for the study of the reactions of its many redox centres. The non-covalently bound
FMN 1is amenable to study by UV/visible spectroscopy (see section 1.3.8.2).
However, the Fe-S centres and ubiquinone all have poor UV/visible signatures. To
date, most mechanistic information on the electron-transfer cofactors has come from
EPR spectroscopy detection of reduced forms of Fe-S centres and semiquinone forms
of ubiquinone and FMN; the conclusions from these studies are detailed in section
1.3.8.1. FTIR spectroscopy provides a useful complementary technique in which all
known complex I prosthetic groups, together with protein changes associated with
them, can be studied in the whole enzyme at near physiological temperatures. FTIR
spectroscopy has recently been applied to E. coli complex I and spectral features have
been interpreted in terms of lal;ge conformational changes of polypeptide (/74), redox
changes of FMN (84), redox-linked perturbation of lipid (225) and specific redox-
linked protonation changes of carboxylic acids (84,226) and tyrosine (173). These
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studies were performed in transmission mode using an ultrathinlayer

spectroelectrochemical cell and are described in detail in section 1.3.8.3.

This chapter describes the application of electrochemically-induced ATR FTIR
difference spectroscopy to rehydrated films of Y. lipolytica and bovine complex I that
advance the previous transmission mode FTIR spectroscopic studies of E. coli
complex I. The results are presented in detail in the following sections but a brief

summary is provided below:

Because the study is the first to apply ATR FTIR spectroscopy to complex I from
either Y. lipolytica or B. taurus it was appropriate to survey the features of the fully
reduced minus fully oxidised redox difference spectrum. Spectra were acquired at pH
6.0 and 8.0 and, to assist interpretation, equivalent spectra after H-D exchange and of
globally "N labelled material were measured for Y. lipolytica. Interpretation was

further assisted by the model compound measurements described in Chapter 3.

The significance of Fe-S centre N2 is described in Chapter 1, section 1.3.7. Briefly,
Fe-S centre N2 is of special interest as its midpoint potential has a redox-linked
protonation site (93) that may be relevant to the protonmotive mechanism (96,161).
Furthermore, EPR data have provided strong indications that it can interact
magnetically with ubisemiquinone (/44,/45) and so is likely to be the immediate
electron donor to substrate ubiquinone. Previous IR studies on E. coli complex I have
attempted to resolve the redox difference IR spectrum of Fe-S centre N2 using double
difference spectroscopy where intact protein samples containing N2 were compared to
fragments that had lost centre N2 (84). The complications associated with this
approach (see section 1.3.8.3) are avoided when investigating complex I from Y.
lipolytica because in this organism the Ep; value of Fe-S centre N2, -140 mV (99), is
sufficiently separated from those of the other components. This allowed difference
spectra arising solely from changes associated with reduction/oxidation of N2 to be
recorded directly from the whole complex by using appropriate reduction/oxidation
conditions. Equivalent IR difference spectra resulting from N2 associated redox
changes were obtained from wild-type and globally '*N labelled material in H,O and
D,0 media, after H-D exchange.

Differences between reduction by electrochemistry and by the substrate NADH were
investigated by recording perfusion-induced ATR FTIR difference spectra of bovine
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complex I with a view to investigating suggestions that complex I might undergo a
conformational change when reduced by natural substrate but not when reduced
chemically (/25). Reversible reduction and oxidation of the complex was induced by
buffers containing NADH and NAD" respectively. Finally preliminary data were
acquired for electrochemically-induced reduction/oxidation of all components of Y.
lipolytica complex I into which a H226M substitution in the NUCM subunit
(homologue of the bovine 49 kDa subunit) had been introduced (see Materials and
Methods). This mutant was selected because H226 has been shown to be the redox

linked Bohr group of Fe-S centre N2 in Y. lipolytica (101) (see section 1.3.7).

5.2 Results

5.2.1 IR absorption spectra acquired during preparation

of rehydrated films

The process of preparing rehydrated films of complex I that were adhered to the IRE,
as described in section 2.4.3, was monitored by IR spectroscopy to assess layer
quality and stability. When preparing H-D exchanged material, IR spectroscopy also
allowed the extent of H-D exchange to be quantified (see below and section 2.4.4).
Differences in the absolute absorbance spectra of bovine and wild-type Y. lipolytica
complex I at each stage of layer preparation were minimal as shown in Figure 5.1,
plots I and II. In addition, these absolute spectra are broadly comparable to those
obtained during the preparation of cytochrome bc; complex layers (see Chapter 4,
Figure 4.1) and the discussion in section 4.2 also applies to plots I and II of Figure
5.1. The absorbance spectrum of the ATR-ready aliquot, recorded immediately after
sample deposition onto the IRE (Figure 5.1, plots I and II, trace A) was dominated by
the scissoring mode of water centred at 1638 cm™. The absorbance spectrum of the
dried protein layer, trace B, was dominated by amide I (centred at 1650 cm'l) and
amide 11 (centred at 1538/40 cm™). As with the cytochrome bc; complex layer, a
water contribution underlying the amide I band in the spectra of the dried complex I
layer, which did not diminish with extended drying time, was indicative the presence
of integral structural waters that are tightly bound to the protein. The 1740 cm™ band,
arising primarily from the ester bond of lipid (223) was also present (see section 4.2
and section 1.2.2.3). As was the case with cytochrome bc; complex, occasionally the

protein layer was rejected at this stage due to the presence of signals from either



Chapter 5 149

excess detergent or polycarbonate; the latter was found to originate from the
ultracentrifuge tubes used in ATR-ready sample preparation (sections 2.4.3 and
3.3.2). The absorbance spectrum obtained after rehydration is shown as trace C; the
protein bands decrease in amplitude as the protein layer expands and the water

contribution under the amide I envelope increases.

The IR absorption spectra obtained during layer preparation of wild-type Y. lipolytica
complex I after/during H-D exchange (see section 2.4.4) are shown in plot III. Trace

! and

A is dominated by the O-D scissoring mode of deuterium oxide at 1205 cm’
comparison with trace A of plots I, IT and VI demonstrates the differing IR absorption
properties of deuterium oxide and water (see also section 3.2). H-D exchanged
material was dried onto the IRE; during this process the material was exposed to the
atmosphere and D-H exchange was able to occur. Trace B, recorded immediately
after drying, is therefore the absolute absorbance spectrum of partially H-D
exchanged material. The amide I band (centre at 1645 cm’') predominantly arises
from C=0 stretching modes and, therefore, the effect of H-D exchange on the band is
minor. The observed 5 cm™ downshift is slightly larger than the expected downshift
of 1-2 ecm™ (80); this is likely to be due to the loss of the underlying water
contribution. The amide II band arises from ~ 60% N-H bending and ~ 40% C-N
stretching modes (70) and is therefore much more sensitive to H-D exchange. In trace
B the bands at 1540 cm™ and 1440 cm™ result from amide II vibrations of protonated
and deuterated peptide bonds respectively. After rehydration with D,O containing
buffer, trace C, the amide II bands arising from vibrational modes of deuterated (1440
cm™) and protonated (1540 cm™) peptide increase and decrease in amplitude
respectively. This provides a quantitative indicator for extent of H-D exchange within

the protein, the final extent of which was estimated to be >90% (see section 2.4.4).

IR spectra obtained during the preparation of rehydrated protein films of globally PN
labelled Y. lipolytica complex I are shown in plot IV of Figure 5.1. These spectra
only significantly differ from those obtained for the wild-type complex in the position
of the amide II envelope in traces B and C. The effect of °N labelling on amide I,
which arises primarily from C=0 stretching modes, are minimal as expected. In
contrast, the amide II envelope arises from N-H bending and C-N stretching modes

(70) and is shifted downwards by approximately 20 cm™ on "°N labelling.
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In general, it took 60 minutes for the rehydrated film to stabilise to a level sufficient
for redox difference spectra to be measured accurately. It was found that rehydrated
layers that retained >20% amide II signal (measured as AAs40.1480 cm-1) ON rehydration
and had a stable rehydrated amide II signal greater than 0.1 could produce difference

spectra of adequate signal/noise ratio.
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Figure 5.1 ATR FTIR absorption spectra recorded during preparation of rehydrated films of
complex I. Plot I is for the wild-type Y. lipolytica complex in H,O media; plot II is for the
bovine complex in H,O media; Plot III is for the wild-type Y. lipolytica complex in D,0
media; and Plot IV is for globally "N labelled Y. lipolytica complex in H,O media (see
Materials and Methods). Each spectrum is the average of 500 interferograms recorded
against an equivalent background spectrum measured immediately after cleaning and drying
the IRE and immediately prior to sample deposition. For H,O media experiments: trace A
was recorded immediately after diluting an ATR-ready sample to 6 ul with water then placing
it on the IRE. The absorption spectrum was recorded again after the sample had been dried
under a gentle stream of dry air (trace B). A final absorption spectrum was recorded after
rehydration with 10 ul 20 mM potassium phosphate, 200 mM potassium chloride at pH 6.0 or
8.0 as appropriate (trace C). D,O spectra were recorded at the same stages as H,O spectra
except trace C which was recorded 2 hours after sample deposition and after several
exchanges of 20 mM potassium phosphate, 200 mM chloride at pD 6.0 or 8.0 within a sealed
chamber until H-D exchange was maximal (as determined by amide II signals - see section

2.4.4).
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5.2.2 Full redox difference spectra of Yarrowia lipolytica
complex I

Reduced minus oxidised ATR FTIR difference spectra of all components of Y.
lipolytica complex I at pH 6.0 and 8.0 are shown in Figure 5.2. Traces A and B are
reduced minus oxidised and oxidised minus reduced respectively at pH 6.0. Oxidising
and reducing conditions of 425 and -425 mV were selected in order that all known
component underwent oxidation/reduction. Preliminary IR data were acquired over
approximately ten reduction/oxidation cycles during which the equilibration time was
varied to determine the minimum time necessary to achieve the maximum amplitudes
of IR difference spectra; timings of 8 minutes for both reduction and oxidation were
found to be optimal (data not shown). Traces A and B are nearly mirror images of
each other, confirming the reversibility of the induced changes. Averaging trace A
with the inverse of trace B yielded trace C, a high quality spectrum equivalent to the
average of 140 reduced minus oxidised difference spectra. The final spectrum, trace
E, was produced by removing contributions from protein layer expansion/contraction,
phosphate buffer changes and redox changes of mediators from trace C. An
equivalent reduced minus oxidised final spectrum at pH 8 is plotted as trace F. The
major features of trace E, which is similar to trace F, are 1755(+), 1742(-), 1675(-),
1647(+), 1643(-), 1624(+), 1574(+), 1551(+), 1536(-), 1520(+), 1496(-), 1268(-),
1100(-) and 1090(+) cm’'; where (+) and (-) denote peaks and troughs respectively. A

number of overlapping features are also present in the 1470-1370 cm’! region.
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Figure 5.2 Reduced minus oxidised electrochemically-induced ATR FTIR difference spectra
of all components of Y. lipolytica complex I at pH 6.0 and 8.0. Reduction and oxidation
conditions were -425 and 425 mV respectively; for each condition 8 minutes was sufficient
for redox equilibration. Redox mediation between working electrode and protein film was
provided by a buffer of 20 mM potassium phosphate, 200 mM potassium chloride, 1 mM
potassium ferricyanide, 100 uM methyl viologen at pH 6.0 or 8.0; see section 2.4.6. Traces A
and B are averages of sample spectra from 70 reduction transitions and 70 oxidation
transitions respectively at pH 6.0. Trace C, obtained by averaging trace A and the inverse of
trace B, is equivalent to the average of 140 reduced minus oxidised spectra (trace C). The
final spectrum, trace E, was obtained by subtracting contributions from buffer, mediators and
protein film expansion/contraction (trace D) from trace C. An equivalent reduced minus
oxtdised spectrum at pH 8.0 is shown as trace F.
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523 Effects of H-D exchange and "N labelling

Reduced minus oxidised difference spectra of all components of Y. /ipolytica complex
1, equivalent to those described in section 5.2.2, were recorded in D,O media at pD
6.0 and 8.0 after H-D exchange (see section 2.4.4) and are shown in Figure 5.3A.
Equivalent reduced minus oxidised spectra of globally >N labelled Y. lipolytica
complex I at pH 6.0 and 8.0 are shown in Figure 5.3B. In both figures, for
comparison purposes, the spectra are overlaid on the spectra of the wild-type complex
in H,O media from Figure 5.2 after normalisation so that the amide I amplitudes were
roughly comparable. The differences between these spectra were used to strengthen
assignments of bands to amide I/Il peptide backbone changes, FMN, and bound
ubiquinone, as well as suggesting contributions to spectra from several specific types

of amino acids (see section 5.3).
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Figure 5.3 Effects of H-D exchange and global "°N labelling on redox difference spectra of Y.
lipolytica complex I at pH 6.0 and 8.0. A. Reduced minus oxidised spectra at pH 6.0 and 8.0
are reproduced from Figure 5.2 with equivalent spectra recorded in D,O media, after
completion of H-D exchange, overlaid in red. The pD 6.0 and 8.0 spectra (for H-D
exchanged material) are equivalent to averages of 92 and 66 reduced minus oxidised spectra
respectively. B. Reduced minus oxidised spectra at pH 6.0 and 8.0 are reproduced from
Figure 5.2 with equivalent spectra for global N labelled complex I overlaid in blue. The pH
6.0 and pH 8.0 spectra (for °N labelled material) are averages of 104 and 170 reduced minus
oxidised spectra respectively. All spectra were recorded using reducing conditions of -425
mV and oxidising conditions of 425 mV; see legend of Figure 5.2 and Materials and Methods
for details of baseline adjustments and composition of redox mediation buffer.



Chapter 5 155

5.24 Resolution of centre N2

The midpoint potential of Fe-S centre N2 of Y. lipolytica complex I has been reported
to be -140 mV at pH 7.0 (99) whereas the midpoint potentials of all other known
prosthetic groups are thought to be below -240 mV (see section 1.3.2). Hence,
reduced minus oxidised difference spectra of Y. lipolytica complex I were obtained
using -220 mV and 425 mV as reducing and oxidising potentials, respectively (see
Figure 5.4, trace A) in order selectively to reduce/oxidise centre N2. Stepwise
reduction between -130 and -220 mV confirmed that the species undergoing
reduction/oxidation had a midpoint potential close to the expected value and that the
potential of -220 mV caused essentially complete reduction with no evidence of
change of shape that would indicate that the lower potential Fe-S centres were starting
to become reduced. A reduced minus oxidised difference spectrum between -425 and
-220 mV was also recorded in the same sample in order to reduce the lower potential
‘non-N2’ components (trace B). This was summed with trace A to produce trace C.
The similarity of trace C to the equivalent full reduced minus oxidised spectrum from
Figure 5.2 (reproduced as trace D in Figure 5.4) indicates that the full complement of
detectable redox centres were being titrated. The -220 minus 425 mV difference
spectrum, which arises from centre N2 and bound ubiquinone, is shown in more detail
in trace E, and an equivalent redox difference spectrum in D,O media has been
overlaid for comparison (trace F). Effects of global °N labelling on this spectrum in
D,0 were compared by overlaying equivalent spectra in D,0 of globally '°N labelled
(trace G) and wild-type (trace F) proteins.
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Figure 5.4 Redox difference spectra demonstrating the resolution of Fe-S centre N2 in Y.
lipolytica complex I by selective redox poising at pH 8.0. Electrochemical conditions of -220
mV (reducing) and 425 mV (oxidising) were used selectively to reduce/oxidise Fe-S centre
N2 (Eyr = -140 mV (99)). The resulting spectrum, equivalent to the average of 51 reduced
minus oxidised spectra, is plotted as trace A (and reproduced as trace E). As a control,
difference spectra were recorded for transitions between -425 mV and -220 mV ie.
reduction/oxidation of all components except N2 (trace B); the sum of traces A and B (trace
C) is comparable to a full reduced minus oxidised spectrum at pH 8 (trace D, a reproduction
of trace F of Figure 5.2). The effects of H-D exchange on the Fe-S centre N2 spectrum are
illustrated by comparing trace E, a scaled reproduction of trace A, and trace F, an equivalent
spectrum recorded after H-D exchange and in DO media. Trace F is equivalent to the
average of 60 reduced minus oxidised difference spectra. Effects of global °N labelling
combined with H-D exchange are illustrated by comparing trace F with trace G, a Fe-S centre
N2 spectrum of "°N labelled material recorded after H-D exchange and in D,O media. Trace
G is equivalent to the average of 147 reduced minus oxidised spectra. Redox mediation
between working electrode and protein film was provided by a buffer of 20 mM potassium
phosphate, 200 mM potassium chloride, 1 mM potassium ferricyanide, 100 uM methyl
viologen, 100 pM anthraquinone-2,6-disulfonate at pH/D 6.0 or 8.0; see section 2.4.6.
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5.25 Comparison of Yarrowia lipolytica and bovine
complex I

A reduced minus oxidised difference spectrum of bovine complex I was recorded
under conditions equivalent to those used to obtain the redox difference spectrum of
Y. lipolytica complex I at pH 6.0. For comparison, this spectrum is shown in Figure
5.5 together with the equivalent from Y. lipolytica complex I (trace E of Figure 5.2).
The overall shapes of the spectra in the amide I/II regions are similar. However, there
are differences in some of the more detailed features, in particular the 1470-1370 cm’
region of the bovine spectrum is dominated by a peak at 1405 cm” which appears to

be absent from the Y. lipolytica spectrum (see Discussion).
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Figure 5.5 Comparison of electrochemically-induced reduced minus oxidised difference
spectra of bovine and Y. lipolytica complex I at pH 6.0. The presented spectrum for bovine
complex I is the average of 100 reduced minus oxidised difference spectra, each the average
of 1000 interferograms; the Y. lipolytica difference spectrum is reproduced from Figure 5.2,
trace E. Both spectra were acquired using the same experimental conditions (see legend of
Figure 5.2 and Materials and Methods).
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5.2.6 NADH/NAD" perfusion-induced difference spectra
of bovine complex I

Spectra recorded to investigate reduction of bovine complex I by perfusion of its
substrate, NADH, at pH 8.0 are shown in Figure 5.6. Trace A is a redox difference
spectrum obtained by perfusion of sodium dithionite as reductant and NAD" as
oxidant (see section 2.4.5 and figure legend). It is scaled to the overlaid equivalent
electrochemically-induced full redox difference spectrum (trace B) using the
amplitude of the average of the absolute absorbance spectra recorded at the beginning
and end of each experiment, which were found to correlate with the amplitude of the
redox difference spectra. Trace C is a redox difference spectrum obtained by
perfusion of NADH as reductant and NAD' as oxidant and was generated by
averaging data obtained from six separate protein layers (all from the same ATR-
ready batch) with data scaled, from the relative amplitudes of the associated absolute
absorbance spectra, to trace B (which is reproduced as trace D). Due to the poor
stability of sodium dithionite it was not practical to acquire a spectrum of sufficiently
high signal:noise to allow direct comparison between reduction by NADH and
reduction by sodium dithionite. The poor stability of sodium dithionite also presented
challenges in the removal of its contribution to trace A and artefactual signals arising
from dithionite and its products are evident in the 1100-1000 cm™ region (see section

Figure 3.7).
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Figure 5.6 Perfusion-induced ATR FTIR redox difference spectra of bovine complex I at pH
8.0. Traces A and B are perfusion-induced reduced minus oxidised difference spectra using 5
mM Sodium dithioninte and 50 pM NADH as reductants respectively; for both spectra the
oxidant was 50 uyM NAD". Trace A is the average of three spectra each consisting of 2000
interferograms. Trace B is the average of data obtained from six separate layers and is
equivalent to the average of 110 difference spectra each consisting of 1000 interferograms;
data were scaled using the average amplitude of absolute absorbance spectra. Trace C
(reproduced as D) is an electrochemically-induced redox difference spectrum recorded at pH
8.0 under otherwise equivalent conditions to trace B of Figure 5.5. Traces A and B have been
scaled to trace C (and D) by the amplitudes of their associated absolute absorption spectra
(see text). Buffer was 50 mM potassium phosphate, 150 mM potassium chloride at pH 8.0
and perfused at 1 ml per minute, 10 minutes were allowed for redox equilibration. See
section 2.4.5.

5.2.7  Preliminary electrochemically-induced redox ATR
FTIR difference spectrum of H226M Y. lipolytica
complex I

An electrochemically-induced redox difference spectrum of Y. lipolytica complex I in
which His-226 of the NUCM subunit (homologue of the bovine 49 kDa subunit) had

been replaced by a methionine (see section 2.1.4) was recorded at pH 6.0 (see Figure
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5.7, trace B.). The spectrum is similar to the equivalent wild-type spectrum (shown
overlaid as trace A (reproduced from Figure 5.5, trace B)) in amide I and II regions.
However, the 1755/1742 cm’ peak/trough feature of the wild-type spectrum is absent
in the H226M spectrum. Also the broad plateau in the 1470-1370 cm™' region of the
wild-type spectrum is divided by a trough at 1403 cm’ in the H226M spectrum. This
data is preliminary because experiments have not yet been performed to confirm its
reproducibility and also it was necessary to subtract an artefact in the 1250 -1200 cm”
that, although found to be independent of complex I, could not be explained (see
section 5.3.5).
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Figure 5.7 Electrochemically-induced ATR FTIR full redox difference spectrum of H226M Y.
lipolytica complex I at pH 6.0. Trace A is wild-type spectrum reproduced from Figure 5.5
(trace B). Trace B was obtained using equivalent conditions except a reduction potential of -
450 mV was used to decrease redox equilibration time, for which 8 minutes and 5 minutes
were allowed for reduction and oxidation respectively. Trace B is the average of 20 spectra
each of which consisted of 1000 interferograms (see legend of Figure 5.2 and Materials and
Methods for redox mediation buffer).
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5.3 Discussion and conclusions

5.3.1 Peptide backbone changes and protein stability

The reduced minus oxidised difference spectra of complex I are dominated by large
changes in the 1700-1590 cm” and 1570-1490 cm™ regions. These changes are very
similar to those found with E. coli complex I (84) where they were assigned to amide
I/II changes that might be associated with large conformational changes of functional
significance in relation to protonmotive mechanism (/74). The effects of H-D
exchange and global >N substitution reported here confirm that they are indeed

predominantly amide I/II changes.

In order to investigate their significance further, reduced minus oxidised difference
spectra of several small 2Fe-2S and 4Fe-4S iron sulphur proteins (ISPs) were
recorded (see Chapter 3, Figure 3.8) and these are compared to a typical spectrum of
complex Iin Figure 5.9. The amide I/II signatures of the 2Fe-2S and 4Fe-4S ISPs are,
as shown, characteristically different from each other, but tend to be the same within
each distinct ISP subclass. This presumably reflects the fact that the redox-induced
changes within the protein folds around the Fe-S centres are conserved within ISP
types. In some instances, structural data are available for both oxidised and reduced
forms (for example, for D. africanus 4Fe-4S ferredoxin (190;191)) and the nature of
the redox-sensitive local conformational change can be visualised as still images (see
Figure 5.8) or ‘molecular movies’ as detailed in reference (/92). There are three
regions in which the structures differ: around the Fe-S centre, a turn involving
residues 8 to 10, and a loop involving residues 29 to 32. Figure 5.8 indicates that an
additional region of anti-parallel beta-sheet (formed by residues 3 to 6 and 59 to 62) is
present in the reduced structure. However, this beta-sheet region is described in the
publication accompanying the oxidised structure (/97) which suggests that the

secondary structures are incorrectly assigned in PDB file 1IDAX.
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Oxidised (1DAX) Reduced (1FXR)

Figure 5.8 D. africanus 4Fe-4S ferredoxin structures in reduced and oxidised states. Reduced
state was drawn using PDB file 1FXR, obtained by X ray crystallography; oxidised state was
drawn using PDB file IDAX, obtained by NMR. See text for comparison.

The overall shape of the amide I/II region of complex I is remarkably similar to the
pattern seen in the small model ISPs both in H,O and in D,0O, being most similar to
that of the 4Fe-4S type, consistent with its complement of 6 4Fe-4S centres and two
2Fe-28 centres. In fact, the magnitudes of the amide /Il changes in the complex I
film (which is estimated to contain around 0.25-0.5 mM complex I (see below), thus
1.5-3 mM 4Fe-4S and 0.5-1 mM 2Fe-2S prosthetic groups) were roughly equivalent
to the magnitudes obtained from a 2 mM soluble protein. Hence, it is clear that the
amide VII changes in complex I arise primarily from redox-linked changes of local
protein folds around the Fe-S centres that tend to be preserved in the ISP subclasses
generally. A brief examination of the 7. thermophilus structure (see section 1.3.5)
supports this conclusion, although it is acknowledged that it would be appropriate to
carry out a more thorough analysis of the structure in order to provide quantitative
data. This conclusion contrasts with the interpretation of similar changes in the redox
IR difference spectra of E. coli complex I (174) where it was suggested that they
might indicate more global conformational effects related to the coupling mechanism.
However, although the IR data do not support such changes, it should be noted that
the IR data do not address whether large domain movements involving only a few
residues in the hinge region, or conformational changes in short-lived intermediates,

might instead occur.
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Figure 5.9 Comparison of electrochemically-induced redox difference spectra of ISPs and Y.
lipolytica complex I at pH 8.0. Traces A-E are reproduced from Figure 3.8; trace F is
reproduced from Figure 5.2. See legends of Figure 3.8 and Figure 5.2 for experimental
conditions.

The complex I preparations used here require additional lipid in order to observe
maximal NADH-decy/-ubiquinone oxidoreductase activity (/48); most probably, lipid
is required for rapid exchange of substrate ubiquinone with its binding site. However,
the complexes are still likely to be in their native states and display rapid NADH-
hexaammineruthenium oxidoreductase activities (227) even without lipid
supplementation and this activity remained in samples that had undergone a
drying/rehydration cycle (see Figure 5.10). Furthermore, the redox centres in the
protein film could be reduced by NADH (see Figure 5.6 and below). Hence, it may
be concluded that the complex I samples are in a native state, although it would be of
interest in future to extend the studies to preparations in which their NADH-decyi-
ubiquinone oxidoreductase activities have been reactivated (184;228). No large
differences in redox difference spectra, apart from some variation in the magnitude of

a presumed carboxylic acid change around 1740 cm™ (see below), nor differences in
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long term stability of samples during data acquisition, were evident in samples at
either pH 6.0 and 8.0, indicating that these eukaryotic enzymes are stable over a larger
pH range than complex I from E. coli (174). This additional stability is probably
provided by the numerous supernumerary subunits that are associated with the
eukaryotic enzymes (88;229) and which bind around the core subunits (/09) and
might also be enhanced by the protein-protein interactions within the tightly packed
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Figure 5.10 Initial NADH oxidation rates of Y. /ipolytica complex 1. Trace A is oxidation of
NADH by 6.8 pg complex I in buffer. Trace B is equivalent for protein treated with lipid as
described in materials and methods section 2.1.5. Trace C is equivalent to trace B except that
the protein was dried to the round bottomed glass flask then resuspended prior to the assay.
Trace D is a control spectrum and shows negligible NADH oxidation by lipid and buffer (see
section 2.1.5 for experimental conditions).

S$.3.2 Changes associated with ubiquinone

Fe-S modes are not expected to contribute at frequencies above 800 cm” and,
therefore, all changes should arise from protein, FMN, ubiquinone and, possibly, as-
yet unrecognised redox groups. The redox IR spectra of model ubiquinone (75,205-
209) have been described in detail in both HO and D,0O media as shown in Chapter 3,
Figure 3.10. Biochemical analyses of the complex I preparations have shown that
substoichiometric ubiquinone typically remains bound to the Y. lipolytica complex I

preparations (/48). Particularly useful IR markers for ubiquinone are H-D insensitive
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troughs at 1288 and 1262 cm’' that involve the methoxy groups and a sharp C=C band
at 1610 cm™ (205-209) and, for ubiquinol, four bands between 1492 and 1387 cm’!
and five between 1112 and 963 cm™ that show a characteristic pattern of H-D
sensitivity (75). Some indications of the strongest of the methoxy-related bands of
ubiquinone are evident in the full redox spectra of wild-type Y. lipolytica complex I as
a 1268 cm’' trough (see Figure 5.2). This signal is also present in the preliminary full
redox difference spectrum of H226M Y. lipolytica complex I presented in Figure 5.7.
Ubiquinone-related bands of Y. lipolytica should become much more evident in the
reduced minus oxidised spectra of centre N2 alone (Figure 5.4), since the ubiquinone
would be expected also to undergo redox changes in this potential range, and this is
indeed the case: H-D insensitive troughs at 1286 and 1265 cm™ can be assigned to
loss of bound ubiquinone. H-D insensitive peaks at 1465 and 1430, a peak at 1387
cm’’ which is downshifted to 1366 cm™ with H-D exchange, and 1092 and 1050 cm™
peaks that are lost in D,O with appearance of a more prominent peak at 1116 cm™ can
all be assigned to ubiquinol formation. The amount of redox-active ubiquinone,
estimated by comparison of the size of the 1265 cm™ methoxy trough with the size of
the same band in solutions of free ubiquinone (see section 3.5.3), was estimated to be
0.2-0.4 ubiquinone per complex I, consistent with biochemical estimates (/48) and
demonstrating that the IR method can provide a convenient means of quantitation of
ubiquinone in such materials. The slight shifts in positions of the features of complex
I-bound ubiquinone in relation to those of free ubiquinone (see Table 5.1) (75)
indicate that it is bound in a specific site rather than being non-specifically associated
(230). Its substoichiometry strongly suggests that it is the substrate Q-site that is
partially occupied rather than indicating a very tightly-bound form, the possibility of
which is ruled out by these data. The level of occupancy by ubiquinone appears to be
somewhat variable in different preparations. For example, the redox difference
spectrum of the bovine complex I sample (Figure 5.5) shows a much weaker
ubiquinone signature, indicating a lower retained ubiquinone content in this
preparation. In addition, the signature ubiquinone redox bands are virtually absent
from the °N labelled Y. lipolytica complex I sample due to a particularly low retained
level of ubiquinone in this sample. Such variable levels of ubiquinone in substrate Q-
sites (and of retained lipid) are not uncommon in purified preparations of many

membrane-derived Q-reactive redox enzymes.
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Assignment Unbound model UQ-50 UQ bound in Y./ complex I
Ubiquinol 1469 cm™ 1465 cm’
Ubiquinol 1430 cm™ 1430 cm’!
Ubiquinol 1387 cm’! 1387 cm’

Ubiquinol (D) 1367 cm™ 1366 cm™
Ubiquinone 1288 cm’ 1286 cm’
Ubiquinone 1262 cm™ 1265 cm’

Ubiquinol 1112 cm™ 1118 cm™

Table 5.1 Comparison of ubiquinone/ol signals from model compound spectrum with from
the centre N2 redox difference spectrum. Positions of signals arising from formation of
ubiquinol and loss of ubiquinone in electrochemically-induced reduced minus oxidised
difference spectra of model compound ubiquinone-50 are taken Figure 3.10 and compared
with those from the Y. lipolytica complex I (centre N2 spectra) (see Figure 5.4, trace E/F).
(D) indicates the signal was present in the spectra recorded in D,O media.

5.3.3 Changes associated with FMN

The redox IR spectra of FMN (84,204) have been described in detail in both H,O and
D,0 media. Some further details of FMN redox IR spectra at pH/pD 6.0 and 8.0 are
shown in Figure 3.9 and are consistent with published spectra where some
assignments of principal bands have been made (84). The most prominent features
are a large trough at ~ 1547 cm™' (assigned to a W(C=C) mode of FMN (84)) and H-D
exchange-sensitive peaks at ~ 1517 (assigned to hydrogen in-plane bending) and ~
1406 ‘cm'1 (assigned in part to N5-H in-plane bending (204)). The 1406 cm™ band is
increased in intensity relative to other bands at pH 8.0, indicating that it is most
prominent in the anionic FMNH™ form (pKa of FMNH,/FMNH™ = 6.7 in aqueous
media (/65) and 7.1 in bovine complex 1 (95)). Y. lipolytica complex I spectra in
H,0 media (Figure 5.2) exhibit several overlapping bands in the 1470-1370 cm™
region that arise in large part from ubiquinol (see above). The model FMN data (see
Figure 3.9) predict peaks at 1406 cm™ for reduced protein-bound FMN with
intensities in the range of 0.5-1x10™* and 1-2x10™ AA at pH 6.0 and 8.0, respectively,
and this will sit between the 1430 and 1387 cm™ peaks of ubiquinol (75), giving rise
to the rather flat, broad overlapping peaks in this region in the spectra of Figure 5.2
and Figure 5.3. In contrast, a distinct 1405 cm™ peak of reduced FMN is evident in
the bovine spectrum (Figure 5.5) of roughly the expected intensity, presumably in its

FMNH, form at pH 6.0 since its pK is 7.1 (95). In preliminary data obtained from
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H226M Y. lipolytica the 1470-1370 cm’’ region includes a distinct trough at 1403 cm’
!, Excluding the improbable imidazole to imidazolate histidine transition (for which
other indicators, for example a peak at 1451 cm™ are absent) (see Figure 3.13, trace
C) a histidine contribution is not expected to contribute directly in this region. It
would therefore seem more likely that this feature arises from the absence of the 1405
cm’' peak of reduced flavin signal. The preliminary data obtained from the H226M

mutant is discussed further in section 5.3.5.

The largest band of free FMN, the w(C=C) 1547 cm’ trough, whose AA from the
model spectra is expected to be 2-3x10™, is obscured by the very large amide II
changes of the Fe-S centres. After H-D exchange, which shifts the majority of the
amide II changes away from this region, the full reduced minus oxidised Y. lipolytica
spectra do have a small trough at 1538 cm’ (see Figure 5.3A) that likely arises from
this H-D exchange-insensitive WC=C) mode of the bound FMN. Hellwig et al (84)
have previously assigned a band at 1548 cm™ in redox difference spectra of the
NADH dehydrogenase fragment of E. coli complex I primarily to FMN. Comparison
with the redox spectra of model ISPs (Figure 5.9), however, strongly suggests that this
arises predominately from the flanking amide II changes of polypeptide around the
Fe-S centres. In this same work, an indistinct shoulder at 1710 cm” was also
suggested to arise at least in part from an equivalent of the 1713 cm™ carbonyl band
of free FMN, although it was noted that a lack of H-D sensitivity made this
assignment questionable, and a band close to 1400 cm™ was assigned to an amino
acid carboxylate group rather than to reduced FMN (84). In the spectra reported here,
there is no clear 1710 cm™ band that could reasonably be attributed to this FMN
carbonyl group, which in any case is expected to be of low intensity and likely to be
obscured by the strong amide I changes associated with redox changes of the Fe-S
centres. Hence, in summary, the 1406 cm’ band of reduced FMN seems to be the
best IR marker band, at least for eukaryotic complex I, even though in full redox

difference spectra it can be obscured by overlapping ubiquinol bands.

534 IR characteristics associated with
reduction/oxidation of centre N2

The ability selectively to reduce centre N2 and bound ubiquinone at the reducing

potential used here of -220 mV is consistent with their higher midpoint potentials
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relative to the other Fe-S and FMN cofactors. The centre N2 redox IR spectra are
dominated by amide I/II changes, and these again closely resemble those seen in small
soluble 4Fe-4S proteins (see Figure 5.4 and Figure 5.9), indicating that centre N2
retains characteristics of the 4Fe-4S class despite its unusual ligation by consecutive
cysteine residues (90). Furthermore, because only a single Fe-S is reduced, the bands
arising from the substoichiometric bound ubiquinone and ubiquinol that are more
weakly evident in the full redox spectra are now much more prominent, as discussed

above.

Of particular interest in relation to the possible coupling mechanism is the nature of
the protonation site that is redox-linked to centre N2 (/43). In previous work on E.
coli complex I, it was reported that reduction of centre N2 at pH 6.0 was associated
with deprotonation of a carboxylic amino acid (84) together with protonation of two
tyrosine groups (/73). These tyrosines were suggested by site-directed mutagenesis
to be Tyr-114 and Tyr-139 on the NuoB (PSST) subunit. Their equivalents on the T.
thermophilus Nqo6 subunit are Trp-96, which is located ~ 19 A from N2, and Tyr-
121, which is located ~ 15 A from N2, respectively (Figure 5.11). Clearly, such
unusual protonation chemistry or such long distances might be expected to play a
major role in the proton/electron coupling mechanism of complex I. However, the
1755/1742 ecm™ carboxylic acid feature seen in the full redox spectra of eukaryotic
complex I (see Figure 5.2 and Figure 5.5) appears to be associated only with the lower
potential ‘non-N2’ components in experiments such as those in Figure 5.4, and the
redox spectra of centre N2 show no clear evidence for equivalent redox-linked
protonation changes of either tyrosines or carboxylic acids in the eukaryotic protein.
This is particularly clear in centre N2 redox spectra in D,O and after °N labelling
(traces F and G, Figure 5.4); although there is a peak at 1552 cm’ that could
conceivably arise from carboxylate formation on reduction, its sensitivity to H-D
exchange and to '*N labelling rules this out and strongly suggests that it is instead an
amide II feature. Similarly, there are no °’N-insensitive bands in the 1500 cm™ region
that would indicate tyrosine changes. As a result, it is concluded that protonation
changes of carboxylic acids or tyrosine are not linked to centre N2 redox changes in
eukaryotic complex I. Nevertheless, equivalents of Tyr-114 and Tyr-139 are
conserved in both the Y. lipolytica and bovine (Tyr-114 is replaced by Trp-96 in T.

thermophilus) PSST subunits so some consideration of the possible origin of the very
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different behaviours is desirable. In the case of E. coli centre N2, its midpoint
potential is reported to be -210 mV at pH 7.0, a value very close to the isopotential
group of N1b, N3, N4 and NS5 (£n7 -280 to -240 mV). As a result, the data on centre
N2 in (84) could not be obtained by selective reduction and instead it was necessary
to subtract the IR redox difference spectrum of the soluble dehydrogenase fragment
(consisting of NuoE, NuoF and NuoG, see section 1.3.4) from the IR redox spectrum
of the intact complex. This fragment was thought to contain all Fe-S centres except
centre N2 and therefore signals in the double difference spectra were thought likely to
arise from changes associated with reduction/oxidation of centre N2. However, it is
now known that this fragment also lacks Fe-S centres N6a and N6b (92;160) and
there is a possibility that signals in the double difference spectrum could also be
associated with redox changes of a novel chromophore of unknown chemical
structure (/60;173). Also, it is not possible to confirm that the conformation of the
protein in the dehydrogenase fragment, particularly in the region of interface between
the dehydrogenase and connecting fragments, is identical to its conformation in the
whole complex. In contrast, centre N2 in Y. lipolytica complex I, like the bovine
enzyme (96), has a midpoint potential (E;; = -140 mV (99)) that is high enough
above the other Fe-S centres (En7 -250 mV or below (96)) that it could be resolved
directly in the intact complex by selective reduction without a need to compare
different protein preparations. Given the very different redox midpoint potentials of
the E. coli and eukaryotic centres N2, it is conceivable that their redox-linked
chemistry is also very different. However, it is also feasible that the E. coli complex I
fragment that has lost centre N2 has major alterations to other parts of the protein
structure that behave differently in the fragment compared to the intact enzyme and
this could give rise to the additional signals that appear to be associated with centre

N2 in the E. coli complex L.
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(NuoD / 49 kDa)

Figure 5.11 Detail of N2 environment in 7. thermophilus. Nqo6 and Nqo4 are shown in red
and pale blue respectively. The sidechains of Trp-96 and Tyr-121 of Nqo6 are located 19 and
15 A away from N2 (edge-to-edge) respectively. Orientation is such that the peripheral
domain would extend out of the page and the membrane domain would extend to the left.

Hence, the nature of the redox-linked protonation site of centre N2 remains unclear,
though the present work argues strongly against the involvement of a network of
tyrosines/carboxylic acid changes (84,/73). The H-D exchange and >N substitution
effects on the amide I envelope raise the possibility that a lysine or arginine could
provide the site. In addition, the signals in the 1100 cm’' region in Figure 5.4 may not
be fully accounted for by the hydroxyl-related bands of ubiquinol in this region (for
example, a positive band at 1116 cm’ is present in the "N substituted sample of trace
G, Figure 5.4 even although the ubiquinone content is very low), and this raises the
alternative possibility that the redox reaction of centre N2 might be associated with
histidine protonation changes. This would be consistent with other data that have
implicated His-226 as the redox-linked protonation group (/07). Such possibilities
are discussed further in section 5.3.5; including discussion of the preliminary full

redox difference spectrum of Y. lipolytica H226M complex I (see section 2.1.4).

5.3.5 Amino acid sidechain

Besides the protonation site that is redox-linked to centre N2, additional band changes
arising from environmental, redox or protonation state changes of specific types of
amino acid residues are expected to contribute to the full redox difference spectra.
Some possible assignments may be suggested by comparisons with IR databases of
amino acid vibrational spectra ((77;80;214;231,;232) and references therein) - see

Chapter 1. The principal bands of several amino acids tend to occur at frequencies
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within the amide I/II envelopes, and this makes their detection difficult. For example,
lysine, arginine, glutamine and asparagine all have very strong vibrations in the 1690-
1620 cm™' range. In contrast to amide I bands which are very weakly downshifted in
D,O or by '°N substitution (233), bands of these amino acids in this region are very
strongly shifted both with H-D exchange (2/4) and with >N substitution (234).
Figure 5.3A and B show that H-D and “N/'°N exchanges do cause significant
changes in the central part of the amide I region that are larger than might arise from
amide I bands alone. Hence, significant redox-linked alterations of one or more of
these amino acid types might be occurring that are worthy of further specific

investigations.

Easier to assign are bands of amino acids that occur in less congested regions of the
spectra. One such signal that is consistently evident in the full reduced minus
oxidised spectra (Figure 5.2, Figure 5.3 and Figure 5.5) is a peak/trough close to
1090/1100 cm™'. Protein bands in this region result from changes in environment or
protonation state of histidine (217;213;215). The trough is only slightly downshifted
in D,0 but changes dramatically with >N labelling to give predominantly a 1096 cm’
peak. This behaviour is consistent with the protonation to the imidazolium form of a
neutral histidine that is protonated in the N position (see section 3.5.4) (211,213).
His-226 (Y. lipolytica numbering) has been shown to be the redox Bohr group of
centre N2 (101). Analysis of the T. thermophilus structure shows it is located with 4
A of N2 orientated such that Nt is proximal to the cluster and N7 facing away from
the cluster (see Figure 5.12). In addition the next closest conserved histidine residue,
His-63, is approximately 14 A from N2. This makes His-226 a good candidate for the
source of the signals discussed above (i.e. that may arise from a protonation of a Nn
nitrogen of a histidine residue upon reduction of N2). In order to investigate this
possibility preliminary data were acquired for the reduction/oxidation of all
components of H226M Y. lipolytica complex I (see section 2.1.4 and 5.2.7 and Figure
5.7). The presented full redox difference spectrum is broadly comparable to the wild-
type spectrum (overlaid). The trough/peak feature at 1100/1090 cm’ appears to
present in both spectra and.therefore the data do not support the assignment of that
feature to protonation state change of His-226. As detailed in section 5.2.7 the

presented data is preliminary and further analysis of the mutant is required, including
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resolution of signals associated with redox changes of Fe-S centre N2, in order to

make a definitive statement.

Nqo6 (PSST)

Figure 5.12 Histidine residues located within 15 A of Fe-S centre N2 in 7. thermophilus
structure. His-169 and His-63 (7. thermophilus numbering, equivalent to His-226 and His-
253, respectively, in Y. lipolytica) are well conserved while His-38 and His-170 are poorly
conserved.

A second signal that is consistently evident is a trough/peak at 1742/1755 cm™
(1737/1747 cm™ in bovine). These frequencies are characteristic of a protonated
aspartic or glutamic acid residue whose environment is perturbed by one or more
redox centres (2/4). However, although consistently present, its size relative to other
bands has proved to be variable within a factor of 2-3, with its size in Figure 5.2 data
being at the higher end of the range. In addition, although H-D exchange causes its
loss, possibly due to the expected downshift where it might become obscured by the
amide I envelope edge, it also appears to be lost in the >N substituted samples, a
substitution that should not affect carboxylic acid vibrations. Furthermore these
bands appear to absent from the preliminary H226M Y. lipolytica redox difference
spectrum (see Figure 5.7). Hence, further investigations are required to determine
whether this band arises from a carboxylic acid, from the ester bond of a bound lipid
(223) or from an as-yet unknown functional moiety.
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A significant body of data is available on tyrosine, tyrosinate and the related p-cresol
in H,O and D,O (214), and on specific isotope effects both for model compounds
(235,236) and tyrosine in proteins (/73;236,237). The most prominent band of
tyrosine is its »(CC) ring mode at 1515 cm’, shifting to 1495 cm™ in the tyrosinate
form. The complex I spectra are dominated by the very strong Fe-S amide II peak at
1520 cm™ and this obscures tyrosine bands. However, this amide II band is strongly
downshifted both by H-D exchange and by °N labelling, whereas the tyrosine bands
are little affected. Hence, the small bands remaining in the 1500 cm™ region after
these exchanges (Figure 5.3 and Figure 5.4) could arise from redox-linked tyrosine

changes.

In summary, definitive assignments of IR signals to local conformational changes
around the Fe-S centres and to FMN cofactor and ubiquinone substrate have been
made. In addition, a number of further bands that are consistently observed that
should also arise from specific amino acid changes for which suggestions of possible
assignments are made are reported to guide further isotope replacement and

mutagenesis investigations.
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Chapter 6: Conclusions and Prospects

This thesis describes the use of a novel in-house constructed electrochemical cell that
functions to induce precise and reproducible changes in samples allowing
simultaneous acquisition of ATR FTIR spectra with the option of recording
UV/visible spectra concurrently. This system can be fully-automated and applied to
hydrophilic proteins in solution or hydrophobic proteins as rehydrated films adhered
to the IRE. Provided an appropriate electrochemical mediator compound is available,
proteins can be poised at any potential and, by using an appropriate combination of
mediators, almost any redox transition can be performed. This methodology has
developed to the point where information at the atomic level is now available from

large complicated proteins.

In this study the electrochemical technique and associated protocols were applied to
rehydrated films of cytochrome bc¢; complex and complex I of the respiratory chain.
In early experiments, redox difference spectra arising from reduction/oxidation of all
components, and from reduction/oxidation of haem by and haem by individually, of
bovine cytochrome bc; complex were measured and shown to be comparable to
previously published equivélent spectra obtained using the well established perfusion
method (74) thus confirming the validity of the electrochemical method. The method

was then applied to cytochrome bc) complex from Rba. capsulatus to investigate the
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protonation state changes redox-linked to haem bp. Signals characteristic of a
perturbation of a protonated aspartic acid(s) and/or glutamic acid(s), or possibly the
redistribution of protons between several carboxylic residues were identified and
tentatively assigned to Glu-295 (Rba. capsulatus numbering) of the highly conserved
PEWY motif (on cytochrome b). However, acquisition and analysis of the redox
difference spectrum of haem b, of an E295V mutant of the complex ruled this residue
out. For the origin of this signal to be established, further site directed mutagenesis 1s
required and, based on its proximity to haem b; and orientation, the well conserved
Asp-278 is suggested as the next residue for scrutiny. These experiments also
identified a signal that may arise from a protonation state change/perturbation (of
protonated form) of a haem propionate(s) and signals that may arise from perturbation

of a histidine residue(s) which require further investigation.

The electrochemical technique was also applied to rehydrated layers of complex I
from Y. lipolytica and B. taurus. In order to assist in interpreting the Y. lipolytica data
equivalent spectra were recorded in D,0 media and of globally '°N labelled material;
in addition, signals arising from Fe-S centre N2 were resolved by redox poising.
Signals assigned to protein backbone changes are shown to arise from changes local
to the Fe-S centres and not, as has previously been suggested (/74), from large scale
conformational changes of functional significance in relation to protonmotive
mechanism. A signal characteristic of the reduced form of FMN was present in the
bovine full redox difference spectrum. The absence of this signal in the equivalent Y.
lipolytica spectrum was attributed to the presence of flanking signals assigned to
ubiquinol; as is consistent with the differing quinone content of the two preparations.
Analysis of the bound ubiquinone and ubiquinol signals present in the centre N2
difference spectrum allowed the ubiquinone content to be estimated at 0.2 - 0.4 Q per
complex I, a value that is in good agreement with biochemical estimates (/48). The
Fe-S centre N2 redox difference spectra also contained signals that may arise from the
centre N2 redox-linked protonation group. The presented data rules out the
previously suggested involvement of a carboxylic amino acid (84) and tyrosine
groups (/73) and instead supports the possible involvement of a lysine, arginine or
histidine residue. Future directions for the analysis of complex I include the definitive

identification of the Fe-S centre N2 redox-linked protonation group. Until a complete
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high resolution structure is available candidate residues for site directed mutagenesis

will continue to be selected partially through homology modelling (102).

Also presented is a body of model compound data that was recorded to assist in the
acquisition and interpretation of the spectra of the respiratory complexes. The
acquisition of model compound data is vital for the analysis of the complex difference
spectra of proteins, yet is also highly time consuming. However, the amount of model
compound data in the literature is slowly increasing all the time. In addition, very
recent developments in computational techniques, such as DFT calculations, have
begun to make progress in the modelling of model compound IR absorbance
characteristics in silico. Once these techniques are perfected the process of
interpreting protein IR difference spectra will be greatly enhanced both in speed and
the amount of information available. Therefore, further work should not only include
new experiments but also re-analysis of existing data, such as that presented in this

thesis.
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