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The prosthetic groups of the respiratory fumarate reductase
from [Escherichia ¢oli have Dbeen studied by electron
paramagnetic resonance. The iron-sulphur clusters of this
enzyme were characterised in wmembranes from a strain of E.
coli with amplified expressionof the fumarate reductase. Two
ferredoxin centres, paramagnetic in the reduced state (FR1 &
FR2, Em -50mV & -280mV) were shown to be present at the same
concentration as the flavin, together with a centre
paramagnetic in the oxidised state (FR3, Em ~30mV), present at
the same concentration. Another ferredoxin signal was
observed in reduced membranes at 1/10th the concentration of

the other centes.

The relaxation processes of the iron-sulphur centres were
characterised and shown to be similar to those reported for
other iron-sul phur centres. These relaxation processes
changed when more than one centre was paramagnetic, indicating
interaction between the centres, which were characterised
between FR1 & FR2, and FR1 & FR3, by the observed changes in
€.p.r. properties. Estimates of the distances between

centres were made from these observed changes.




vii

The orientation of the g~tensors of the iron-sulphur

centres was studied in membrane multilayers, both from a
wild-type strain and a strain with amplified expression of the
enzyme. The iron-sulphur clusters were shown to have distinct
orientations in both cases, with the amplified strain
producing crystalline multilayers. The interactions between
the iron-sulphur centres were shown to have an angular
dependence and thus to be magnetic dipole-dipole

interactions.

The 1location of the iron~-sulphur centres was studied
using the exogenous paramagnetic probe dysprosium(III), and
they were all shown to be on the cytoplasmic aspect of the
cell membrane. The catalytic site of fumarate reduction was
also located as cytoplasmic, by the use of mutant strains of
E. ¢oli, and inhibitors of the dicarboxylic acid porter. The
iron-sulphur centres were shown to be located deep within the

catalytic subunits of the enzyme.

The flavin moiety of fumarate reductase was characterised

in the isolated enzyme by e.p.r.. The semiquinone form of the
flavin was shown to be stable in the physiological pH range

and to have an Em of ~12mV (n = 2). Interaction between the

7

Q semigquinone and FR1 was shown and characterised.
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CHAPTER ONE

General Introduction




Escherichia coll, a facultative anaerobic bacterium from
the human gut, ‘has been studied extensively in the laboratory
environment, because of the ease with which it adapts to
growth on a variety of culture media. Under these differing
growth conditions E. coll can synthesise varying
electron-transport chain components dependent upon the growth
phase, terminal electron acceptor, the carbon source and the
strain of E. coli. E. ¢oli derives its energy for growth
either by fermentation via glycolysis or from oxidative
phosphorylation to oxygen or a number of alternative electron
acceptors (Haddock & Jones 1977, Haddock 1980, Ingledew &

Poole 1984).

The formation of adenosine 5' triphosphate (ATP) by E.
c¢oll can be considered to occur by two general methods, either
by substrate level phosphorylation from growth on fermentable
carbon sources or by oxidative phosphorylation. In the latter
case ATP synthesis is coupled to electron transport reactions,
from a variety of non-fermentable carbon sources, to a number
of terminal electron acceptors. The oxidation-reduction
(redox) enzymes which catalyse oxidative phosphorylation are
membrane bound, and have been shown to be asymmetrically
distributed in the cytoplasmic membranes of bacteria (Haddock
& Jones 1977, Haddock 1980). The three most widely accepted
models of energy coupling of electron transport to ATP

synthesis are: the chemical theory, the chemiosmotic theory




and the conformational theory, all of which have been widely
reviewed by many workers (Baltscheffsky & Baltscheffsky 1974,
Boyer 1974, Green 1974, Greville 1969, Harold 1972 & 1977,
Haddock & Jones 1977, Slater 1974). It is fair to say that
the chemiosmotic theory (Mitchell 1966 & 1968) has received
most support, as this theory presents a model to link various
energy-dependent functions in bacteria, mitochondria,

chloroplasts, muscle cells and nerve cells.

Haddock & Jones (1977) reviewed the application of the
chemiosmotic theory to E. coli and outlined the major
criteria, namely asymmetric distribution of the redox enzymes
catalysing oxidative phosphorylation and the production of a
proton-motive force ( Ap) across a closed membrane system.
The proton-motive force can consist of a membrane potential
(A%) and a pH gradient (1A pH), though both do not need to be
present simultaneously. The mechanism of proton translocation
is unknown at present. There are two possible mechanisms by
which this may occur: the loop mechanism proposed by Mitchell
(1966), whereby the protons are translocated as a consequence
of the position and organisation of the redox components, or
the conformational pumping of proton by the respiratory
complex. The production of JAp by E. g¢oli can occur via a
range of electron-transport chains dependent upon the
conditions of growth. The individual redox enzymes vary in
the different electromn-transport chains, as their expression
may be induced or repressed by the electron donors and

acceptors available to the bacteria (Haddock & Jones 1977,




Ingledew & Poole 1984), offering a wide variety of
experimental systems to study this important problem, which is

fundamental to biochemistry.

14141 ey of E, coli Electron-Trans t ns

There are significant differences in the protein content
of E. ¢oli during aerobic growth from those during anaerobic
growth (Smith & Neidhardt 1983 a & b) which indicate the
changes in redox carriers that occur for growth on different
terminal electron acceptors. The most striking change, other
than the terminal enzymes of the respiratory chains, is the
cytochrome content of the cells (Pundek & Bragg 1976, Reid &
Ingledew 1979, Shipp 1972, Ingledew & Poole 1984). The number
and type of the cytochromes varies with the growth
conditions. The quinone present in the membranes of E. coll
as an intermediate electron acceptor, also alters in changing
from aerobic to anaerobic growth conditions. In aerobically
grown cells ubiquinone-8 predominates, whereas menaquinone-8
(vitamin K) predominates in anaerobically grown cells (Jones &
Garland 1982, Haddock & Jones 1977, Ingledew & Poole 1984),
The electron donors to the electron-transport chains also
change with the growth conditions for E. coli. The major

electron donors are the dehydrogenases which are dependent on

the carbon source present, though some dehydrogenases can
exist in more than one form, depending on the growth
conditions (ec.f. L~glycercl~3-phosphate dehydrogenase,

&
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Ingledew & Poole 1984), Some of the dehydrogenases have been
suggested to be specific for the quinone moieties (Wallacr &
Young 1977, Jones & Garland 1982) to which they donate
electrons. The dehydrogenases can contain redox centres such
as flavin, iron-sulphur centres and molybdenum centres, as

well as cytochromes to transfer their electrons.

1.2 Electron Transport to Oxygen

E. coli has two terminal oxidases that transfer electrons
to molecular oxygen. Cytochrome o (a b-type cytochrome) that
is induced under conditions of vigorous aeration and
cytochrome d (cytochrome 32) which 1is synthesised under
conditions of 1limiting oxygen tension (Poole 1982, 1983).
Together with the terminal oxidases, other cytochromes that
are specific to the electron-transport chains under these
conditions are synthesised (Poole 1982, 1983, Pundek & Bragg

1976, Reid & Ingledew 1979, Ingledew & Poole 1984).

Cytochrome o is usually shown to be present in E. goli by
its binding of carbon monoxide (CO0), which gives rise to its
characteristic difference spectrum (reduced + CO minus
reduced). A mid-point potential of +250 mV has been
determined for cytochrome o (Reid & Ingledew 1979). The
electron-transport chain to cytochrome g has not been clearly

defined, though it is known that two b-~type cytochromes

(D562/556 (split band) and 2556) together with ubiquinone,

C ixagft




are involved. Downie & Cox (1978) proposed that electrons
were passed from NADH dehydrogenase to ubiquinone and then to

cytochrome o1 before being passed to cytochrome h556’ which

D56
also acts as an electron acceptor from other dehydrogenases
(fig.1.1). Electrons are then passed via ubiquinone to
cytochrome o. Alternatively, Kita and Anraku (1981) proposed
that all the dehydrogenases passed their electrons to the
quinone pool before passing to cytochrome h556 and then to
cy tochrome b562 via wubiquinone again, and finally to
cytochrome o (Fig.1.1). The majority of experimental data to
date favours the second (more recent) scheme because of the

mid-point potentials and the fact that cytochrome o

co-purifies with cytochrome 2562 (probably D562/556)'

Under conditions of limiting oxygen cytochrome d
supplements cytochrome o as the terminal oxidase of E. coli,
as well as being the oxidase synthesised under a variety of
other growth conditions (Pundek & Bragg 1976, Reid & Ingledew
1979, Shipp 1972, Ingledew & Poole 1984), The
electron-transport chain to cytochrome g is hardly any less
complex than that to cytochrome 9. 'Cytochrome 31’ is also
induced, together with cytochrome d and was long assumed to
act as an oxidase in E. coli. However Reid and Ingledew
(1979) showed that 'cytochrome 31' did not bind CO and thus
its role as a terminal oxidase was put in doubt. The
electron-transport chain to cytochrome d also contains
cy tochrome b558 (distinet from cytochrome g) as well as

cy tochromes 2562 and 3556' The electrons under conditions of
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Figure 1.1

Electron transport to oxygen

The two proposed schemes for electron transport from NADH
dehydrogenase to molecular oxygen, via cytochrome g, are
shown. The top scheme denotes the sequence of redox carriers
proposed by Downie & Cox (1978) and also includes the scheme
for electron transport to molecular oxygen via cytochrome d.

The lower scheme denotes that proposed by Kita & Anraku
(1981) for electron transport to molecular oxygen, from NADH
dehydrogenase, via cytocrome ©. The position of interaction
of the other dehydrogenases is also shown.

Abbreviations: NADH & NADHdH, NADH dehydrogenase; D-LdH,
D-lactate dehydrogenase; L-LdH, L-lactate dehydrogenase; SdH,

succinate dehydrogenase; Q, ubiquinone; MK, menaquinone; cyt,

cy tochrome; PMS, phenazine methosulphate; TMPD,
tetramethyl-p-phenalinediamine; Fe/S & Fe, iron-sul phur
centres.




limiting oxygen pass to cytochrome h558 and then to cytochrome
d 1instead of directly to cytochrome o (Fig.1.1). Evidence is
not available at the present time concerning the membrane
location of the b-type cytochromes, though it is generally
assumed that the two oxidases are located on the periplasmic
aspect of the E. ¢oli membrane, The electron-transport
chains induced aerobically in E. ¢oli are therefore fairly

complex, involving at least six redox enzymes in each case.

1.3 Anaerobic Electron Transport

E. coli is a facultative anaerobe and as such is capable
of anaerobic growth on a number of carbon sources together
with alternative electron acceptors. Electron transport to
nitrate, nitrite, fumarate, dimethylsul phoxide and
trimethylammonium oxide have all been determined in E. coli,
each with its own distinet electron-transport chain (Haddock &
Jones 1977, Haddock 1980, Kroger 1978, 1Ingledew & Poole
1984). The best characterised and most extensively studied
has been the electron-transport chain that terminates with

nitrate reductase,




The electron-transport chain induced under anaerobic
conditions in the presence of nitrate is simple, consisting of
dehydrogenase, quinone and reductase emzymes. However, the
dehydrogenases and reductase are themselves complex molecules
containing several redox centres each (eytochromes,
iron-sulphur centres and molybdenum centres), through which
they achieve electron-transport and proton-translocation. E.
coli can utilise nitrate as a terminal electron acceptor by
means of the emzyme nitrate reductase, which is induced in the
presence of nitrate and molybdenum, but which is repressed in
the presence of oxygen (Haddock & Jones 1977). Growth can
occur on a variety of non-fermentable substrates such as
D-lactate (Haddock & Jones 1977, Ingledew & Poole 1984)., 1In
E. coli nitrate is reduced to nitrite in a two electron
reduction which also involves the consumption of two protons.
The reaction has a mid-point potential of +420 mV at pH 7.0,
which gives a 5G°%' for nitrate reduction from NADH of ~ -39
Cal/mol (Ingledew & Poole 1984). This provides a large enough

%1 for the production of more than 1 ATP/2e . H'/2e™ ratios

G
of 4 for oxidation of malate and 2 for oxidation of sucecinate,
glycerol and D-lactate were found. An H'/2e” ratio of >2 was
also found for formate reduction, but this case was more
complex because of the production of 002 and H® movement
linked to formate uptake (Garland et al. 1975), which will

affect the measured proton translocation.
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Nitrate reductase contains both molybdenum (bound to
pterin, Johnson 1980) and iron-sulphur centres in the
catalytic subunits (@ & 3 ), together with a b-type cytochrome
in a third subunit (¥). This b-type cytochrome (hggg is
specifically induced under these growth conditions. If
potassium selenite is also included in the medium, high levels
of a membrane bound formate dehydrogenase are also induced
(e.f. Ingledew & Poole 1984 for review). The minimum
stoichiometry required for activity (quinone dependent) is
1, 1, 2 subunits. Electron paramagnetic resonance (e.p.r.)
studies have shown at least three iron-sulphur centres: a high
potential Fe-S type and at least two ferredoxin type centres,
in addition to a molybderum (V) signal. The redox behaviour
of some of these centres has been characterised but the
position and sequence of the centres 1is not known. The
location of the catalytic site of nitrate reductase has been
found to be cytoplasmic (Ingledew et al. 1978, Jones et al.
1978a & b), although the emmyme itself is transmembraneous,
the VFsubunit being located near the periplasmic aspect of the
cell membrane (Boxer & Clegg 1975). This has important
considerations for the proposed model of nitrate reductase
based oxidative phosphorylation, because of the consumption of
protons by the terminal reaction and the requirement for a
transport system to bring nitrate into the cells. The
location of the subunits has been investigated by 1labelling
studies and confirmed by the use of antibodies (Boxer & Clegg

1976, Graham & Boxer 1978, Graham et al. 1981, Graham & Boxer
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1980a & b, MacGregor & Christopher 1978).

The formate dehydrogenase has been shown to contain a
molybdenum centre and a HiPIP-type iron-sulphur centre by
e.p.r. spectroscopy, and to be associated with a b-type
cytochrome of low potential (Ruiz-Herrera & De Moss 1969,
Hackett & Bragg 1983a & b). Other cytochromes (b,d & '31‘)
are also induced under these conditions, but these are not
thought to participate in electron-transport from formate to
nitrate. The accepted pathway (Fig.1.2) for electron flow to
nitrate reductase, from formate dehydrogenase and other
dehydrogenases, is via the quinone pool. Formate
dehydrogenase translocates 2H'/2e” 1in addition to those

translocated by the quinone pool (2H+/2e-).

1.3.2 Electron Transport to Nitrite

E. coll can rapidly reduce nitrite te¢ ammonia under
anaerobic conditions, The six electron reduction has a mean
mid-point potential of +275 mV at pH 7.0, giving AG®' of
-27.4 Cal/mol (Ingledew & Poole 1984) for reduction of nitrite
from NADH. There are three separate pathways by which this
occurs: NADPH:sulphite reductase, a soluble enzyme which also
has appreciable nitrite reductase activity; a soluble
NADH:nitrite reductase, and a respiratory nitrite reductase.

The latter is partially membrane dependent and 1linked to a

respiratory chain (Ingledew & Poole 1984). The major
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Filgure 1.2

I'o t C
Electron transport to the two best characterised,
alternative electron acceptors, nitrate and fumarate are
shown. Scheme a, denotes electron transport from the various
dehydrogenases to nitrate reductase. Scheme _b, denotes
electron transport to fumarate from the dehydrogenases.

Abbreviations: SdH, succinate dehydrogenase; FdH, formate

dehydrogenase; LdH, L-lactate dehydrogenase; G3PdH,
lL-glycerol-3~-phosphate dehydrogenase; NADHdH, NADH
dehydrogenase; Q, ubiquinone; MQ, menaquinone; Fe/S,

iron-sulphur centres; Mo, molybdenum centres; Fl., flavin
moiety (8-alpha-[N(3)-histidyl]-FAD); N.R., nitrate reductase;
F.R., fumarate reductase; fum, fumarate ; succ, succinate.

The chemical formulae have their usual meanings.
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dehydrogenases found to donate electrons to this respiratory
chain, are the formate and lactate dehydrogenases (Abou-Jaoude
et al. 1979a & b), and either ubiquinone or menaquinone can
be utilised by the system. A low potential g¢-type cytochrome
(9552) is also induced by growth on nitrite and has been
inferred to be associated with the nitrite reductase (Fujita &
Sato 1966b, 1967). It has been shown to be rapidly oxidised
by nitrite (Gray et al. 1963) and to reduce this to ammonia
(Linu et al. 1981). A periplasmic location for this
cytochrome has been found (Fujita & Sato 1966a & b, 1967) .
The membrane bound nitrite reductase of E. g¢oli has not been
well characterised and its structure, membrane location and
prosthetic groups, other than the g-type cytochrome, are not
known, Presumably electrons are donated from the quinone
pool to cytochrome 5552 and then to the prosthetiec groups of
nitrite reductase. It has been demonstrated by Motteram et
al. (1981) that electron-transport from formate to nitrite
can support a membrane potential (A7) of upto 150 mV though

ApH and thus Jp was not measured.
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1.3.3 DMSO / TMAQ Supported Electron Transport

Trimethylamine N-oxide (TMAQ) is reduced by E. goli to
trimethylamine :under anaerobic conditions. TMAC can support
the growth of E. ¢0ll with glucose and formate as carbon
sources and also on hydrogen. TMAO reductase is a membrane
bound enzyme which accepts electrons via quinone from NADH,
NADPH and formate. Both b-type and g-~type cytochromes are
also involved in electron transport (Ingledew & Poole 1984).
TMAO reductase activity is dependent on the same molybdenum
cofactor as nitrite reductase, but the structure and membrane
location of the enzyme 1s not known. However TMAO reductase
has been shown to be coupled to proton translocation (Takagl
et al. 1981) with H'/2e™ retio of 3 to 4 and the generation

of a membrane potential,

Dimethylsul phoxide (DMSO)} is reduced by E. goll to
dimethylsulphide and can support anaerobic growth (Paterson &
Ingledew unpublished results), Growth of E. ¢0li on DMSO
plus glycerol as carbon source induces cytochromes d, 'EH"
two b-~type cytochromes (DSSS & h558) and a g~-type cytochrome
(Ingledew & Poole 1984). Very little is known about this
electron~transport chain but it is thought to be similar to

that involved in electron transport to TMAO.
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1.3.4 Electron Transport to Fumarate

E. c¢oll, 1like many other bacteria, can utilise fumarate
as an alternative electron acceptor, to support growth on
non-fermentable carbon sources such as glycerol. Fumarate is
reduced to succinate by fumarate reductase (E.C.1.3.99.1) in
the terminal reaction of electron transport. In E. c¢oli the
electron-transport chain to fumarate is one of the simplest
known (Fig.1.2). Fumarate reductase receives electrons from
menaquinone which recelives them in turn from the
dehydrogenases. The major dehydrogenases in
electron-transport to fumarate from growth on glycerol are
lactate, glycerol-3-phosphate, NADH and formate dehydrogenase
(Ingledew 1983). Cytochromes d, '31' and at least two b-type
cy tochromes are induced during anaerobic growth in the

presence of fumarate (Reid & Ingledew 1979).

The fumarate / succinate couple has a mid-point potential
of +30 mV at pH 7.0 for the two electron reaction. For
reduction of fumarate from NADH the G°' is -16.1 Cal/mol.
Brice et al. (1974) and Gutowski & Rosenburg (1976, 1977)
demonstrated that proton translocation occured during fumarate
dependent respiration in E. coli, from endogenous substrates
with an H'/2e” ratio R A Miki & Lin (1973, 1975) later
measured stoichliometries of 2 for proton translocation coupled
to glycerol-3-phosphate oxidation by fumarate. The matter is
more complex in using pulses of fumarate to measure the proton

translocation, because of anomolies in the stoichiometry. The
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product of fumarate reduction, ;uccinate is a competitive
inhibitor of fumarate reductase (Hirsch et al. 1963) and the
dicarboxlic acid porter (Kay & Kornberg 1971),leading to an
underestimate of the stoichiometry. The porter for fumarate
is a proton symporter (Gutowski & Rosenburg 1977), which leads
to a further underestimate of the stoichimetry. A .JApH was
produced by respiration from either NADH or formate to
fumarate (Haddock & Kendall-Tobias 1975) though not from
lactate, and was variable in respiration from
glycerol-3-~phosphate. Hellingwerf et al. (1981) measured the
Ap from fumarate supported respiration as “+105 mV which is
suprisingly low, however there was no significant JApH in
whole cells, so this may reflect only AW. The ApH may have
been collapsed by the action of the proton symporter in the
uptake of fumarate (Ingledew & Poole 1984). Miki & Lin (1975)
have reported an ATP/fumarate ratio of 0.1, from electron
transport to fumarate from glycerol-3-phosphate, which is very
low, although they qualify this by stating that their membrane
preparations were not wholly sealed apd hence an underestimate

would be expected.

Solute transport 1linked to fumarate reduction has also
been reported (Konings & Kaback 1973, Miki & Lin 1975).
Lactose and some amino acid were taken up by membrane vesicles
(right-side out)}, in an energy dependent process driven by
fumarate reduction, linked electron transport to

glycerol-3-phosphate oxidation.

Subeaaiel
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1.4 Uniqueness of Fumarate Reductase

Fumarate reductase is one of the class of
succinate-fumarate oxidoreductases that catalyse the
interconversion of succinate to fumarate plus hydrogen
(reducing equivalents) and yice yersa. E. cold can
synthesise two enzymes of thils class, fumarate reductase and
succinate dehydrogenase. The ¢two enzymes have striking
structural similarities but are under separate genetic
control. Succinate dehydrogenase 1s induced aerobically and
repressed anaerobically, whereas fumarate reductase is induced
anaerobically in the presence of fumarate and repressed by
oxygen and nitrate (Hirsch et al. 1963, Spencer & Guest
1973). Although both enzymes show both  succinate
dehydrogenase and fumarate reductase activity, the Km and Vmax
values are such that each favours its own reaction (Hirsch et
al. 1963, Spencer & Guest 1973, Dickie & Weiner 1979). The
induction / repression of each enzyme is such that both are

not active under the same growth conditions.

1.4.1 Structure of Fumargte Reductase

The E. ¢oli fumarate reductase was first isolated by
Dickie & Weiner (1979) in a two subunit form. Polypeptides of
Mr 70 000 and 24 000 in a molecular ratio of 1:1 were found.
Later studies (Lemire et al. 1982) showed that two other

peptides of Mr 15 000 and 14 000 were also present in a 1:1
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ratio with the other two peptides. Strains of E. ¢0li with
amplified expression have been constructed (Cole & Guest 1979a
& b) and a soluble fumarate reductase has been observed in
these strains. . This enzyme was in the two subunit form and
was similar to that isolated by Dickie & Weiner, This soluble
fumarate reductase is more labile than the four subunit form,
the two anchor polypeptides conferring some degree of
stability on the emzyme and being necessary for membrane
binding of the enzyme. The membranes in the fumarate
reductase amplified strains of E. coll are said to be
saturated with the enzyme, as the soluble form accumulates in

the cytoplasm.

The fumarate reductase genes are arranged as a distinct
operon consisting of a promoter-operator region, four cistrons
(frd A,B,C,D) and a transcriptional terminator. This operon
maps close to the f-lactamase gene (Amp C), enabling
amplified expression to be maintained by aerobic growth in the
presence of ampicillin (Cole & Guest 1979a & b). The complete
DNA sequence of the catalytic cistrons has been determined and
used to predict the primary structure of the subunits (Weiner
et al. 1984a for review). The flavin containing subunit, the
product of frdA, consists of 602 amino acids (Mr 66 052) and
has a nine residue sequence identical to the FAD binding site
of bovine~heart succinate dehydrogenase. The iron-sulphur

subunit has 244 amino acid residues giving an Mr of 27 082,
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The non-haem iron and acid-labile sulphur content of the
purified enzyme have been measured at 4 to 5 mol each / mol
enzyme (Cole et al. 1982). From the primary structure of the
iron-sulphur subunit it has been suggested that this subunit
may contain either two binuclear ([2Fe-2S]) ferredoxin centres
(Cole et al. 1982), or a single tetranuclear ([U4fe-4S])
ferredoxin centre (Weiner et al. 1984a). This polypeptide
chain contains 11 cysteine residues, 10 of which are conserved
in the E. c¢oli succinate dehydrogenase (Guest et al. 1984).
The flavoprotein subunit also contains 10 cysteine residues
but these are scattered through the peptide and are not in
distinet eclusters. It is possible that this subunit may also

contain an iron-sulphur centre(s) (Ingledew & Poole 1984).

1.4.2 The Membrane Organisation of Fumarate Reductase

The catalytic portion of the E. g¢oli fumarate reductase
has been assigned to the cytoplasmic aspect of the cytoplasmic
membrane. The evidence for this 1s as follows: the two
subunit form of the enzyme accumulates in the cytoplasm when
the membranes are saturated with fumarate reductase (Cole &
Guest 1979b). Secondly, membrane-impermeable dyes cannot be
rapidly oxidised in whole cells by utilising fumarate, whereas
they can be oxidised in broken cells (Jones & Garland 1977).
Membrane-permeable dyes can be oxidised rapidly in both whole

and broken cells, indicating that the dyes feed electrons
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and/or protons to fumarate reductase or another
electron-transport component located on the cytoplasmic aspect
of the membrane. Thirdly, Van der Plaas et al. (1983) used
crossed-immunoe;ectrophoretic and immunoabsorption techniques
to show that at least part of the fumarate reductase was
located on the cytoplasmic aspect of the cell membrane. They
did not detect any antigenic determinants of fumarate
reductase located on the periplasmic aspect of the cell

membrane.

Recently, Weiner and coworkers (Lemire ef al. 1983,
Weiner ef al. 1984a & b) have determined the membrane
structure of fumarate reductase from electron microscope
studies. They have pictured 4 nm 'knobs' on negatively
stained everted membrane particles. They assigned these to
fumarate reductase because after removal of the enzyme
activity by urea treatment, a reconstituted activity and
structure was observed after incubation of the stripped
membranes with the two subunit form of the enzyme,
Chymotrypsin treatment removed only the 69 kdalton subunit
(flavoprotein subunit) revealing a 1 mm diameter knob which
was assumed to be the iron-sulphur subunit. Weiner et al.
(1984a) have also suggested a membrane intrinsic structure for
the two anchor polypeptides by comparison to other proteins
with similar structural features and hydrophobicity
(fig.1.3). The two anchor polypeptides appear to anchor the
catalytic portion of fumarate reductase to the membrane

(fig.1.3). The structure shown by Weiner et al. (1984a) may
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indicate a transmembraneous structure for these two
polypeptides. The excess fumarate reductase in strains of E.
¢0ll with amplified expression of the emyme has been shown to
be accommodateq into novel membraneous structures produced by
these strains (Weiner et al. 1984a, Elmes & Weiner 1985;

Lemire et al. 1983).

The membrane location of the catalytic portion implies
that the site of the terminal reaction, of the fumarate
supported electron transport, is on the cytoplasmic aspect of
the cell membrane. However, the possibility of a periplasmic
reaction site cannot be excluded 1if the two anchor
polypeptides are transmembraneous. The consequences of a
cytoplasmic reaction site are; the requirement for a
dicarboxylic acid porter, to transport fumarate into the cell,
as shown by Kay & Kornberg (1971) and also the consequences of
this on proton translocation driven by fumarate dependent

electron transport.




A Model for the Structure of
Fumarate Reductase
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Figure 1.3

emb Structure F tase

The model proposed by Weiner et al. (1984), for the
structure of fumarate reductase bound to the E. coll
membranes, is shown. The two catalytic subunits (frdA & B)
are membrane extrinsic on the cytoplasmic aspect of the the
membrane. The two anchor polypeptides are shown to be
transmembraneous as proposed by Welner et al. (1984). The
location of the flavin and the 'tetranuclear' centre (HiPIP)
are those proposed by Weiner et al. (1984), based on the

nucleotide sequence of the frdA & B codons.
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1.4.3 Fumarate Reductases from other Organisms

The ability to use fumarate as an alternative electron
acceptor, for elgctron transport driven respiration, is a wide
spread ability' among chemiotrophic anaerobic bacteria. Most
of the enterobacteria, as well as many of the rumen bacteria,
have the ability to utilise fumarate and derive ATP from its
reduction (c.f Kroger 1978 for review). Klebsiella pneumonia
has been shown to extrude protons on the addition of fumarate
with a stoichiometry similar to that of E. c¢oli (Kroger
1978) . Nolinella (¥ibrio) succinogenes is the most widely
studied organism, as well as E. coli, which wutilises
fumarate respiration. The electron-transport chain from
formate to fumarate has been well characterised in this
organism (Kroger 1978), and as for other organisms grown under
these conditions, the membranes were shown to contain b-type
cy tochromes. Menaquinone or desmethylmenaquinone has been
shown to be necessary for active electron transport in several
bacteria (Kroger 1978). The fumarate reductase from
H.8uccinogenes has been purified (Unden et al. 1980) and
shown to consist of two peptides of Mr 79 000 and 31 000,
though some of the enzyme co-purified with a b-type
cy tochrome. The peptides were shown to be present in a 1:1
ratio and the b-type cytochrome was later shown to be required
in a 2:1 ratio with these peptides for full activity (Unden &
Kroger 1982). The 79 000 dalton peptide binds 1 mol of
FAD / mol enzyme and it contains non-haem iron and acid-labile

sul phur, as does the smaller polypeptide. The non-haem iron
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and acid~-labile sulphur were assigned to one [HFe—uS]3+(2+’1+)

iron-sulphur centre and one [2Fe-28]2+(2+114)

iron-sul phur
centre by e.p.r. spectroscopy (Albracht et al. 1981). The
[4Fe-4S] cluster was located in the 79 000 dalton subunit and
the [2Fe~2S] centre was located in the 31 000 dalton subunit.
The enzyme was shown to contain two b-type cytochromes
(spectrally similar) with different mid-point potentials of
~20 mV and =200 mV. Mid-point potentials of the iron-sulphur
centres were measured at =59 mV ([2Fe-23]) and -24 mV
([4Fe-U4S]) though values 30 to 100 mV more negative were
obtained using mediator dyes as opposed to the
succinate/fumarate couple (Unden gt al. 1984) . This
electron-transport chain has been shown to function in
reconstituted liposomes (Unden & Kroger 1982) and must be

taken to represent the whole of this simple electron-transport

chain.

1.4.4 Succinate dehydrogepase

E. c0ll possesses two genetically distinct,
membrane~bound succinate~fumarate oxldoreductases, that
catalyse the interconversion of fumarate and succinate (Hirsch
et al. 1963, Spencer & Guest 1973). Succinate dehydrogenase
is induced in E _coli by aerobic growth on non~-fermentable
substrates (Ruiz-~Herrera & Garcia 1972), and oxidises
succinate to fumarate, donating electrons to an

electron-tansport chain. It is repressed by anaerobiosis
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(Spencer & Guest 1973), other than by growth on nitrate
(Ingledew & Poole 1984). The enzyme is structurally very
similar to fumarate reductase (Ingledew & Poole 1984, Beinert
& Albracht 19§2), containing two catalytiec subunits and two
anchor polypeptides (Condon & Owen 1982a & b, Owen & Condon
1982). The flavoprotein polypeptide contains the same
covalently bound FAD moiety as fumarate reductase as well as
non-haem iron and acid-labile sulphur. The iron-sulphur

subunit also contains these cofactors.

Most of the e.p.r. studies to date have been performed on
the bovine-heart succinate dehydrogenase and have shown the
presence of at least two iron-sulphur clusters in this emzyme:
a HiPIP-type centre and a binuclear ferredoxin centre (Ohnishi

et al. 1976a & b). The presence of a second binuclear

ferredoxin centre has been shown to be dependent upon the
enzyme preparation (c.f. Beinert & Albracht 1982 for review),
as is the presence of the HiPIP centre. Quantitation of the

spin intensity of the e.p.r. signal has shown an lncrease

from 0.9 spins / flavin, when reduced with succinate, to 1.4
spins / flavin upon reduction by dithionite. The second
centre was postulated to be more rapidly relaxing than that
reducible by sucecinate, so its full spin intensity could not
be determined because of extreme lifetime broadening of the
spectra (c.f. Ohnishi 1979 for review). The two ferredoxin
centres (S1 & S2) have been shown to be spin coupled with the

relief of saturation of centre S1 spins by the more rapidly

r1=|
k relaxing S2 cluster (Ohnishi et al. 1976a, Salerno et al.
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1979b, Ohnishi 1979). The HiPIP centre has also been shown to
interact with a spin coupled ubiquinone pair and to be the
site of interaction of the emzyme with the electron-transport
chain (Ingledew et al. 1976, Salerno & Ohnishi 1980). The
HiPIP centre has recently been shown to be a three iron
cluster ([3Fe-3S]) by low temperature magnetic circular
dichroism spectroscopy (MCD), also the presence of a [U4Fe-4S]
has been shown (Johnson et al. 1985) but spin quantitation of
this centre gave values of approximately 1/10 of those for S1
(T, Ohnishi personal communication). It has been postulated
that this centre could be responsible for the effects seen on
St at low redox potentials as it also has a low mid-point

potential,

Cammack et al. (1984) and Condon et al. (1985) have
recently shown that the succinate dehydrogenase from E. c¢oli
is very similar to that from bovine-heart mitochondria. They
have reported signals from all three e.p.r. detectable
centres  (S1, S2 & S3) together with their mid-point
potentials; S1, 10 mV; S2, -175 mV; S3, 65 mV. Centres S1 &
S3 are very similar to those from bovine~heart succinate
dehydrogenase, though S2 has a higher potential (-400 mV in
bovine-heart emzyme). A b-type cytochrome was also reported
to be present in the enzyme preparation although no
quantitations for this and the iron-sulphur centres were
presented. This may however indicate a similarity to the
fumarate reductase from W. succinogenes which contains two

b-type cytochromes. The molecular weights of the four enzyme
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subunits were also reported giving Mr of 71 000
(flavoprotein), 26 000 (iron-sulphur polypeptide), 17 000 and
15 000 (anchor polypeptides). The succinate dehydrogenase
from E coli hgs thus been shown to be structurally very
similar to that of bovine-heart mitochondria and the fumarate

reductase from E. c¢oli.

Guest et al. (198Y4) have shown that the two enzymes from
E. coli have a large degree of homology, by comparing the
sequences of the genes encoding the two enzymes, The
iron-sul phur subunits have 10 of 11 cysteine residues
conserved in three clusters, though some contain only three
residues and thus will require either cysteines from elsewhere
or nitrogens as ligands to form active iron-sulphur clusters.
The FAD binding site 1s strongly conserved in the flavoprotein
subunit, but the cysteine residues are not, only 1 from 10
(frd) or 11 (sdh) being retained, which may be the active site
cysteine. This would seem to indicate that all three
iron-sulphur clusters are in the iron-sulphur subunit rather
than in both it and the flavoprotein subunit. The anchor
polypeptides also show a degree of homology din their
hydrophobicity and both may contain regions of «-~helices to
anchor the emymes to the membranes. These regions may also
act as proton and/or electron channels (Guest et al. 1984,

Weiner et al. 1984a).
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1.5 Ihe Study of Iron-sulphur centres by e,p.r.

Electron paramagnetic resonance is a technique which
enables the study of those redox centres that contain unpaired
electrons and are thus paramagnetic. Different redox centres
give their own characteristic e.p.r. spectra, dependent upon
the enviromment of the electron, Cytochromes, flavins,
quinones and iron-sulphur centres can all be detected in a
paramagnetic state; free radicals in the case of flavins and
quinones and specfic valence states of the iron in cytochromes
and 4iron sulphur centres. Cytochromes can also be studied by
e.p.r. by spin-labelling the haem moiety with nitric oxide

(NO) to obtain a paramagnetic species.

Iron-sulphur centres were first shown to be present in
plants with the isolation of soluble plant ferredoxins which
contained non-haem iron and acid-labile sulphur (Davenport et
Al 1952, Arnon et al. 1957, San Pietro & Lang 1958).
Palmer and coworkers (Palmer & Sands 1966, Palmer et 2al.
1966) showed that e.p.r. spectroscopy at low temperatures
gave similar spectra from these and other proteins containing
non-haem iron and acid-labile sulphur (gav = 1.94). The
unification of the field of iron-sulphur proteins by their
e.p.r. signals was a major step forward in the study of these
electron-transport proteins. These proteins were all found to
contain two or more iron atoms (in multiples of two). A model
for the structure of 2-iron centres was proposed by Gibson et

al.(1966), 4in which the iron atoms are bonded to four sulphur
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atoms (2 cysteine and 2 acid-labile sulphurs) in tetrahedral
arrays, with the two acid-labile sulphur atoms being shared by
both iron atoms (Fig.1.4). In the oxidised state both iron
atoms are high-spin ferric (Fe (III)), and the cluster is
diamagnetic and in the reduced state one iron atom becomes
ferrous (Fe (II)) and the cluster is thus paramagnetic with a
net spin of 1/2. Later a model was proposed for the Y4-iron
centres in which the unpaired electrons could be present in
either the reduced or oxidised form, (1+ or 3+ states).A cubic
structure was proposed (fig.1.4) with the iron atoms linked by
acid-labile sulphurs and each liganded to a cysteine residue
of the proteln. The €.p.I. spectrum produced is
characteristic of the two type of iron-sulphur centre, though
the 1lack of information at present prevents interpretation of
the e.p.r. spectra in terms of the stucture of these

centres.

Where more than one iron atom is involved in the cluster
there is spin coupling between the iron atoms (Palmer 1973),
and the net spin for the centre determines whether it is
€.P.I's detectable., 0Odd spins only are e.p.r. detectable
i.e. with net spins of 1/2, 3/2, 5/2 etc.. The spin coupling
between the high-spin iron atoms 1is characterised by the

antiferromagnetic exchange coupling constant (J).




Figure 1.4

Types of Iron-Sulphur Centre

The proposed structures for the smaller iron-sulphur
centres are shown. The binuclear ferredoxin cluster (top) with
its spin states, after the model of Gibson et al. (1966), is
shown. The gz axis lies through the iron atoms and the gx
axis lies through the sulphur atoms. The tetranuclear cluster
(centre) is shown with the possible spin states for this
cluster; a) denotes the spin states for HiPIP-type centres and
b) denotes the spin states for ferredoxin-type centres. The
lack of knowledge concerning the relationship between e.p.r.
properties and structure, precludes the assignment of g-axes
to any given direction. The trinuclear cluster (bottom) is
depicted as the [3Fe-3S] type and is shown with its possible
spin states. Again g-axes cannot be assigned to this centre
at the present time.
(Eia) - iron atoms
(O) - sulphur atoms

cys - cysteine residues.
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1.5.1 Types of Iron-Sulphur Centres

Iron-sulphur centres containing 1,4 and 8 iron atoms have
been characterised as well as the two iron ferredoxins, and
all have been shown to have the same tetrahedral symmetry
about the iron atoms. It has been proposed that the more
complex centres are composed of units made-up from the simpler
centres (Fig.1.4). Recently 3 iron centres have been reported
from aconitase and two ferredoxins (Emptage et al. 1980, Kent
et al. 1982a) which appear to be paramagnetic in the oxidised
state. Iron-sulphur centres of this type have been postulated
for a number of the more difficult to classify centres in the
light of this recent discovery. Among these is the HiPIP
centre from suceinate dehydrogenase, which has been shown to

be of this type by magnetic circular dichroism (Johnson et

al. 1985).

As well as the well classified functions of iron-sulphur
centres as electron-transferring redox centres, that
participate in respiration, there is growing evidence for
other functions for these clusters. Some centres have been
found to function as oxygenases (Subramanian et al. 1979) and
others to function as allosteric regulators (Buchanan ef al.
1979) for the activity of other enzymes. Thus iron-sulphur
centres may not be confined only to the role of electron
transport but may play a wider role in the metabolism of the

cell in general, as does the haem moiety for instance.
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1.5.2 Cluster~Cluster and Cluster-Spin Interactions

Where more than one iron-sulphur centre or other
paramagnetic species 1s present in a molecule, then
cluster-cluster interactions can occur if both of the species
are paramagnetic and the distance between the centres is not
too great (Mathews et al. 1974). This interaction is
manifest by a change in the intrinsic e.p.r. properties of
the two species. The interactions may take the form of
magnetic dipole-dipole interactions or
exchange / superexchange interactions, but usually a mixture
of both is encountered (Mathews et al. 1974). The resultant
e.p.r'. behaviour is observed as spin relaxation, as
determined by relief from microwave power saturation (Ohnishi
1979, Rupp et al. 1978), splitting or broadening of
resonances, as in hyperfine interactions (Lowe et al. 1972)
and by triplet e.p.r. resonances (Steenkamp et al. 1978),

visualised as thalf-field! resonances ( Am, = 2). In the

S
absence of a large exchange component, distances between the
centres can be estimated which can give a useful assessment of
possible electron-transfer pathways (Salerno et al. 1979b,
Ohnishi et al. 1982). Where exchange interactions occur, the
feasibility of electron-transfer is shown by the nature of the
interaction. Magnetic interactions with iron-sulphur centres
are not limited to those between iron-sulphur centres alone
but can occur with other species such as flavin (Ohnishi et

al. 1981), semiqinone (Ruzicka et al. 1975) and molybdenum

(Lowe et al. 1972).
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Spatial relationships between the centres and their
location within membranes (sidedness), can be ascertained by
th; use of paramagnetic probes (c.f Ohnishi 1979 for review)
such as Gd(III), Ni(II)and Dy(III) ions. These probes are
inert, membrane impermeable and by their large magnetic dipole
cause spin-spin interactions, so can thus be used to estimate
distances of the redox centre from the membrane or protein
surface. These distances have to be taken as estimates only,
as there can be the possibility of large errors attached to
them, which arise from the assumptions made that. the
interactions are largely dipolar in nature. The mechanism of
interaction is not usually known. However, in the absence of
data on the structure of these redox proteins, they can
provide useful information about the possible pathways of
electron-transfer and redox mechanisms, and serve as a guide

to further structural determinations.

A further development in this area is the production of
oriented multilayers from the biological structure under
consideration e.g. mitochondrial and bacterial membranes.
The orientation of the g-tensors of the paramagnet can be
deduced by the dependence of the e.p.r. signal on the
direction of the magnetic field, with respect to the
orientation of the multilayers. This has been done
successfully for haem and iron-sul phur proteins in
mitochondria (Ericinska et al. 1978a & b, Salerno et gi.

1979a) and for a ubisemiquinone pair from the bovine~heart
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succinate dehydrogenase complex (Ohnishi 1979, Salerno et al.

1977, 1979a).

At present the structure of only a few iron-sulphur
proteins has been determined (c.f. Adman 1979 for review), so
the relationship between structure and function is not well
defined, For instance, the difference in structure of
[4Fe-4S] centres that makes some the HiPIP-type (3+) and
others the ferredoxin type (1+) is not fully understood, but
the role of hydrogen bonds between sulphur atoms of the
centres and nitrogens of the amino-acid side-chains, has been
proposed as a cause of the differing redox behaviour (Adman
1979) . Information on the mechanism of electron-transfer
reactions involving iron-sulphur proteins is still also very
limited (Beinert 1982), though some rapid electron-transfer

mechanisms have been observed.

1.6 Objectives of this Research

The objective of this research has been to study the
fumarate reductase from E. g¢oli, looking particularly at its
prosthetic groups using the techniques of e.p.r,
(iron-sulphur centres and flavin) and fluorescence (flavin
only) . The enzyme succinate dehydrogenase, a member of the
same class of enzymes (succinate : fumarate oxidoreductase
E.C.1.3.99.1) was used as a model for two reasons. Firstly,

this enzyme  has been extensively studied by e.p.r.
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(bovine-heart mitochondrial emyme) and could provide guide
lines for subjective research. Secondly, as a member of the
same c¢lass of emzymes, succinate dehydrogenase catalyses the
same reaction, . albeilt in reverse, so comparison of the two
enzymes may yleld insights into the differing abilities of the
two enzymes to catalyse these reverse reactions. Information
concerning their differing roles as electron-transfer
proteins, with respect to their separate electron-transport
chains, may also be gained from a comparisen of differences in

their redox behaviour.

Most of the e.p.r. was performed on a strain of E. g¢oli
that contains amplified expression of the fumarate reductase.
This enabled the enzyme to be studied in situ on the
cytoplasmic membrane. Succinate dehydrogenase has been the
source of some controversy concerning the number of its
binuclear iron-sulphur centres (c.f. Albracht 1980 for
review). The number and detectability of the second (low
potential) ferredoxin seems to be dependent on the enzyme
preparation of succinate dehydrogenase. In studying the
fumarate reductase in the membrane bound form, it was hoped to
overcome any anomalies that may arise in purifying the emyme
and so gain a clear picture of the number and type of
iron-sulphur centres present in this enzyme. The flavin
moiety was also studied as this is the site of interaction
with the substrate (fumarate/succinate). Changes 1in the
properties of this prosthetic group may provide information on

the differing reactivities of the two emzymes towards fumarate

Bt




and succinate.
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Materials and Methods
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2.1 QOrganisms

The Escherichia ¢oli strains used in this research are
shown in Table 2.1, together with their genetic
characteristics. Strain JRG1031 was used primarily for the
€.p.r. spectroscopy with EMG2 as a control strain. All
strains were kept as stock cultures on nutrient agar slopes.
JRG1031 had 800 ug/ml of ampicillin added to retain the

expression of the P -lactamase dependent plasmid.

2.2 Growth Media and Growth of Cultures

Growth of batch cultures was elther on glycerol/fumarate
medium similar to that of Spencer & Guest (1973), or on
nutrient broth. The glycerol/fumarate medium contained the
following:

potassium phosphate (mono basie) 3.0 g/l, potassium
phosphate (dibasic) 12.0 g/1, ammonium sulphate 2.0 g/1,
fumaric acid 5.8 g/1, potassium hydroxide 5.3 g/l, acid
hydrolysed casein 1.0 g/1, glycercl 5 ml/l, trace metals
1 ml/1 50mM ammonium molybdate / potassium biselenite 1 ml/1,
PH 7.2.

The nutrient broth contained the following:

potassium  phosphate {(mono-basie) 3.0 g/1, potassium

phosphate (dibasie) 12.0 g/1l, yeast extract 5.0 g/l, peptone

10.0 g/1, pH 7.2.
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Table 2.1,

Characteristics of Bacterial Strains

EMG2 Prototroph M. Peacey, Edinburgh
JRG1031 Spontaneous mutant of JRG997 J.R. Guest, Sheffield
ilv, metB, ampAl, ampC,
.ﬁr_cf, amf, tolerates
ampicillin to 800 w«g/ml
CBT38 leuB6, lacYl, detB3, biof2, E. coli Genetic
rpsl129, thi-1, 1~ Stock Centre, Yale
CBT312 sdh-2, rpsL129, detA2,thi-1 University School
CBT313 8dh-2, rpslL129, detAd, thi-1 of Medicine, New
CBT315 sdh-2, rpsL129, detA5, thi-1 Haven, Conn. 06510,

Ul S. AI

Abbreviations, The genetic nomenclature conforms to the
recommendation of Demerec et al. (1968). The structural
genes are abbreviated as follows: frd, fumarate reductase;
sdh, succinate dehydrogenase, and dct, dicarboxylic acid

—— —

transporter.

R i it o bt b it b A



40

Growth for e.p.r. spectroscopy was in batch cultures of
201 of the glyegrol/fumarate medium. 200ml of nutrient broth
(plus 800 ug/ml of ampicillin for JRG1031) was inoculated by
loop-transfer from a culture of the bacterial strain on a
nutrient agar plate. This culture was then grown aerobically
for 18hrs at 37°C before being used as an 1inocula for the
batch culture, The batch cultures were grown in stoppered
vessels, with gentle stirring at 37°C for 18hrs. Cells were
harvested by continuous-flow centrifugation at 18 000 r.p.m.,
using an M.S.E. continuous-flow rotor running in an M.S,E.
Highspeed 18 centrifuge, with a flow rate of approximately
250 ml/min, The cells were washed twice by resuspension in
potassium phosphate buffer (20mM, pH 7.2) and centrifugation
at 9 000g for 20min, at 4°C. The cell paste was frozen in

liquid N, and stored at —30°C until required, unless fresh

2
whole cells were required, when the c¢ell paste was used

immediately for experimentation.

Fresh cells for the enzyme assays were grown, at 37°C,
elther on the glycerol/fumarate medium or on nutrient broth
containing glucose (0.5% w/v), in 500ml bottles filled to the
neck, Inocula (5ml) were of cells grown anaerobically on
nutrient broth, at 37°C for 18hrs. The cells for the assays
were harvested by centrifugation (9 000g for 20min) using a
G.S.A. rotor of a Sorval R,C.3B Superspeed centrifuge, after

18hrs growth. They were washed twice by resuspension in
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potassium phosphate buffer (20mM, pH 7.2) and centrifugation

as described above.

2.3 Preparation of Membrane Particles

Membrane particles (electron transport particles, ETPs)
were prepared by French Pressure Cell treatment of the E.
coli. Cells were thawed and resuspended by homogenisation in
TES buffer (20mM, pH 7.2) containing EDTA (5mM), to a
concentration of approximately 0.1g cells/ml. DNase I (20
ug/ml, Sigma Chem. Co., P.0.Box 14508, St. Louis, Mo 63178)
was added and the suspension was subjected to two passages
through a French Pressure Cell (American Instrument Co.,
Silver Spring Maryland 20910), at approximately 120MPa.
Unbroken cells and cell debris were removed by centrifugation
at 9 000g for 15min, at 4°c. The supernatant was decanted and
subjected to centrifugation at 124 000g for 1.5hrs, at 5°C in
the 8 x 50ml rotor of an M.S.E. Prepspin 50 ultracentrifuge.
The pellet was washed once by resuspension in the same buffer
and centrifugation as described above, The membranes were
resuspended to a final concentration of approximately 100mg/ml
in the same buffler and frozen in and stored under 1liquid N2

until required.

Xl
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2.4 Purification of Fumarate Reductase

The two subunit form of fumarate reductase was purified
by Triton X100. (Sigma) extraction and chromatography on
phenyl-sepharose {Pharmacia Fine Chemicals, Uppsala, Sweden)
as described by Dickie & Weiner (1979), with the inclusion of
sodium suceinate (15mM) in the column elutant, The peak of
enzyme activity from the phenyl-sepharose column  was
concentrated approximately 20-fold by ultrafiltration with an
XM100 membrane {Amjicon Corp., Boston, Mass.). To remove the
sodium cholate from this fraction it was applied to a column
of Sephacryl S-200 (Pharmacia), equilibrated with
Tris~phosphéte buffer (50mM, pH7.0) containing dithiothreitol
(0.2mM) and sodium succinate (15mM), and eluted with the
same. The peak of fumarate reductase activity was
concentrated approximately 20-fold, as described, to yield the
fraction used for experimentation (typically 0.15mM, 2.0ml).
This fraction was frozen in and stored under liquid N2 until

required.
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2.5 Epzyme Activities

2.5.1 Fumarate Reductase

Fumarate reductase activity was measured
spectroscopically at 30°C by followlng the reoxidation of
reduced benzyl viologen (molar extinction coefficient,

3 cm”‘), using the method of Spencer & Guest (1973)

7.78 x 10
modified as follows: benzyl viologen (120 uM) was reduced by
titration with a freshly prepared solution of sodium
dithionite, to give an absorbance at 550nm of 0.8 to 0.9.
Fumarate (final concentration up to 15mM) of other substrates
and 1nhibitors were added and the rate of basal oxidation was
followed for 5 minutes before the reaction was initiated by
the addition of «cells or ETP. The buffer was potassium
phosphate (50mM, pH 7.5), which had been de-oxygenated by
bubbling with O2 free N2 (British Oxygen Co.). Stoppered
cuvettes with a light-path of 1cm were used, the stopper had a
fine hole drilled through it to facilitate the addition of
samples using a micro-syringe. The reaction volume was

3.25ml. Two mol. of benzyl viologen react per mol. of

fumarate reduced.
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2.5.2 Oxidase Activities

Substrate dependent oxidase activities were measured at
30°C using a. Clark-type oxygen electrode (Rank Bros.,
Bottisham, Cambridge, U.K.). The buffer used was potassium
phosphate (50mM, pH 7.5), all substrates were 5mM (final
concentration) and the cells or ETP were approximately 0.25mg
protein/ml (final concentration in 3ml reaction volume). The
cells or ETP were incubated in the electrode for 5 minutes, to
measure the basal oxidation, before addition of the

substrate.

2.5.3 Succipate dehydrogenase

Succinate dehydrogenase activity was measured essentially
as described by Spencer & Guest (1973), following the
reduction of 2,6 dichlorophenol indophenol (molar extinction

3 om“l), spectroscopically at 600nm. The

coefficient 21 x 10
buffer used was potassium phosphate (50mM, pH 7.5), bubbled
with O2 free N2 to remove the oxygen and the reaction volume
was 3.265ml. The reaction mixture in stoppered cuvettes
contained: potassium cyanide (1mM, neutralised with HCl);
DCPIP (0.2mg); PMS (2mg); sodium succinate (up to 15mM) and
either cells or ETP (approximately 0.25mg protein/ml). The

basal rate of oxidation was followed for &5 minutes before

initiating the reaction by addition of the sodium succinate.
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2.6 FEmpirical Determinations

2.6.1 Acid nmon-extractable Flavin

The aecid non-extractable content of ETP and the purified
enzyme was measured spectroscopically using the method of
Wilson & King (1964), correcting for acid extractable flavin
contamination. A molar extinction coefficient (450nm) of
10.3 x 103 cm-1 was used for FAD. The change in absorbance at

450mm was computed as shown by Wilson & King (1964):

red yes (on Ar'ed )

ox
(Ayso = Ayso 530 = %30

The fluorescence of hydrolised samples and FMN standards
(fig.2.1) was measured with excitation wavelength of 450nm and
emission wavelength of 520mm. The excitation slitwidth was
5mm and the emlssion slitwidth was 10om. The total acid

extractable flavin was determined from the following equation:

Cone. acid extractable flavin = (equivalent conec. FMN,

pH 3.2) - (equivalent conc. FMN, pH T7.4)

The acid non-extractable flavin of the sample was obtailned

using the following equation:

RIS O PSP D S NS SO
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Figure 2.1

Standard Curve; Flavin Determination

The change in fluorescence intensity (pH3.2 - pHT.H,
oxidised minus reduced for both pHs), at 520nm, is shown
versus the concentration of the FMN standards. The equivalent
concentration of the standard was taken to be the total
concentration of flavin. This value was then corrected for
contamination by acid-extractable flavin, as described in the

text. A fresh standard curve was constructed for each set of

assays.
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Acid non-extractable flavin = (flavin determined

spectrophotometrically) - (flavin determined fluorimetrically)

where the total flavin minus the acld extractable flavin
(contaminant) gave the true value for the acid non-extractable

flavin of the sample.

2.6.2 Non-Haem Iron

The non-haem iron content of the ETP was measured,
spectroscopically by the method of King et al. (1964).
Iron(II) sulphate was used to construct a standard curve
(fig.2.2). All glassware used was washed with HC1 (2M) and
distilled water passed through a deioniser. All reagents were
prepared using deionised, distilled water and care was taken
to exclude dust and other contaminants from all apparatus.
The same set of apparatus was used for each set of
determinations as this was considered less likely to contain
any contamination, having been through the cleaning

procedure.
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Figure 2.2

Standard Curve; Iron Determination

The method of KIng et al. (1964) was used for the
determination of non-haem iron. The standard curve for
absorbance at 535nm versus the concentration of iron (ng
atom/ml)is shown for the iron (II) sulphate standards. The
iron concentration was estimated directly from the curve, then
corrected for any dilution factors. A fresh standard curve

was constructed for each set of assays.
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2-6-3 .Acid_.L.aml.e...SﬂlM'

Acid-labile sulphur was determined by the method of
Rabinowitz (1978), wusing sodium sulphide to construct a
standard curve (fig.2.3). Care was taken to minimise the loss
of H,.S produced during the assay and fresh standards were run

2

with each set of determinations.

2.6.4 Protein Estimations

Protein determinations were performed using the method of
Lowry et al. (1951). The method was modified by the inclusion
of sodium dodecyl sulphate (SDS, 1%, final concentration) in
the reagents and blanks, to ensure the solubilisation of the
membrane proteins. The reagents and blanks were kept at a
temperature of HOOC throughout the assay. Bovine serum
albumin (BSA) was used as a standard (fig.2.4), and a fresh

standard curve was constructed for each set of assays.

2.7 Sample Preparation for e.p.r.

Samples for e,p.r. spectroscopy were placed in quartz
e.p.r. tubes with an internal diameter of approximately 3mm.
The samples were either reduced or oxidised in the e.p.r.
tubes, before freezing in a mixture of methylcyclohexane and

isopentane (1 : 1), cooled to -80°C with a liquid N2 cold
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Figure 2.3

Standard Curve; Sulphide Determipation

The method of Rabinowitz (1978) was used for the
determination of acid-labile sulphur. The standard curve
shows absorbance 670mm versus the concentration of sodium
sulphide standards. The standards were diluted from a stock
solution of sodium sulphide, which had been standardised using
thiosulphate titrations. The concentration of acid-labile
sulphur was estimated directly from the curve and adjusted for
any dilution factor., A fresh standard curve was constructed

for each set of assays.
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Figure 2.4

Standard Curve; Protein Determipation

The method of Lowry et al. (1951), modified as described
in the text, was used for the determination of the total
protein concentration. The standard curve shows absorbance at
750m versus the concentration of the BSA standards. The
protein concentration of the samples was estimated directly
from the curve and then corrected for any dilution factors. A

fresh standard curve was constructed with each set of assays.
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finger. Oxidised samples were prepared by incubation of the
sample at room temperature for 5 minutes after the addition of
H202 (0.05%, 5 wml). Succinate or dithionite reduced samples
were prepared by incubation at room temperature after the
addition of solid sodium succinate or solid sodium dithionite,
for 15 minutes (succinate) or 5 minutes (dithionite). Samples

were stored frozen in liquid N2 until e.p.r. spectra could be

obtained.

For dysprosium studies ETP or fresh whole cells were
incubated with the dysprosium in Eppendorf tubes for 5
minutes, before transference to the e.p.r. tubes and either
being reduced or oxidised. A stock solution of dysprosium
(III) chloride (60mM; Koch-Light Labs Ltd., Coinbrook, Bucks.,
U.K.) chelated with EDTA (120mM) was diluted in the sample
suspension to the required concentration. Lanthanum-EDTA was

used as a non-paramagnetic control.

2.7.1 Oriented Multilayers

Oriented multilayers were prepared essentially as
described by Blum et al. (1980). Membranes were thawed and
diluted to approximately 10mg protein/ml in TES buffer (2mM,
pH 7.2), containing EDTA (0.5mM). The membranes were
centrifuged onto the Mylar sheets coated with collodion

(nitrocellulose) and supported, flat in specially adapted
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centrifuge tubes. Controlled dehydratioﬁ of the membranes was
then elicited in the presence of a humidity buffer, damp
ammonium sulphate., Oxidised multilayers were prepared by
dehydration in ;he presence of air. For multilayers required
to be reduced, sodium succinate (15mM) was added to the
dilution buffer and the dehydration of the membranes was
performed under a partial atmosphere of hydrogen (80% Nz, 10%

H 10% 002). This produced multilayers that were partially

X
reduced (both FR1 and HiPIP were partially present as shown by
€.pP.I's spectroscopy) . Further reduction was achieved by
incubation of the multilayers, in the e.p.r. tubes, with
either sodium succinate (1M, 10 ul) or sodium dithionite (1M,
titrated to pH 7.0 with KOH, 10 #1). The multilayer sheets
produced from the dehydration were cut into strips
(approximately 2.5mm wide) and two of these were placed in
each e.p.r. tube, containing glycerol (50% v/v). The samples
were then further reduced if this was required. The samples

were frozen in the freezing mixture and stored under liquid N2

until the e.p.r. spectra could be obtained.

2.7.2 Redox Titrations

Potentiometric redox titrations were  performed as
described by Dutton (1978). The following redox mediators were
added at a concentration of 50 #M: methyl viologen, benzyl
viologen, safranine T, phenosafranine, indigo disulphonate,

resorufine, duroquinone, 1,4 napthoquinone, 1,2 napthoquinone

g,
R
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and 1,2 napthoquinone-4-sulphonic acid. For redox titrations
of the flavin moiety of fumarate reductase, redox dyes that
undergo redox changes close to n = 2 were used to minimise
interference from semiquinone radicals at g = 2.00. The
following redox mediators were used for these titrations: 1,4
napthoquinone, duroquinone, indigo disulphonate, indigo
tetrasulphonate, 2-hydroxy 1,4 napthoquinone, phenosafranine
and safranine T, all at concentrations of 50 «M. The redox
titration vessel was purchased from the University of
Pennsylvania glass workshop; a combination platinum-calomel
reference electrode (Russell pH, Auchtermuchty, Fife, U.K.)
was used to measure the ambient electrode potential. The

vessel was continuously flushed with O, free N2 (British

2
Oxygen Co.) which had been passed through a Nil-Ox apparatus
(Jencons Scientific, Mark Rd., Hemel Hempstead, U.K.), to
remove any residual 02. Samples were transferred

anaerobically to e.p.r. tubes and frozen in the freezing

nixture, before being stored in liquid Nz.

2.8 E.p.r. Spectroscopy

E.p.r. spectra were recorded using a Bruker 200D electron
spin resonance spectrometer (Bruker Analytische Messtechnik
gmbH., Silberstreifen, D-7512 Rheinstetten 4, West Germany),
fitted with an Oxford Instruments ESR-Q variable temperature
cryostat (Oxford Instruments, Oxford, UeKodn Temperature

control of the e.p.r. cavity was achieved either by a liquid
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He transfer line (Oxford Instuments) or by a liquld N2
transfer line (built in the Bilochemistry workshop, St.
Andrews). The flow rate through the transfer lines and the
cavity temperature was measured and controlled by an Oxford
Instruments DCT2 temperature control. The sample temperature
was checked and calibrated using a thermocouple (chromel-gold
at 0.07% iron). Fig.2.5 shows the EMF versus temperature for
the thermocouple. The sample temperature was found to be
constant over the first 10mm from the cavity base (fig.2.6).
The DCT2 temperature controller was also shown to give an
accurate read-out of the sample temperature in this regilon.
The temperature increased above thils reading as the distance
from the cavity base became greater than 10mm, though this

effect was dependent on the flow-rate employed (fig.2.6).

This effect was observed for both transfer lines.

The e.p.r. spectrometer was interfaced to a Comart
Communicator CP100 microcomputer {Comart Ltd., Little End Rd.,
Eaton Socon, St. Neots, Cambridge, U.K.), which was used to
digitise and store the e.p.r. spectra. Manipulations of the
e.p.r. spectra were also performed using this microcomputer
(see Computation). The Comart Communicator was itself on~1line
to the University of St. Andrews VAX 11/780s (Digital
Equipment Corp.), and the graphics packages of this computer

were utilised for spectral output. '
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Figure 2.5

Standard Curve; Thermocouple FMF

The standard curve shows the change in EMF (V) with
temperature for the Cromel-gold thermocouple used to check the
calibration of the DCT2 temperature controller and the sample
temperature. The temperature of the thermocouple in the

e.p.r. cavity was then estimated directly from this curve.

D S S e ——
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Figure 2.6

Iemperature Difference of the e.p.r. Cavity

The temperature of the sample in the e.p.r. cavity was
measured using the thermocouple (fig.2.5). The curve shows
deviation of temperature from that output on the Oxford DCT2
temperature monitor. The distance from the sample base was
taken as the distance of the thermocouple from the base of an
€.p.r. tube; the thermocouple rested on a solid support. A
range of temperature settings is shown, indicated to the right
of the curves, for the DCT2 temperature controller. (O), are
points obtained with the liquid He transfer 1line and (0O)

points are points obtained with the liquid N2 transfer-line.
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2.9 Fluorimetry

Fluorimetry was performed using an Aminco-Bowman J4-8960E
scanning spectrofluorimeter (American Instrument Co.) linked
to a Gould Bryans 50 000 x-y recorder (Gould Bryans, Willow
Lane, Mitcham, Surrey, U.K.). Matched optical quartz
fluorimetry cuvettes were used throughout for all

experiments.

Redox titrations by fluorimetry were performed in an
anaerobic cuvette fitted with a combination platinum~calomel
electrode (Russell pH) and sample ports. The cuvette was

flushed continuously with O, free N2 (British Oxygen Co.),

2
which had been passed through a Nil-Ox scrubber (Jencons
Scientific). The following redox mediator dyes were added to
a final concentration of 2.5 M: benzyl viologen, methyl
viologen, phenosafranine , 4indigo disulphonate, resorufin,
durogquinone, 1,4 napthoquinone, 1,2 napthoguinone and 1,2
napthoquinone~j-sulphonic acid. These were found to have
minimal interference over the redox range employed. The redox
titration was performed essentially as described by Dutton
(1978) and the sample allowed to equilibrate. The stirrer was
switched off briefly, once the sample was equilibrated, to
minimise interference from turbulence, and the fluorescence

intensity of the sample was determined. -The redox titration

was analysed as described in Computation.
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2.10 Computation

2.10.1 Redox Data

The redox titration data was analysed using a program
developed by A.R. Crofts, Chemistry Department, University of
Il1linois at Urbana. The program gave best-fit data to the
experimental points and produced Nernst plot data for the

specified n-value.

2.10.2 E.p.r. Simulations

Simulation of e.p.r. powder spectra was performed using a
program developed by G. Reed and H. Blum, Department of
Biochemistry and Biophysics, University of Pennsylvania,
Philadelphia. The three major g-values and the linewidths of
each tensor (half-width at half-height) had to be specified.
Graphical output of spectra was produced using Ghost
subroutines on the VAX 11/780 and output on a Tektronix TAH662

plotter.

Double integration of simulations and of experimental
spectra was performed on the Comart Communicator, using a
program developed by P.J. Robinson, Computing Laboratory,

St. Andrews University, St. Andrews, U.K.
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The angular dependence of e.p.r. spectra was simulated
using a program developed by H. Blum, J.C. Salerno and J.S
Leigh, Department of Biochemistry and Biophysies, University
of Pennsylvania, Pniladelphia (Blum et al. 1978b) . The
program gave graphical output of e.p.r. spectra produced at
various angles of the magnetic field to the membrane normal.
The mosalc spread (disorder) of the multilayers could be
estimated from comparison of the simulated and the

experimental spectra.

B
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CHAPTER THREE

Characterisation of the Membrane Bound Respiratory Fumarate Reductase

and Location of its Catalytic Site.
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3.1 Introduction

Escherichia g¢oli grows anaerobically on several
non-fermentable .substrates when fumarate is provided as an
electron acceptor. The respiratory chain developed under
these gowth conditions is terminated by a membrane-bound
fumarate reductase (EC 1.3.99.1). It is important to
determine whether fumarate is reduced in the cytoplasm or in
the periplasm, so that the inter-relationship between the
organisation of the respiratory chain and its

proton-translocating ability can be understood.

Direct evidence that the fumarate reductase enzyme
complex is at least in part located on the cytoplasmic side of
the membrane has been presented by a number of workers using
immunological and electron microscopic methods (Van der Plaas
et al., 1983; Lemire et al., 1983). However, the location of
the catalytic site of a membrane-bound enzyme need not be the
same as that of the bulk of the emzyme protein, as detected by
non-enzymic means., In this chapter the membrane bound enzyme
is characterised by its emzymic reactions and the location of
its catalytic site determined. By studying the rates of
reaction of fumarate reduction in whole cells and membrane
particles the requirement for the uptake of fumarate into the
cell, prior to its reduction can be determined. Inhibitors of
the dicarboxylic acid porter and mutant strains of E. cold,
lacking this porter were used to influence the uptake of

fumarate. In cells that require the uptake of fumarate prior
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to 1ts reduction, an indirect 4inhibition of the fumarate
reduction will be achieved by blocking the fumarate entry. In
mutant strains of K. co0lil 1lacking the dicarboxylic acid
porter, no fumarate reduction should be discernible in whole
cells, if the dicarboxylic acid porter is the only means of

fumarate entry into the cell.

3.2 Results and Discussion

3.2.1 JInitial characterisation of the fumarate reductase

As the major part of the research reported herein was
performed on the membrane bound emzyme, from a strain of E.
c0li with amplified expression of the enzyme, an initial study
was performed to characterise the enzyme on the membranes from
this strain. The fumarate reductase indhced anaerobically, in
E. cold, is known to exhibit significant succinate
dehydrogenase activity (Hirsch et al. 1964, Spencer & Guest
1973, Dickie & Weiner 1979), so this initial study was
performed to measure the relative activities of the two
reactions. Fig.3.1 shows the pH dependence of the two
reactions. Both the fumarate reductase activity and the
succinate dehydrogenase activity were seen to show maximal
activity at pH 7.5. This pH was thus used for the assay of

these activities in subsequent experiments.
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Figure 3.1

pH dependence of enzyme activities

The fumarate reductase and succinate dehydrogenase
activities were measured spectrophotometrically, at 30°C, as
described in the methods section. The initial activities are
expressed as umol/mg protein/min and are shown plotted
against the pH of the buffered solution. The activities were
seen to drop off rapidly either side of the physiological pH

range, with a maximum for both activities at pH 7.5
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Km and vmax values for the fumarate reductase and
succlnate dehydrogenase activities were determined graphically
for both activities. This is illustrated in fig.3.2, which
shows Lineweaver-Burke plots for the fumarate reductase and
succinate dehydrogenase activities. Both Lineweaver-Burke and
Eadie-Hofstee plots were used to determine the apparent
Michaelis-Menten constants and the values for the Kms were in
good agreement from both graphical determinations. Both
reactions appeared to follow simple Michaelis-Menten kineties
over the range of substrate concentrations employed. An
apparent Km of 0.25mM with a Vmax of 12.5 mol/mg protein/min
was observed for the fumarate reductase activity (benzyl
viologen dependent). The succinate dehydrogenase activity
(PMS-DCPIP dependent activity) was much less than the fumarate
reductase activity,with an apparent Km of 100 M and vmax of
O.Q mol/mg protein/min. Fumarate reductase activity was
competitively inhibited by succinate, as has been described
previously (Hirsch et al. 1963, Dickie & Weiner 1979). The
membrane bound enzyme in the fumarate reductase amplified
strain of E. £0l1 would therefore appear to catalyse the
reduction of fumarate more readily than the oxidation of
succinate, as has been shown previously for other strains of
E. g¢oli (Hirsch et al. 1963, Spencer & Guest 1973, Dickie &

Weiner 1979).
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Figure 3.2

Determipation of K and V .

Lineweaver-Burke plots for both the fumarate reductase
and succinate dehydrogenase activities are shown, to
illustrate the determination of the Km and Vmax values. The
kinetic parameters were determined from both Lineweaver-Burke
plots and Eadie-Hofstee plots. The points shown are the
average of three determinations at each substrate
concentration. The top graph illustrates the succinate
dehydrogenase activity and the bottom graph illustrates the

fumarate reductase activity.
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3.2.2 Studies with det mutants

The majority of the fumarate reductase molecule has been
shown to reside on the cytoplasmic side of the cell membrane
(Van der Plaas et al. 1983, Lemire et al. 1983). This would
imply that the reduction of fumarate by the cell was
cy toplasmic also. Studies were therefore undertaken to
investigate the site of fumarate reduction in E. coli.
Fumarate reductase activities of intact cells and membrane
particles were compared in order to determine any requirement
for a transport process for fumarate in whole cells. Two
experimental approaches were used: firstly, fumarate reductase
activities in a number of E. goli strains (Table 3.1), some
of which 1lacked the dicarboxylic acid carrier (det mutants)
were compared; and secondly, fumarate reductase activities, in
the presence of inhibitors of the dicarboxylic acid carrier,
were compared. The fumarate reductase activity was measured
by the benzyl viologen assay, in whole cells and membrane
particles. Jones & Garland (1977) have shown that reduced
benzyl viclogen can readily cross the cytoplasmic membrane of
E. g¢oli K12, so this assay 1is suitable for both membranes and
whole celis, If the site of fumarate reduction is
cytoplasmic, as implied by the majority of experimental
evidence, then uptake of fumarate prior to its reduction would
be necessary in whole cells. A blockage. of this uptake would

result in the loss of measurable activity in whole cells,
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Table 301 .

Yhole Cells Membrane Particles
Strain F.R. F.R. NADH. Ox.
EMG2 (wildtype) 65 + 4 125 + 11 60 + 4
JRG1031 (clone) 80 & 7 910 + 20 165 + 9
CBT38 (det’) 0 20 + 3 12 1
CBT312 (det) 0 40 + 6 10 + 2
CBT313 (det) 0 50 + 6 9 + 1

All strains of E. g¢oli were grown in nutrient broth because
det mutants did not grow in glycerol/fumarate medium.
Inverted membrane vesicles were prepared using a French
pressure cell. Fumarate reductase activities are given in
mmol fumarate reduced / mg protein / min (which because of the
different electrical equivalencies 1s half of the benzyl
viologen oxidation rate, 4t is the latter which is actually
measured). The results are the mean values (+ the maximum
variation from the mean) of three assays each on three
separate cultures. NADH oxidase activities are expressed in

ng atoms 0/mg protein/min.
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Fumarate reductase activities in 1intact bacteria and
membrane parficles derived from dct mutant strains were
compared with those of wild type. The decf mutants could not
grow anaerobically on glycerol plus fumarate as an alternative
electron acceptor, so all strains were grown on nutrient broth
for these experiments. This mode of growth had the
disadvantage of yielding 1lower activities for both the
fumarate reductase and (where present) the dicarboxylic aecid
carrier. Substantial rates of fumarate reductase activity
were detected in the intact cells of strains EMG2 and JRG1031,
but there was no activity observed in the mutants CBT38,
CBT312 and CBT313 (Table 3.1). The membrane particles of all
strains had fumarate reductase activity. The fumarate
reductase activity was greatest in the strain containing
amplification of the frd gene (JRG1031). A comparison of the
rates of fumarate reduction, by cells and membrane particles,
shows that fumarate reductase activity was latent in whole
cells in all strains but EMG2 (Table 3.1). In strain JRG1031,
the rate of fumarate reduction in whole cells was high, but
the specific activity in the membranes was ten-fold greater,
presumably because a rate limitation imposed by the transport
process was removed in the latter case. A Km of 20-30 #M has
been reported for the porter (Kay & Kornberg 1971, Lo et al.
1972) and a vmax of 25mmol/mg dry wt./min (Kay & Kornberg
1971). In the det mutants no activity was observed in intact

cells, presumably because the fumarate could not enter. These
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observations show the requirement for a dicarboxylic acid
carrier in whole cells but not in particles, indicating that

the site of fumarate reduction is cytoplasmic.

3.2.3 Studies with iphibitors

To confirm the requirement for a porter to transport
fumarate into the cells, prior to its reduction, studies were
performed with inhibitors of the porter. Kay & Kornberg
(1971) and Lo et al. (1972), showed that the dicarboxylic
acid porter could catalyse uptake of fumarate and succinate ,
and that the addition of other dicarboxylic aclds
competitively inhibited the uptake of these two molecules.
E. cold strains EMG2 and JRG1031 were  grown in
glycerol/fumarate medium, which enables growth by fumarate
respiration and induces high activities of fumarate reductase
(Spencer & Guest, 1973)., Maximum rates (vmax) and Km values
were determined from Lineweaver-Burke plots and Eadie-Hofstee
plots, these values are shown in Table 3.2. In the
glycerol/fumarate grown strain EMG2 there was no significant
difference between these values 1n cells and membrane
particles in the absence of an inhibitor. In strain JRG1031,
a difference in the values of these parameters in cells and
membranes was observed. In JRG1031 a Km>value of 0.25 mM for
fumarate was observed in membranes, close to that obtained in

EMG2, but a Km value of 0.78 mM was observed for whole cells.




EMG2
EMG2
EMG2
EMG2
JRG1031
JRG1031
JRG1031

JRG1031
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Table 3.2

dicarboxylic acids
Kylt) Ty

Johibitor Cells ETPs Cells ETPs

" None 0.25£0.03 0.20+0.07 1.570.1  1.62+0.4
Aspartate 0.79+0.04 0.23+0.07 1.58+0.09 1.57+0.3
Malate (0.7140.07) 0.8610.05 (1.60+0.11) 1.65+0.7
Tartrate 0.3+£0.07 0.67+0.09 1.554+0.07 1.5540.4
None 0.7840.03 0.25+0.07 12.04+0.9 12.5+0.8
Aspartate 2.73+0.09 0.25+0.08 11.33%0.5 12.640.8
Malate (3.0040.08) 0,7110.1 (12.14£0.7) 12.540.7
Tartrate 0.79+0.04 2.2240.2 11.940.9  12.440.4

Bacteria were grown on glycerol/fumarate medium. Km and Vmax
values are the mean values (+ the maximum deviation from the
mean) of three separate determinations obtained from plots of
rate data at eight substrate concentrations. Disodium salts
of the D,L dicarboxylic acids were added (5 mM) as
inhibitors. vmax values are expressed as nmol fumarate

reduced / mg protein / min, as explained in Table 3.1.

Rt
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Presumably the Km of approximately 0.25 mM was a consequence
of the rate 1limitation of fumarate reductase itself, so in
EMG2 cells and membranes and in JRG1031 membranes, the
fumarate reductase step was rate-limiting. In strain JRG1031,
the fumarate reductase is amplified and appeared to cause the
porter for fumarate entry to become rate limiting in whole
cells. Thus the Km of 0.78 mM reflects the kinetics imposed
on the fumarate reduction by the dicarboxylie acid carrier,

rather than the kinetics of the fumarate reductase, itself.

The use of aspartate, malate and tartrate as inhibitors
of either the dicarboxylic acid carrier or the fumarate
reductase, confirmed the need for a dicarboxylic acid carrier
for fumarate reduction in intact cells (Table 3.2). Aspartate
did not inhibit fumarate reduction by membrane particles, but
it was effective as a competitive inhibitor in whole cells.
The Ainterpretation of these results is that aspartate is an
inhibitor of the transport process, (Kay & Kornberg, 1971) but
not of fumarate reductase, and hence is an inhibitor of
fumarate reduction only in intact cells. Tartrate had only a
marginal effect on fumarate reductase activity in whole cells,
but was a competitive inhibitor of fumarate reductase activity
in membrane particles. Malate inhibited in both cells and
membrane preparations. In control experiments, no detectable
oxidase activities were observed for aspartate, malate and
tartrate in membrane preparations or cells (02 electrode), and

only malate supported benzyl viologen oxidation, and then only

<
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in whole cells. The rates of malate-supported benzyl viologen
oxidation were 78+6 nmol/mg protein/min for strain JRG1031 and
82+5 mmol/mg protein/min for strain EMG2, indicating the
presence of fumarase activity in whole cells. This
complicates the interpretation of the data obtained with whole
cells in the presence of malate (values bracketed in Table
3.2)s However the Km for fumarate was 1increased in the
presence of malate, showing that the primary effect of malate
on fumarate reduction in whole cells was to inhibit fumarate
reduction at the level of the dicarboxylic acid porter. Ir
the conversion of malate to fumarate was distorting the
results (initial rates were measured) then, in the absence of
any other effect, an apparent lowering of the Km for fumarate
would result. These results complement those presented by Kay
& Kornberg (1971) and Lo et al. (1972), as the inhibition of
the uptake of fumarate by the dicarboxylic acid porter is
indirectly shown by measuring the fumarate reductase
activity. The uptake of fumarate and succinate was shown, by
these authors, to be 4inhibited by the addition of various
other dicarboxylic acids and it is shown here that the
consequence of this, for fumarate uptake, is lower rates of
fumarate reduction. This confirms the location of the site
of fumarate reduction to be cytoplasmic. The results
presented here also indicate that the amplification of
fumarate reductase in the membranes of strain JRG1031, does
not appear to be accompanied by the amplification of the
dicarboxylic acid porter. Thus the rate of fumarate reduction

and thus growth, of this strain is limited by the kinetics of

7R SO SRR SO
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the porter.

3.2.4 Discussion of the catalytic site's location

These studies, using det mutants and inhibitors of the
dicarboxylic acid carrier or fumarate reductase, show that in
whole cells the transmembrane transport of fumarate must
precede 1its reduction. Thus the catalytic site is on the
cytoplasmic aspect of the cytoplasmic membrane. Van der Plas
et al. (1983) used a crossed-immuno~electrophoretic approach
to analyse the membrane proteins of E. g¢oll grown on glycerol
with fumarate as respiratory oxidant and extended their
analysis to immuno-absorption studies, By comparing lthe
antibody binding to intact (right side-out) and disrupted
membrane vesicles, they calculated the relative expression of
the fumarate reductase antigen at the external and internal
membrane surfaces. They were able to show that the antigenic
determinants of E. cold fumarate reductase were on the
cytoplasmic aspect of the cell membrane. They did not
however, determine the location of the catalytic site, and the
absence of antigenic determinants from the periplasmic aspect
of the membrane cannot be taken as conclusive proof of the
absence of any part of the fumarate reductase from this side
of the membrane. Lemire et al. (1983) determined the
structure of fumarate reductase on inverted membrane vesicles
by a combination of antibody binding studies and electron

microscopy. They assigned 'knob-like' structures, observed on
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the cytoplasmic side of the cell membrane, to the catalytic
subunits of fumarate reductase. By removing and restoring the
fumarate reductase activity to the membrane preparation, they
observed the concomitant loss and restoration of the 'knobs'.
The activity was removed by chymotrypsin or urea treatment and
restored by incubation of the stripped membranes with a
fumarate reductase preparation. This work indicates that the
bulk of the fumarate reductase is membrane associated and
located on the cytoplasmic aspect of the membrane, and thus
implies that the catalytic site 4is also cytoplasmic. The
possibility, however, of the major part of the emyme being
located cytoplasmically, but the substrate binding site being
accessible to the periplasmic phase, cannot be ruled out on
the basis of these studies. Weiner et al. (1984a), by
comparing the sequences of the two anchor polypeptides to
those of other membrane intrinsic proteins, proposed that they
were transmembraneous in structure and that they may form a
proton channel through the membrane, by comparison of the
structure of the anchor polypeptides to those of
bacteriorhodopsin, the F° of the ATPase and the lac carrier.
If this is the case then the location of the site of reduction
of fumarate could not be automatically assumed to be

cytoplasmic.

Jones & Garland (1977) assumed a cytoplasmic location for
fumarate reductase, on the basis of the abilities of
oxidation-reduction dyes to reduce fumarate in intact and

broken cells, but this approach suffered from a lack of
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knowledge of the site of interaction between the dyes and the
respiratory chain. Gutowski & Rosenberg (1976, 1977) also
argued for an internal location of the fumarate reductase
catalytic site -on the basis of the effect of tartarate on
respiratory proton translocation supported by a pulse of
fumarate. Their conclusion that the quenching of the
acidification was due to tartrate inhibiting the transport
process can be questioned on two points. Firstly, tartrate is
a better inhibitor of fumarate reductase than of the
dicarboxylie acid carrier. Secondly, tartrate would be
expected to quench the measured proton translocation by
entering the cell in symport with a proton, as soon as any
ApH is established, because the dicarboxylic acld carrier is

a proton symporter (Gutowski & Rosenberg, 1976).

The work presented in this chapter complements that
already presented by others and directly confirms the
previously implied location of the catalytic site of fumarate

reductase.

3.2.5 Studies on the nature of the catalytic site.

Studies to further characterise the membrane bound
enzyme, in the amplified strain of E. gcoli, were performed by
studying the rates of reaction of several alternative
substrates for fumarate reductase (fig.3.3). All the

compounds were a, ~unsaturated-carbonyl compounds and the
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Figure 3.3

Alternative substrates for fumarate reductase

The structural formulae of the alternative substrates
used in this stuéy are shown. The structures indicate the
changes in the side-groups of these molecules. The
dimethylfumarate and methylcrotonate were produced by

esterification of the parent carboxylic acids.
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rate of reduction of the double bond was measured using the
benzyl viologen assay. Table 3.3 shows the rates of reaction
observed for these compounds, when the initial concentration
of each substrate was 5mM, Initially the stereospecificity of
fumarate reductase was investigated using maleate. Ne
reaction for this compound was observed up to an initial
concentration of 20mM. Maleate 1is the gils isomer of
2-buten-diocate, whilst fumarate is the trans isomer of the
same compound, Thus fumarate reductase of E. coll 1is
stereospecific for fumarate. Maleate however, did show
competitive inhibition of fumarate reduction, indicating that

it may bind to the active site. An apparent K, of 3mM was

i
obtained for this 4inhibition. It can be concluded that
maleate binds to the fumarate reductase in a non reactive, as

a result of its g¢is conformation, rather than theti rans

conformion of fumarate.

Studies on compounds with different structures to
fumarate were performed to investigate the consequences of
these changes in structure. Table 3.3 shows the results from
these studies. It was shown that compounds which had ¢ne of
the carboxylate groups removed, were less reactive than
fumarate and hence poorer substrates.The rate of reaction also
decreased as the size of the replacement group increased and
became more hydrophobic in nature (fig.3.3). Acrylate (R-H)
reacted faster than crotonate (R—CH3) which reacted faster
than cinnamate (R-Ph), but all were reduced at a lower rate

than fumarate.
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Table 3.3

Rates of reaction with alternative substrates

Substrate Rate Amangnt_Ki
Fumarate 12.3 x 0.6 -
Maleate 0 3.0mM

»
Acrylate 9.6 + 0.4 8.5mM

B
Crotonate 7.7 + 0.4 13.0mM

%
Cinnamate 1.1 £ 0.2 26 . 4mM
Methyl fumarate 50 + 8 (x 10°) .
Methyl crotonate 10 £ 3 (x 153) -

Rates are expressed as umol/mg protein/min. The rates were
measured using a final concentration of substrate of 5mM. The
rates are shown as the mean values of threg determinations, on
three separate membrane preparations, together with the
maximum variation about the mean.

*: These values can only be taken as approximations, as thgse

substrates also show significant rates of reaction.
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The necessity of the carboxylate groups was investigated by
using esterified compounds as substrates for the enzyme, It
was seen that .these compounds gave only very low rates of
reaction, Table 3.3. Methyl fumarate reacted faster than
methyl crotonate, but less than fumarate and indeed, less than
the other carboxylic acids. These esters lack the negative
charge associated with the ionised group of the parent
carboxylic acids, and are neutrally charged molecules. The
carbonyl groups have a polar nature and so weak binding of
these substrates to the emzyme was postulated to account for

their low rates of reaction.

To account for the results obtained it was postulated
that the active site of fumarate reductase must contain
positively charged amino acid residues in the vicinity of the
flavin moiety, to act as a substrate binding site. The
sequence of amino acids around the flavin binding site has
been determined by Cole (1982), from the nucleotide sequence
of the frdA codon, which encodes for the flavoprotein subunit
of fumarate reductase. This polypeptide sequence was shown to
contain the same sequence of amino acids (9 residues) as that
from bovine-heart succinate dehydrogenase, The sequence of
amino acids around this region was shown to contain several
positively charged amino acids (histidine, lysine and arginine
residues) together with other amino acids with basic side
groups (glutamine). The results presented here, indicate that

some of these residues may form the substrate binding site for

e et sttt Bk e
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fumarate. The requirement for the negatively charged
carboxylate groups, for good rates of reaction, and the lower
rates of reaction produced by introducing substrates with a
less polar nature (and those with greater hydrophobicity)
argue in favour of this postulate. The stereospecificity of
the enzyme could alsec be explained by the nature of the
binding of the two carboxylate groups of maleate, which may

locate it in a non reactive position.

3.3 Conclusions

The fumarate reductase in the membranes from E. goli,
strain JRG1031 has been shown to be pH dependent with the
maximum rate of reaction at pH 7.5, for both fumarate
reduction and succinate oxidation. The catalytic site of
fumarate reduction was shown to be on the cytoplasmic side of
the cell membrane, by the requirement for fumarate to be
transported across the membrane prior to reduction. This
located the catalytic site in agreement with the location
postulated in previously published work, most notably Lemire
et al. 1983, who showed the catalytic subunits of fumarate
reductase to be located on the cytoplasmic face of the cell

membrane.
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Studies on the catalytic site of fumarate reductase
showed the enzyme to be stereospecific for fumarate. The
requirement of the negatively charged carboxylate groups, to
achieve significant rates of reduction of alternative
substrates, pointed to the substrate binding site containing

positively charged amino acid residues.




CHAPTER FOUR

Electron Paramagnetic Resonance Characterisation of the

Iron-Sulphur Centres

83
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4.1 Introduction

The purified fumarate reductase of E. coli has been shown
to be structuraily similar to succinate dehydrogenases from a
number of sources (Dickie & Weiner,1979; Weiner & Dickie,1979)
and recent sequence determinations on the E. ¢90li succinate
dehydrogenase, 1indicate extensive sequence homologies between
these two functionally distinet enzymes (Guest  1984),
particularly 1in the cysteine residues of the iron-sulphur
subunit. All succinate dehydrogenases and fumarate reductases
that have been studied to date contain a co-valently linked
flavin (8 a=[N(3)-histidyl]FAD), acid-labile sulphur and
non-haem iron (5-8 mol. / mol. enzyme, Hederstedt & Rutberg
1981, Beinert & Albracht 1982), The non-haem iron- and
acid-labile sulphur are constituted as one [llFe-llS]3+ or
[3Fe~xS] centre (the term HiPIP, high potential iron-sulphur
protein, is used as a generic for this centre) and either one
or two ferredoxin centres usually considered as [2Fe-2S]
centres, but one of these may be a [UFe-4S] centre (Beinert &
Albracht 1982, Dickie & Weiner 1979, Ohnishi et al. 1976 a &

b, R. Cammack, T.Ohnishi personal comunications).

In this chapter the iron-sulphur clusters from the E.
20li fumarate reductase are resolved and then described in
situ, using electron paramagnetic resonance. The question of
whether there are one or two of the binuclear ferredoxin
centres present 4is addressed, together with the possibility

that one of these centres may be tetranuclear in nature. This
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chapter presents evidence for interactions between the
intrinsic centres, and discusses the relevance of the findings
to the understanding of other succinate-fumarate

oxido~reductases.’

k.2 Resulfs and discussion

4.,2,1 Comparison of membranes from EMG2 and JRG1031

The electron transport chain developed when E. coli 1is
grown on the glycerol/fumarate medium is relatively simple,
consisting of specific dehydrogenases, menagquinone, and
terminating in fumarate reductase. A cytochrome oxidase is
also present (Ingledew & Poole, 1984)., The E. coli strain
JRG1031 enabled the fumarate reductase to be studied in siftu
through the amplified expression of fumarate reductase. It is
the intention, in this chapter, to report studies on fumarate
reductase in situ using membranes from this E. ¢oli strain.
An in situ study has a number of advantages, the principal one
of which is in overcoming the variability and heterogeneity
which has afflicted the studies using purified preparations
(for review see Beinert & Albracht, 1982). The use of
membranes has the disadvantage of the presence of other

iron-sulphur centres which do not belong to the fumarate
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reductase. Thus, it is necessary to establish which e.p.r.
detectable centres are attributable to fumarate reductase, in
order to ascertain to what extent centres belonging to other
enzymes may interfere with the analysis. The Airon-sulphur
centres developed by an E. goli K12 prototroph (EMG2), grown
anaerobically on glycerol/fumarate medium, have been described
(Ingledew 1983) and so this earlier work can serve as a
control 1in the present study. In this earlier study several
iron-sulphur centres were described but three predominated.
These three were tentatively assigned to a succinate-fumarate
oxido~-reductase on the basis of the predominance of fumarate
reductase in the membranes, and also the similarity, in
several respects, between the observed properties of the
iron-sulphur centres and those reported for succinate~fumarate

oxido-reductases from other sources.

Shown in Table 4.1 is a comparison of the major partial
reactions of the respiratory chains of the two strains used.
Table 4.2 shows a quantitation of the detected iron-sulphur
centres from strains JRG1031 & EMG2. It is apparent, from
Table 4.1, that the only large change in activity measured was
of the fumarate reductase. This corresponds with the
amplification of two e.p.r. signals (HiPIPa and ferredoxin
IIa & b of Ingledew 1983). Thus one centre, paramagnetic in
the oxidised state, 1is amplified along with a ferredoxin-like
centre reducible by succinate (gz = 2.03, &y © 1.93) and a
ferredoxin-like centre reduced by dithionite. A comparison of

e.p.r. spectra of control and JRG1031 membranes, is best

7 OTEPT ST —
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Table 4.1

EMG2. JRG1031
Fumarate reductase 1.27 9.98
NADH dehydrogenase 0.62 0.68
Lactate dehydrogenase 0.08 0.42
Formate dehydrogenase 0.02 0.02
L-glyc=3P dehydrogenase' 0.02 0.04
Succinate dehydrogenase 0.30 0.48

Activities are expressed as umol. / min. / mg protein
Cells were grown on glycerol / fumarate medium and ETPs were
made as described in Materials and Methods.

%®
» L~glycerol-3-phosphate dehydrogenase.
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given by a comparison of the work herein with the published
work on EMG2 (Ingledew, 1983), where spectra taken over a wide
range of conditions can be compared. Additional centres that
are observed in the membranes from EMG2 cells are obscured in
JRG1031 membranes, by overlap due to the higher levels of the
three centres assigned to fumarate reductase, and the
consequent use of lower gain. Thus these three resolvable
species can bhe attributed to fumarate reductase, and the
extent to which other species overlap with them spectrally is

small and quantifiable.

2‘.2.2 Wﬂm—]—m

Membrane particles of JRG1031, when oxidized, exhibited
at relatively low temperatures, an e.p.r. spectrum typical of
either a [llFe~’JS]3+ or [3Fe-XS] iron sulphur centre. The term
FR3 (fumarate reductase centre 3) is used as a generic, by
analagy to centre S3 of succinate dehydrogenase, to refer to
this centre. This spectrum is shown in Fig.4.1a at various
temperatures. It has a narrow line-shape with gy,z at 2.01
and gx at approx. 1.968 although this 1latter value 1is
considerably temperature dependent. The spectral feature
preceding the g = 2,01 lineshape was due to copper in the
sample, as shown at higher temperatures where the spectrum
from FR3 was no longer discernible. The spectrum at 6 K and

20mW microwave power, can be simulated using g, at 2.01,
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Figure 4.1a

E.p.r. spectra from oxidised membranes

The e.p.r. spectra obtained from H202 oxlidised membranes
are shown at various temperatures. The major g-values are
indicated above the spectra and the temperatures are shown on
the left of the spectra. The positive peak was at g = 2.01,
but the gy and gx values were dependent on the temperature.
The experimental conditions were: microwave power, 20mW;
microwave frequency, 9.48GHz; modulation amplitude, 1.0mT;
modulation frequency, 100KHz; recelver gain, 6.3 x 103; sean

rate, Q.1mT/s at a time constant of 0.5s. Protein

concentration was 103mg/ml.
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Figure 4.1b

Simulation of the HiPIP spectra

Simulations of the HiPIP spectra are shown for two
temperatures, which are indicated on the right of the
simulations. For the data from 6K , g-values of 2.01, 1.99
and 1.55 were employed with linewidths (half-width at
half-height) of 0.70, 2.5 and 5.5mT, convoluted with a
Lorentzian broadening of 0.5mT. At 10 K g-values of 2.01,2.00
and 1.78 were employed, together with linewidths of 0.7, 2.0
and 5.0mT; Lorentzian broadening of the same magnitude as for

the 6 K simulation was used.
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gy at 1.99 and gx at 1.55. The linewidths employed in the
simulation were O0.70mT, 2.5mT, and 5.5mT respectively,
(Fig.4.1b), convoluted with a Lorentzian broadening of 0.5mT.

The simulation of spectra from other temperatures required

differing g-values and linewidths for 8y

In membrane particles which have been anaerobically
reduced with succinate, a ferredoxin-like signal is observed
with g, = 2.03 and gxy = 1.93. Fig.4.2a shows this spectrum
at several temperatures. When membrane particles were reduced
anaerobically with dithionite, a ferredoxin signal of similar
line-shape but with apparently enhanced signal amplitude, was
observed (Figl.2b). There 1s a small line-shape difference
between the two reduction states, the dithionite elicited
spectra being less rhombic around g = 1.93 than the succinate
elicited spectra. This rhombicity is temperature dependent
and this effect correlates with the temperature dependence of
the relaxation processes (c¢.f. chapter 5), the difference in
rhombic distortion being greater at higher temperatures.

These spectra can be simulated, as shown in Fig.4.2c, and the

values required for the succinate reducible ferredoxin are

g = 1.918, linewidth 1.0mT, gy =1.928, linewidth 0.85mT, and
8, = 2.03 , linewidth 0.75mT, at 12K and 20mW microwave
power. For the dithionite reducible centre values of
&y = 1.913, linewidth 1.05mT, gy = 1.926, linewidth 0.85mT and
gz = 2.03, linewidth 0,75mT were used, for the same

temperature and microwave power.
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Figure 4.2a

E.p.r. spectra from succinate reduced membranes

The e.p.r. spectra from membranes reduced anaerobically
with sodium succinate are shown at various temperatures. The
temperatures are indicated to the right of the the spectra and
the major g-values are indicated below the spectra. The
spectra show saturation of the ferredoxin signal below 30 K,
as the intensity of the spectra decreases. The experimental
conditions are as descibed for fig.4.1a, except the receiver

gain was 5.0 x 10“. The protein concentration was 85mg/ml.
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Figure 4.20b

Eap.r. speckra from dithionite reduced membranes

The e.p.r. spectra from membranes reduced anaerobically
with sodium dithionite are shown at various temperatures. The
temperatures are indicated to the right of the spectra and the
major g-values are indicated below the spectra. The spectra
have similar lineshapes to those from succinate reduced
membranes, but show differing saturation, the intensity of the
spectra shown increases from 28 K to 12 K. The experimental
conditions were as described for fig.l4.1a, except the receiver

gain was 8.0 x 103. The protein concentration was 79mg/ml.
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Figure 4.2¢

Simulations of the ferredoxin specira

The simulations of the ferredoxin spectra from succinate
(a) and dithionite (b) reduced membranes, at 2mW microwave
power and 12 K are shown., Simulation (a) was performed using
g-values of 2.03,1.928 and 1.918, together with linewidths of
0.75, 0.85 and 1.0mT. Simulation (b) was performed using
g-values of 2.03,1.926 and 1.913, together with linewidths of

0.75, 0.85 and 1.05mT.
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One of the objectives of this paper is to shed light on
the relationshib between the e.p.r. signals observed in
dithionite and succinate reduced membranes. At 50 K and 2mW
microwave power, where both ferredoxin signals are
unsaturated, as determined by plots of microwave power against
signal height (double logarithmic plots, theoretical
unsaturated slope 0.5), quantitation of the spin intensities
gave values of 3.92 mmol/mg protein and 1.96 nmol/mg protein
for the dithionite and succinate samples respectively (Table
§,2). Under non-saturating conditions for the HiPIP signal
(15 K, 2mW), quantitation of its spin intensity gave a value
of 1.94 mmol/mg protein. Copper(II)~EDTA was used as a
standard for the quantitation of spin intensities. Comparison
of these values with the concentration of acid non-extractable
flavin, indicates that all the iron-sulphur centres of E.
coll fumarate reductase are present at a ratio of
approximately 1 : 1 to its flavin moiety (Table 4.2). Table
b2 shows the values obtained for non-haem iron and
acid-labile sulphur determinations from the membranes of
strain JRG1031. Comparison of these values to those for the
flavin moiety indicates approximately 6-7 atom / molecule
fumarate reductase for both of these elements. Values were
obtained by subtracting the EMG2 values from the JG1031 values
and dividing by the spin quantitation that could be attributed
to the amplificaton of the fumarate reductase. The

acid-labile sulphur determination will be a more accurate
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Table 4.2

strains EMG2 and JRG1031
EMG2 JRG1031

Ferredoxin 1 1.96 + 0.08
Ferredoxin 1 + 2 3.92 + 0.11
HiPIP 1.94 + 0.09
Flavin 1.93 £ 0.10
Non~haem iron 4.3 + 0.5 16.1 £ 1.1
Acid-labile sulphur 4.6 £ 0.7 14.9 + 1.6

Quantitations are expressed in mmol. / mg protein and are the
mean values of three determinations shown together with the
variation about that mean.

Quantitations were performed by double integration of e.p.r.
spectra as described in Materials and Methods. Non-haem iron
and acid~labile sulphur determinations were performed as

described in the text.
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measurement of the iron~sulphur centres as it is specific for
these centres, whilst the non-haem iron measurement could
include contaminants as the emzyme is membrane bound. The
estimate of non-haem iron and acid-labile sulphur per molecule
of fumarate reductase can only be taken as an estimate because
there will be contamination from other iron~sulphur centres
but this contamination can be corrected for (as described
above) because of the saturation of the membranes of this
strain with fumarate reductase (approx. 20% of the protein

from spin intensity measurements). Comparison of the non-haem

iron and the acid-labile sulphur determinations from the two.

strains, indicates a close relationship between these values
and the increase 1in fumarate reductase activity, again
confirming the e.p.r spectra to be from this enzyme. The
values obtained are greater than those previously reported for
this enzyme (Cole et al. 1982), but these latter estimations
were on the isolated protein, and the isolation procedure may
have been responsible for the loss of iron-sulphur clusters
(the HiPIP centre from this class of emzyme is particularly

labile).

An e.p.r. signal due to a 'tetranuclear' ferredoxin
centre was also observed from this emzyme when reduced with
dithionite (Fig. 4.3), as has been reported from the isolated
enzyme (R. Cammack, personal communication). Studies on
bovine-heart mitochondrial succinate dehydrogenase have shown

the presence of this type of centre, both by magnetic circular
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Figure 4.3

E.p.r. spectrum.of the broad ferredoxin

The e.p.r. spectrum from the broad ferredoxin signal (A)
is shown together with a computer simulation of that spectrum
(B)., The major g-values are indicated below the spectra. The
€.P. I, spectrum shown was obtained by subtracting a
simulation of the dithionite reduced ferredoxin from the
experimental spectra. The experimental conditions were as
described for fig.4.1a except: microwave power, 20mW; receiver
gain, 5.0 x 105; scan rate, 0.05mT/s at a time constant of
1s. The temperature was 10K and the protein concentration was
120mg/ml . The simulation (B) was performed using g-values of
2.045, 1.858 and 1.641, together with linewidths of 5.5, 7.7

and 12.5mT.
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dichroism and e.p.r. spectroscopy {(Johnson et al. 1985, T.
Ohnishi personal communication). This centre in the membrane
bound fumarate reductase elicits a very broad spectrum with
g-values of g, = 2.045, gy = 1.858 and 8, = 1.641, The
spectrum can be simulated (10K & 20mW) using these g-values
and linewidths of 5.5 mT, 7.7 mT and 12.5 mT respectively.
Spin quantitations were taken from the e.p.r. spectrum and
the simulation, because overlap due to FR1 and FR2, 4in the
€.D.0Ie spectrum may have caused errors in the quantitation.
A value of 0.2 nmol/mg protein was obtained for this centre,
showing it to be present at 1/10th the concentration of the
other centres. The presence of this centre in bovine~heart
succinate dehydrogenase has been shown to be dependent on the

enzyme preparation (T, Ohnishi personal communication).

4.2.3 Redox titrations of the ferredoxin signals

Redox titrations were performed to indicate the number of
componentsa contributing to the major, * binuclear®
ferredoxin-like signal and assist in describing any
interactions between centres. When spectra of redox titration
samples were taken under conditions which were shown to be
non-saturating (50 K and 2 mW), and signal height was plotted
agalinst the samples' ambient electrode potential, a biphasic
curve resulted for the ferredoxin signal (Fig.4.4). Two

distincet phases were resolved with mid-point potentials of
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Figure 4.4

Potentiometric titration of the ferredoxin signal, DH 7.0
Plots of signal height (0O) and double integrated
intensity (O ) are shown plotted against the ambient electrode
potential of the €.P.I. sampl es. The potentiometric
titrations were performed as described in the text. Mid-point
potentials of the two phases were approximately -50mV and
-285mV. Experimental conditions were as described for
fig.4.1a, except receiver gain was 8.0 x 10“; temperature was

50 K and the protein concentration was 38mg/ml. The microwave

power was 2 mW.
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Figure 4.5

Nernst plots of ‘the e.p.r. signals, pH 7.0

Nernst plots are shown using data points produced from
computer analysis of the redox titrations as described in the
text. Plots for yhe three major e.p.r. signals are shown:
FR1, FR2 and FR3, indicated adjacent to the plots. The values

of log ox/red = 0 are indicated for each signal. of

e
~-285mV (FR2), =55mV (FR1) and -20mV (FR3) were obtained from
this plot. The values indicated in the text are the average

values of three determinations,
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-50 £ 10 mV and -285 + 10 mV at pH T7.0 and electrical
equivalences of 1.0 as shown by Nernst plots (Fig.4.5). These
values were pH~independent over the range 6.0 to 8.0 (not
shown). Quantitation of the spectra (double integration, 50K
and 2mW), at each electrode potential, showed that the plot of
spin intensity against electrode potential was similar to the
plot of signal height against electrode potential (Fig.4.4).
This latter plot also confirmed that the two
potentiometrically distinguishable centres were present in a
1:1 ratio. The higher potential species proved to be the
suceinate reducible species and i1s referred to as FR1
(fumarate reductase centre 1) and the lower potential species,
(which 1s the same as the additional specles reduced by
dithionite) is referred to as FR2. When spectra of redox
titration samples were run under conditions which cause
saturation of FR1, the plots of =signal height against
electrode potential become more complex, as shown in Fig.h4.6.
On lowering the ambient electrode potential from a value at
which no reduction occurs, the signal height initially
increased until a potential of ~70 mV was reached. Further
lowering of the potential caused a decrease in signal height
before it again increased at potentials below -200 mV. This
effect on the titration was more pronounced with lowering of
the temperature, until the region where the signal from FR1
was greatly attenuated. These changes were shown to be due to
changes in the relaxation times across the electrode potential

range (see later). When redox titrations were run under
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Figure 4.6

Potentiometrice titrations, ferredoxin signal

Redox titrations of the ferredoxin signal run under
various conditions are shown. The signal height 1s shown
plotted against the ambient electrode potential. The
experimental conditions were as described for fig.l.1a,
except: A), microwave power, 2mW; temperature, 50 K; receiver
gain, 6.3 x 10“; protein concentration, 35mg/ml. B),
microwave power, 2mW; temperature, 12 K; receiver gain,
5.0 x 10“; protein concentration, 35mg/ml. C), microwave

5

power, 0.,2mW; temperature, 50 K; receiver gain, 1.0 x 107;

protein concentration, #3mg/ml.
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conditions of low power and high temperature, the
low-potential ferredoxin signal was not as 1large as under
conditions described previously (Fig.d4.6c). This indicated
the rapid relaxation for this centre leading to loss of its
e.p.r. signal under these conditions. This was also seen for
the comparable centre (S2) from bovine-heart succinate

dehydrogenase (Salerno et al. 1979b).

Redox titrations of the broad ferredoxin signal showed a
single species and gave a mid-point potential of -260 + 7 mV
at pH 7.0 for this centre (not shown). The signal was again
seen to be very broad and not as intense as those from the
other iron-sulphur centres of fumarate reductase. The signals
titration in the lower potential region may indicate that this
centre is the cause of the interaction observed fo FR1 at

these low potentials.

4,2.4 Redox titrations of the HiPIP signal

Potentiometric titration of the HiPIP centre gave a value
of =30 + 8 mV for its mid-point potential at pH 7.0, (Fig.4.5
& 4.,7). This value was independent of pH over the range 6.0
to 8.0 (data not shown). The mid-point potential for this
centre was lower than that reported for the similar centre in
succinate dehydrogenases from mammalian, avian, and bacterial

sources, including E. ¢oli (+60 to +160 mV).
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Figure 4.7

Potentiometric titration of the HiPIP signal

Redox titrations of the HiPIP signal are shown for
non-saturating (O) and saturating conditions (0O). The
signal height is shown plotted against the ambient electrode
potential of the sample. Experimental conditions were as
described for fig.4.1a. The non-saturating conditions were
15 K and 2nmW, the saturating conditions were 6 K and 20mW.
The plots are normalised to give maximum signal height of
100% . A mid-point potential of -30mV (pH7.0) was obtained
from the non-saturating plot. Protein concentration was

42mg/ml. The signal height of the HiPIP centre was corrected

for interference from centre FRI.
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One possible reason for this difference 1is that the
aforementioned respiratory systems were ubiquinone containing,
whereas the current system contains menaquinone. The
endogenous quinone 1s the most likely reductant/oxidant for
the HiPIP centre (Ingledew gt al. 1976, Salerno & Ohnishi
1980) and menaquinone has a more negative mid-point value than
ubiquinone (~74 mV and +30 mV respectively at pH 7.0, Kroger,
1978) . The HiPIP, in this case, functions as an oxidant of
the menaquinone pool whereas 1in the aerobic system it
functions as a reductant. One important facet of this
difference in the mid-point potential of the HiPIP centre, is
that it can remain substantially oxidized (and therefore
paramagnetic) while the centre FR1 is substantially reduced
(and therefore paramagnetic). The result of this was that
interactions between HiPIP and FR?t could be studied in
fumarate reductase, whereas 1in the other systems mentioned
conditions cannot readily be obtained in which both centres
were simul taneously paramagnetic. This interaction between
centres FR1 and FR3 has aso been reported for the isolated
enzyme, as the increase in signal height of FR3 between -20mV
and ~70mV, under saturating conditions (Cammack et 2l.

1984).

When samples of the potentiometric titration were run
under saturating conditions for the HiPIP centre (Fig.¥4.7.),
there was again seen to be a 'hump', in the plot of signal

height versus electrode potential. This 'hump' was agailn
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centred at approx. =70 mV, indicating interaction with
another redox component which titrates about this redox

potential (see later).

4,2.5 Interactions and the e.p.r. spectral characteristics

Temperature prof'iles of the three signals (HiPIP,
succinate and dithionite ferredoxins) at microwave power of
20mW, are shown in Fig.4.8. The difference in the profiles
obtained for the succinate and dithionite reduced cases was
notable; the sucecinate feerredoxin is readily saturated below
50 K, at this high power, while the dithionite reduced signal
did not heavily saturate until approx. 16 K (microwave power
20 mW). The temperature profiles indicatd that the succinate
reducible centre, FR1, had a slower relaxation rate than when
both ferredoxin centres were paramagneic as in dithionite
reduced membranes (FR1 + FR2). The HiPIP centre, in the fully
oxidised sample, had a temperature profile which indicated
that it had a fairly rapid relaxation time. It was, however
not 8o rapid as the mammalian succinate dehydrogenase HiPIP,
which 13 not readily observed above 15 K. This centre can be
seen at upto 30 K. Power saturation profiles for the
suceinate reduced and dithionite reduced membranes are shown
at different temperatures in Fig.4.9. Again it was seen that
the signal from succinate reduced membranes (FR1) saturates
more readily, than did the signal from dithionite reduced

membranes (FR1 + FR2).
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Figure 4.8

Temperature dependence of e.p.r. signals

The temperature dependence of the three major e.p.r.
signals are shown by plotting the signal height against the
inverse temperature. The signal height of the g = 1.93 signal
for the dithionite reduced (O) and the succinate reduced (A)
membranes are shown., The signal height for the g = 2.01 peak
of the oxidised spectra is shown. The experimental conditions

were as described for t‘ig.ﬂﬂa and the protein concentration

was 69mg/ml.
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Figure 4,9

Power saturation profiles, ferredoxin signals

The power saturation profiles of the dithionite and
succinate reduced ferredoxin signals are shown at two
temperatures, to indicate thelr different saturation
properties. the temperatures are indicated adjacent to the
profiles. The log of signal helght is shown plotted against
the log of microwave power. The signal from succinate reduced
membranes i1s seen to saturate more readily than that from
dithionite reduced membranes. The experimental conditions
were as described for fig.4.1a, except recelver galn was

5.0 x 10“ and the protein concentration was 69mg/ml.
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A comparison of the fully oxidised, succinate reduced,
and dithionite reduced samples with samples poilised at various
redox potentials provides additional information (Fig.l4.10a).
The ferredoxin signal from a sample poised at 1low redox
potential (<~400 mV), bhad approximately the same temperature
profile as the dithionite reduced case. The ferredoxin signal
from a sample poised at approx. =200 mV, behaved similarly to
the succinate reduced sample. However, a sample poised at
around ~80 mV had a temperature dependence more akin to the
dithionite reduced sample, i.e. it had a more rapid
relaxation rate than the succinate reduced (or -200 mV poised)
sample. A similar effect was seen to a lesser degree in the
behaviour of the HiPIP centre (Fig.4.10b), as this species
behaved similarly in the fully oxidised sample and the more
positively poised redox titration samples (> 4100 mV).
However, when poised at approximately -50 mV the temperature
profile, at lower temperatures, shows a greater signal height
(the relaxation rate increases, Fig.%4.10). Inclusion of some
of FR1 gz in the signal height may contribute to the increase
in signal height at these lower temperatures. These phenomena
are related to changes in the saturation properties of the
centre (characterised by P1/2) and suggested an interaction
between this species, which had its relaxation rate enhanced
and a second species, the latter introducing a spin-lattice
relaxation term (TZ). The most compelling proposal is that

the HiPIP and FR1 were enhanced by interaction with each
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Figure 4,10

The temperature profiles of the e.p.r, signals from

membranes poised at various potentials are shown. (a): the
ferredoxin signal from various samples. The potential is
shown adjacent to the profiles of signal height (peak to peak,
g = 1.93) versus inverse temperature. (b): the HiPIP signal
from varlous samples. the redox potential is shown adjacent
to the profiles of the signal height (peak- to baseline,
G = 2.01) versus the inverse temperature. The experimental
conditions were as described for fig.l4.1a, except receiver

5 4

gain was 1.0 x 10° (a) and 5.0 x 10 (b). the protein

concentration was 42mg/ml.
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other, with the introduction of a T2 term to the other
relaxation processes. It was only over the range of electrode
potential in which these two centres were simul taneously
paramagnetic that these effects occured. The mid-point
potential of menagquinone (~74 mV) or the possibility of the
flavin titrating in this region (c.f. sucecinate
dehydrogenase, Ohnishi et al. 1981), does not exclude the
hypothesis that the effect on the redox titration under
saturating conditions was caused by interaction with, or
mediated by, one of these components. The flavin from
fumarate reductase of E. £0ld had a mid-point potential
(F1__ <-=> FiH, or F1H ) of approx. =-30 mV (pH 7.0, chapter
6), 30 this would appear to preclude this redox centre from
causing the 'hump' (at -70 mV) in the FR1 redox titration.
This moiety is heavily saturated under the conditions used, so
it is unlikely that it could cause relaxation of another

paramagnet, to the extent seen for FR1, by interaction.

Comparison of the temperature profiles of dithionite
reduced, succinate reduced and the potentiometrically poised
samples indicates that centre FRT plus centre FR2 had a more
rapid relaxation rate than centre FR1 on its own. When centre
FR2 was paramagnetic so was centre FR1, thus if there was no
interaction, centre FR1 should have contributed to the
temperature and power profiles observed in low potential and
dithionite reduced samples, producing a biphasic profile,

This was not observed, 1in fact the ferredoxin species seen
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behaved, in its temperature and power profiles (Fig.4.8 & 14.9)
as a homogeneous species. An explanation for this observation
would be that FR1 and FR2 also dinteract, and that this
interaction reéulted in both species having the same
(enhanced) relaxation rate. Indeed, the relaxation rate of
FR2 alone is unknown and we are unable to discern it in this

present study (see chapter 5 & 8).

The parameter P1/2 was measured for the ferredoxin signal
and for the HIPIP signal throughout the redox potential range
(Fig.4.7). P1/2, the microwave power at which the condition
V2T1T2H?/2= 1 is met (¥ is the magneto-gyric ratio and T1
and T2 are the spin-lattice and spin-spin relaxation times),
is proportional to H$/2 (the microwave magnetic field
necessary to saturate a spin packet, Blum et al.. 1983). P1/2
is thus proportional to 1/T1T2 and is characteristic of the
relaxation processes under saturating conditions. In the
absence of any spin-spin interactions T1 = T2, 80 a change in
these parameters or the introduction of a T2 process will be
reflected as a change in P1/2. From Fig.4.11. a correlation
between the P1/2 values, with the titrations of the centres
and the 'hump' in the HiPIP and ferredoxin redox titration
under saturating conditions, could be derived. This gives
strong evidence for the interaction between FR1 and the HiPIP,
and FR1 with FR2. The observation of small half-field signals
(tsms = 2) should be possible for interacting species. A
signal of this type was seen in dithionite reduced membranes

(g = 3.88) and in samples poised at redox potentials, where
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Figure 4.11

Yariation of P1/2 with redox potential

Plots of P1/2 are shown versus the ambient electrode
potential of the samples, for the ferredoxin and HiPIP
signals., P1/2 was measured from power profiles and had the
conditions described in the text. Top: P1/2 for the
ferredoxin signal, temperature 12 K. Bottom: P1/2 for the
HiPIP signal, temperature 6 K. The redox titrations of the
signal heights of the ferredoxin and HiPIP signals
(non-saturating conditions) are shown as the dashed lines.

The experimental conditions were as described for fig.4.1a,

5

except recelver gain was 1.0 x 10 and the protein

concentration was 36mg/ml.
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both FR1 and the HiPIP were paramagnetic (g = 3.88 & L4.02,

chapter 8).

§,2.6 Relaxation of the ferredoxin sigpals

The relaxation of the broad ferredoxin centre was
investigated because of its mid-point potential, which put it
in the potentiometric region of FR2., A temperature profile is
shown in Fig.4.12a, which indicates that this centre was also
rapidly relaxing, only being detectable below 30 K. Power
profiles (Fig.4.12b) also indicated the rapid relaxation of
this centre., However, 1its low spin quantitation values would
seem to exclude this centre from being an integral part of
fumarate reductase, as does the non-haem iron and acid-labile
sulphur determinations. The most plausible explanation for
this centre, on the evidence to date, would be that it was the
result of a centre conversion from the HiPIP cluster. If the
HiPIP centre was of the 3Fe-type, as was the comparable centre
from bovine-heart succinate dehydrogenase (Johnson et al.
1985), then the conversion of some of this centre to a JFe
centre 4is possible, as the ease of conversion of 3Fe to 4 Fe
centres has been shown (Kent et al. 1982, Thomson gt 3al.

1981).
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The behaviour of FR2 was further investigated by
determining the spin quantitation of FR1 and FR2 over a range
of temperatures (fig.4.13). Fig.4.13 shows the temperature
dependence of the spin intensity at 2 mW. FR1 shows
approximately 1.0 spins/flavin at temperatures below 50 K, and
above this temperature the spin intensity decreases due to
lifetime broadening. FR1 + FR2 shows approximately 2.0
spins/flavin at temperatures below 30 K, but rapidly decreases
to the level of FR1 alone above this temperature. This again
indicates the rapid relaxation of FR2 and the loss of its
€.P.I's signal at higher temperatures, as was shown in the
redox data. At 80 K only FR1 spins could be detected. This
behaviour was again similar to that seen for this centre in

bovine-heart succinate dehydrogenase (Ohnishi 1979).
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Figure 4,12

Saturation of the broad signal

a) A temperature profile of the broad ferredoxin signal
is shown by a plot of =signal height against inverse
temperature. b) Power profiles of the broad ferredoxin
signal; log signal height is shown plotted against log incident
microwave power. The temperatures are indicated adjacent ¢to
the curves. Experimental conditions were as described for
fig.4.1a except the microwave power was 20mW for  the

5

temperature profile and the receiver gain was 5.0 x 107.

Protein concentration was 98mg/ml.
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Figurﬁ 4.1 3

Temperature dependence of the spin  conceptration for the
ferredoxin signal

. n

The spin cq@entrations of dithionite reduced {closed

. symbols) and succinate reduced {(open symbols) are shown

plotted against the inverse temperature, Spin concentrations

2

are expressed as spins/flavin, and were determined as
described in the text. Experimental conditions were as

< described for fig.4.1a, except receiver gain which varied for

-

each spin quantitation. Protein concentration was 69mg/ml,and

microwave power was 2 mW.
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4.3 Conclusion

The spectra obtained from samples of the JRG1031
membranes clearly showed three classes of iron-sulphur centre:
a HiPIP cluster, ‘binuclear’ ferredoxin clusters and a
‘tetranuclear’ ferredoxin. Power and temperature profiles of
the HiPIP signal, from oxidised membranes and samples poised
at high redox potentials indicated a single homogeneous
species, and this 1indication was stre tened by the
potentiometric analysis resolving only a single component and
the quantitation of the signal giving a ratio of
HLiPIP : flavin of 1 : 1. The ferredoxin-like signals appeared
to be the result of more than one species. The combined
results of the redox potentiometry, the quantitation studies
on the succinate elicited spectrum and the dithionite elicited
spectrum, showed that ¢two distinet binuclear ferredoxin
centres were present and ina 1 : 1 ratio. Also comparison of
the A1iron-sulphur centre concentraﬁions to that of the flavin,
gave a 1 : 1 ratio for each of the centres of fumarate
reductase. Albracht (1980), studying mitochondrial succinate
dehydrogenase, suggested that the increase in signal intensity
observed when some preparations of the enzyme were.reduced by
dithionite (c.f. succinate reduced), was an artifact produced

by solubilisationof the emzyme. He suggested, that in the




isolated enzyme, the increase in signal intensity resulted
from an increase in relaxation rate. This change resulted
from a conformational change, which in turn resulted from the
reduction of -an unknown, and undetectable, component,
However, this current study was performed on the membrane
bound enzyme, so preparation artifacts of the type suggested
by Albracht are 1less likely. The quantitations of the high
and low potential ferredoxin signals clearly indicated the
presence of two centres, although it was apparent from changes
in saturation behaviour (power and temperature profiles), that
the lower potential species had a more rapld relaxation rate
than the high potential species. The relaxation of the high
potential species was enhanced when the lower potential

species became paramagnetic (reduced).

The ‘tetranuclear' ferredoxin centre was shown to be
present at only 1/10th the concentration of the other
iron-sulphur centres and the flavin. This centre was shown to
be rapidly relaxing and to have a mid-point potential (pH 7.0)
of =260 mV. It is unlikely that this centre is responsible
for the changes in behaviour of FR1 at low potentials, because
of its low spin concentration. The tetranuclear centre would
be expected to interact with only part of the FR1 population,
however, at low potentials, all the FR1 population changed to
a faster relaxing species, as was shown by the homogeneous
saturation profiles. Thus FR1 must have been interacting with
another species present at the same concentration as itself,

assuming isolation of the emzyme moieties. The possibility
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cannot be excluded that the "tetranuclear' centre is not fully
detectable by e.p.r., i.e. that' the first excited state
(5 = 3/2) of this centre is such, that it is significantly
populated under the conditions used. The HiPIP centre from
bovine-heart succinate dehydrogenase has been shown to be a
{3Fe-3S] centre, so it would seem likely that this centre in
fumarate reductase is also of this type. The most compelling
conclusion for the origin of the ‘tetranuclear' ferredoxin
cluster, is that it was the result of a modification of the
[3Fe~38] cluster to a [4Fe-4S] cluster upon reduction by
dithionite. This had been shown to occur easily for the
[3Fe-3S] cluster from aconitase (Kent et al. 1982) and also
cluster conversion of the ferredoxins from (Clostridium
pasteurianum to [3Fe-3S] clusters by oxidation, has been shown

(Thomson et al. 1981).

The succinate reducible species could be studied
independently of the dithionite reducible FR2. Jt had a
mid-point potential of -50 mV (pH 7.0) and a relatively slow
spin-lattice relaxation rate. The nett relaxation rate of the
centre appeared to be subject to increase by two mechanisms:
interaction with the HiPIP centre, and interaction with centre
FR2. Both of these interactions would introduce a spin-spin

relaxation process.
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Centre FR2 was present at the same concentration as
centre FR1 and H{PIP, but it could not be studied in
isolation, as ﬁhen it 13 reduced, and paramagnetic, so is
FR1. The centre had a mid-point potential of -285 mV. The
situation was further complicated by the fact that the
properties of FR1 were changed by the reduction of FR2.
Temperature and power profiles of succinate and dithionite
elicited spectra showed that the relaxation time of centre FR1
was enhanced on reduction of FR2. The individual profile of
FR1 could not be removed from the profiles of dithionite
reduced membranes to leave a sensible profile for FR2. In
fact when both FR1 and FR2 were reduced, the produet, although
being double the concentration of FR1, behaved as a
homogeneous species, as shown by its power profiles. Thus the
reduction of FR2 to 4its paramagnetic state caused an
enhancement of the relaxation time of centre FR1, to an extent
that brought the overall relaxation times for the two species
close together. This can perhaps best be illustrated by the
observation that under conditions which heavily saturated FR1
alone, no saturation of FR2 plus FR1 was observed. It is
expected that this effect was mutual to both ferredoxins with
the relaxation time of FR2 being enhanced by interaction with

FR1. The centres may then have had similar relaxation times

in the absence of interaction.
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The HiPIP centre was present in approximately equal
concentrations to the two ferredoxin centres and it had a
mid-point poteﬁtial of =30 mV. This centre was involved in
one interaction, the result of which was to enhance its
relaxation rate. The evidence available points to the partner

in this interaction being centre FR1.

Thus 1t has been shown that the fumarate reductase from
E. coll contains three intrinsic iron-sulphur centres, as has
been suggested for some of the other sucecinate-fumarate
oxido~-reductases (bovine heart succinate dehydroganse). It
has been shown that the E. g¢oll fumarate reductase is unlike
that from Wolinella suceinogenes which does not contain the
second ferredoxin centre, but does contain'a tightly bound
cytochrome b moiety (Albracht et al. 1981, Unden 31Agl.
1984) . Studies on the isolated fumarate reductase and
succinate dehydrogenase from E. ¢oli, have shown ‘that the
three major iron-sulphur clusters are all present in both of
these enzymes. The redox properties of the iron-sulphur
clusters, from the isolated fumarate reductase, are similar to
those of the membrane bound form, whilst those of the
succinate dehydrogenase have different mid-point potentials
(10, =175 & 65 mV respectively, Cammack et al. 1984, Condon
et al. 1985).




e

124

CHAPTER FIVE

Intrinsic Spin-lattice Relaxation of the Iron-Sulphur Centres

and the Effects of dysprosium(III).
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5.1 Introduction

The iron-sul phur centres of the Escherichia coli
respiratory fumarate reductase have been resolved in the
previous chapter (chapter 4). 1In this chapter the results of
investigations into the spin-lattice relaxation mechanisms of
these iron-sulphur centres as affected by temperature and the
rare earth ion dysprosium(III) are reported. Their membrane
location with respect to sidedness and their distances from
the membrane and protein surfaces were investigated and are

discussed in relation to the structure of the enzyme.

Iron-sulphur centres from other sources, both binuclear
and tetranuclear, have been shown to have well defined
intrinsic relaxation mechanisms (Blum et al. 1979, 1981,
1983, Gayda et al. 1976, 1979, Salerno et al. 1977). Three
important mechanisms have been shown to dominate: at low
temperatures a T2 temperature dependence characteristic of a
phonon bottleneck process; above this region, in the
intermediate temperature range, a second order Raman process
becomes dominant, this 1is superseded by a Resonant Raman
(Orbach) process at higher temperatures (Gayda et al. 1976,
Blum et al., 1983). The latter process is characterised by
the antiferromagnetic exchange coupling constant (J) among the
high-spin 4iron atoms (Blum et al. 1979,1983, Gayda et al.
1976, Saierno et al. 1977). The value of the coupling
constant dictates the temperature at which this very fast

relaxation phase becomes dominant and hence the temperature
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range over which the centre is e.p.r. detectable.

On addition of dysprosium(III) the spin-lattice
relaxation time. (T1) is enhanced by dipolar interaction
between the dysprosium(III) and the diron-sulphur cluster.
Recently the use of dysprosium(III) and other paramagnetic
transition metal ions, as distance probes, has been developed
by Hyde & Rao (Hyde & Rao 1978, Antholine et al. 1978) and
Blum et al. (1981,1983) based on the earlier work of Case and
co-workers (Case & Leigh 1976, Case et al. 1976). The use of
dysprosium(III)-EDTA in particular has been developed because
of 1its specific binding to carboxylate groups on the protein
surface. Its rapid relaxation and large magnetic dipole
result 4in large perturbations in the e.p.r. behaviour of the
intrinsic spectra (AH and P1/2 changes). These effects are
quantifiable and the weighted averaged distance (|r}) can be
calculated either in membrane bound or isolated proteins,
giving information on the position of the redox centres within
the membrane or protein (Blum et al 1981,1983, Case & Leigh

1976, Case et al. 1976a & b, Ohnishi et al. 1982).
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5.2 Results & discussion

5.2.1 The e,p.r, relaxation processes of the ferredoxin centres

The e.p.r. spectra of the two major ferredoxins of
fumarate reductase have been shown to be characterised by

g = 2.03 and g ¥ = 1.93 (chapter 4), one centre reducible

z
by sSuccinate and dithionite and the other only by dithionite.
A HiPIP centre characterised by a narrow signal at g = 2.01
was also shown to be present. Dipolar interactions between
the two ferredoxin centres and the succinate reducible centre
(FR1) and the HiPIP centre (FR3), were proposed by the change
in relaxation behaviour observed when two centres were
paramagnetic. The enhancement of relaxation was seen as a
relief of the power saturation of the centres, and was assumed
to arise from the introduction of spin-spin interaction
between the two centres. Interaction between paramagnetic
centres results in changes in the relaxation properties of the
centres by the introduction of a spin-spin relaxation time,
T2, 80 it is important to know to what extent the reduction of
centre FR2 (to a paramagnetic state) affects the saturation
behaviour of centre FR1. The dependence of P1/2 (defined in
chapter 4), of the ferredoxin signal, on temperature is
characterisic of the relaxation processes, under saturating

conditions. The P1/2 dependence on temperature, for the

ferredoxin signal 1s shown in Fig.5.1. The two reduced
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Figure 5.1.

Temperature dggqngegce of P1/2 for the ferredoxin signal from

succinate and dithionite reduced membranes

P1/2 was determined from power saturation plots and has
the conditions described in the teit. The log of P1/2 (mW) is
shown versus the 1log of the temperature (K). The data
obtained from succinate reduced membranes (FR1, 0 ) and
dithionite reduced membranes (FR1 + FR2, O ) are shown. The
temperature dependencies of P1/2 are indicated adjacent to the
to the straight-line portions of each curve. Experimental

conditions were as decribed for fig.5.9.
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states (FR1 alone and FR1 + FR2) differed markedly in their
behaviour at lower temperatures: FR1 showed a 'I‘9 dependency of
P1/2, characteristic of a second order Raman process, between
25 K to 40 K, and a T2 dependency characteristic of a direct

relaxation process ( Gayda et al. 1976) below 17 K.

4.5

The curve for FR1 plus FR2, however, showed a T "~ dependency,
below 17 K, which cannot be related to any previously
reported, well characterised relaxation process. This
difference in the temperature dependency of P1/2 showed that
the relaxation processes differed for FR1 alone, from those of

FR1 plus FR2. FR2 had an effect on the power saturation of

FR1 and FR1 plus FR2 behaved as a homogeneous species.

At higher temperatures the linewidth ( AH) can be used to
study the relaxation processes. A plot of linewidth (peak to
peak for gy) versus reciprocal temperature is shown in
Fig.5.2. For both FR1 and FR1 plus FR2, two regions were
seen: a temperature independent region and a region where JH
was directly proportional to exp( A/kT). It was seen that for
FR) plus FR2 the slope of this region was less than that of
the corresponding phase for FR1 alone, again showing the
enhancement of the relaxation when both ferredoxins were
paramagnetic. The temperature independent regions are
approximately the same for the two reduced states. This is to
be expected, because the temperature independent region of the
linewidth reflects the Gaussian distribution of the centres

within the samples, and also corresponds to the ground states

3

ALY TN
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Figure 5.2.

Temperature dependence of linewidths for sugccinate and

dithionite reduced membranes

The linewidth (AHT, peak to peak gy, open symbols) and
the Lorentzian linewidth ( JHL, closed symbols) are shown
plotted against the inverse temperature, for both succinate
reduced (0O, M ) and dithionite reduced (O, ® ) membranes.
The Lorentzian 1linewidth was extracted from the total
linewidth as described i1in the text. From the slope of _XHL
(FR1) J = 64.6 and from the slope of A HL (FR1 + FR2) J = 34.9
::'m_1 respectively, as described in the text. Experimental

conditions were as described for fig.5.9.
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(S=1/2, kT<<3J) from which the e.p.r. signal arises (e.p.r.
spectra were similar at lower temperatures). As the
temperature is raised (kT >z 3J) then the first excited state
(S=3/2) begins to be significantly populated. S=3/2 is not
e.p.r. detectable so we are measuring the loss of the e.p.r.
signal (S is the total spin number for the e.p.r. centre,
Salerno et al. 1977b). J is the exchange integral between
the two energy levels and 1is related to the spin-lattice

relaxation time by the following expression:

-3J/kT =3J/kT

1/T, = C exp

1 >>1)

(for exp
where C 1is a constant and k is the Boltzmann constant. The
linewidth is related to the spin-lattice relaxation time by
the following expression (Bertrand et _al 1980):

/T, = g% AH, / W

L
where b and K are constants and .XHL is the Lorentzian
linewidth. In the temperature region under study T2 is
typically taken to be constant for a single paramagnetic
species, s0 T1 = T2. The slope of a plot of log(1/T1) or log
AHL versus 1/T will thus be equal to -1.3J. The Lorentzian
linewidth is obtained from the total linewidth by subtracting
the linewidth of the temperature independent region
(;&Hi = JHi + .AHET, Salerno et al. 1977), where .AHT is the

total linewidth, ‘AHL is the Lorentzian linewidth and .SHLT is
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the 1linewidth of the temperature independent region. This is
shown in Fig.5.2. as the solid symbols. J was obtained from
the slope of this plot ( A = -1.3J/k). For FR1 alone it was
found that J = 64.6 + Sem™ | and for FR1 plus FR2, J = 34.9 43
cm-1. Thus FR1 plus FR2 will show faster relaxation than FR1
alone 1in this temperature region. This is again indicative
of interaction between the two ferredoxin centres, causing
this faster relaxation., Below 25 K the linewidths, in both
cases, were again seen to increase (not shown), but this
region 1is due to saturation phenomena causing depopulation of
the ground state. The exchange integral can also be
determined from studies of the integrated intensity of the
e.p.r. signal, because this deviates from the simple Curie
law temperature dependence, as the e.p.r. detectable state
(S = 1/2) becomes depopulated (Blum et al. 1979, 1981).
Fig.5.3. shows the data for FR1 plotted in this manner. The
slope 18 again used to obtain the exchange integral, and the
intercept can be used to obtain the multiplicity of the
excited state relative to the ground state. From this method
J was calculated to be 62.7 + 3 em™! which is in good
agreement with the value from linewidth studies.

The exchange integral for FR1 of approximately 650m'1 is
a reflection of the rhombicity (gy - gx) of the e.p.r.
spectra obtained (Salerno et al. 1977, Bertrand & Gayda
1979). The spectra of FR1 alone does indeed show rhombicity
over the temperature range in which the Orbach-type of

relaxation mechanism is dominant, with less rhombic distortion

et e i e i
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Figure 5.3.

Variation of intensity with temperature for succinate reduced
membranes

The integrated absorption, multiplied by the temperature
(I x T) 4is plotted against the inverse temperature, after
correcting for the low temperature intensity factor (I x T)LT’
to indicate the deviation from Curie's law. From the slope
J = 62.7 cm—1. From the intercept the multiplicity, of the
ground state relative to the first excited state = 11. The

experimental conditions were as described for fig.5.9.
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as the temperature is lowered. The lower value of J for FR1
plus FR2 predicts greater rhombic distortion than for FR1

alone. However,- the exchange integral also reflects changes

in the eavironment of the iron-sulphur centres, so as the i

spectra were not from a single species, the value of J may

reflect spin-spin interaction between FR1 and FR2; a value of

Jint can be calculated at approximately O.Scm"1 if the

relaxation mechanisms are assumed to be additive (Salerno et
al, 19717) . For FR1 the spin-lattice relaxation can be
summarised by the following expression:

17Ty = 212 + BT 4 cexp’ 3 7KT)

where each term will become dominant in turn as the
temperature is raised. For FR1 plus FR2 the relaxation process

can be summarised:

5 ( A'/kT)

1/T1T = B'Ta'

5 + C'exp

where again, each term will be dominant over a given
temperature range, with both spin~spin and spin-=lattice

relaxation processes contributing to each term.




135

5.2.2 [The relaxation processes of the HiPIP centre

The saturation behaviocur of the HiPIP centre has also
been investigated. The temperature dependence of P1/2 for
HiPIP had three phases (Fig.5.4): below 7K P1/2 is dependent
on a T2 process, between 7K and 10K a T17'5 process. The
temperature dependence of the linewidth (peak to peak for
gy,z) had two phases over the temperature range studied. A
temperature independent region and a second phase where
AH = Yexp(A"/kT), where AY=z -26.3, (Fig.5.5.). An exchange
integral of 14.3 + 2 c:m-1 was calculated for this centre from
linewidth changes. From integrated intensity data (Fig.5.6.)

An apparent J was found of 11.7 # 3 cm !

» which 1s in fairly good
agreement with the value from the linewidth plot. The relaxation

mechanism for the HiPIP can be summarised:

2 17.5 (A"/kT)

1/'1‘1 = XT" + ZT + Yexp
The first and last terms can be assigned to well characterised
relaxation phenomena, namely, a phonon bottleneck and an
Orbach process respectively. The second term may be a Raman
resonance process, although it does not cérrespond to any well
documented process. The value of the HiPIP exchange integral

(14.3 cm'1) is low when compared tc the HiPIP of mammalian

succinate dehydrogenase (44 cm-1, Blum et al. 1979). This
low value would not appear to correlate with the. degree of

rhombicity (gz - gy) in the e.p.r. spectrum of the HiPIP

centre (Blum et al. 1979), with g, e gy, giving a narrow
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Figure 5.4
Temperature dependence of P1/2 for the HiPIP signal

P1/2 was determined under the conditions described in the
text. The log of P1/2 (mW) is shown plotted against the log of
the temperature (K). The temperature dependencies of P1/2 are
shown adjacent to the straight-line portions of the curve.

Experimental conditions were as described for fig.5.10.
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Figure 5.6.

Temperature dependence of intensity for HiPIP

The integrated absorption, multiplied by the temperature
is plotted against inversetemperature, to show the deviation
from Curile's law, after correction for the low temperature
intensity factor. J = 11.2 em~1, from the slope, as described
in the text. The multiplicity of the ground state to the
first excited state = 9.5. Experimental conditions were as

described for fig.5.10.
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signal, which 1s seen 1in the peak at g = 2.01. The large
linewidth for gxy would, however, appear to show axiality
between 3 and,'gy. The lack of knowledge concerning the
relationship between the structure of HiPIP-type centres and
thelr g-tensors precludes any definlte conclusions, concerning
the structure of the fumarate reductase HiPIP. The exchange
integrals are, however, very 8sensitive to the inter iron
distances in this centre (Salerno et al. 1977, Blum et al.
1979). The differences in the exchange integrals may also
reflect differences in environmental factors such as
electrostatic interactions, the nature of the surrounding
amino acid residues ete.. There is however, at present, no
direct evidence to 1link the exchange integral or spectral
characteristics to the functional parameters such as mid-point
potential (Bertrand & Gayda 1979). The low value obtained for
the exchange integral (J) indicates that the Orbach relaxation
process will start to dominate at temperatures lower than is
normally seen for this type of process. Indeed this may

TW'5 relaxation process which may be

explain the anomalous
due to overlap with a second order Raman process. It may be
that we are unable to fully evaluate this dependency because

of the presence of the Orbach process at these 1lower

temperatures,
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Figure 5.7

Temperature dependence of Linewidth from membranes poised at
~70_mV

The linewidths (AHT) from the ferredoxin (O ) and the
HiPIP (g) signals are shown plotted against inverse
temperature, from a sample poised at -=70 mV. The Lorentzian
linewidths were obtined as described in the text, (@, FR1;

W, HiPIP) and from the slopes J = 33 em~ ' for FR1 and

Jd = T.2 em"1 for the HiPIP. Experimental conditions were as

described for fig.5.9.
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In chapter 4 it was proposed that at redox potentials at
which both the' HiPIP centre and FR1 were partially
paramagnetic, there was interaction between these centres.
Fig.5.7 shows the temperature dependence of linewidths for
these two centres, from a sample poised at -70 mV {peak of
change in P1/2, chapter 4). For the HiPIP centre the excﬁange

L and for FR1

coupling constant was found to be =T.2 em
J = =33 cm-1. Thus it was found, as for FR1 plus FR2 that the
relaxation processes of these centres are changed by their
interaction, the introduction of a T2 mechanism caused the
faster relaxation of both centres. Both centres were subject
to the apparent faster relaxation, because the T2 mechanism

was mutual to both centres and thus contributed to the

linewidths of both.

5.2.3 Dysprosium(III) studies with membrane-bound enzyme

Power profiles of the ferredoxin signals from succinate
reduced membranes and whole cells in the presence of various
concentrations of dysprosium(III)-EDTA, are shown in Fig.5.8.
The dysprosium(III) complex was shown to relieve the power
saturatioh of the iron-sulphur centre, only in the membrane
particles. Lanthanum-EDTA was included as a non-paramagnetic
control and no effects were observed for this complex, in

either case, indicating that changes in saturation behaviour
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Figure 5.8.
Effect of Dy-EDTA on power saturation of FR1

The effect of Dy-EDTA on the power saturation profiles of
membranes and whole cells is shown. The log of power is shown
versus the log of signal height. For the membranes the
concentration of Dy~EDTA is shown adjacent to the curves. For
whole cells the data for fresh cells (open symbols) and cells
in the presence of 10mM dy~EDTA (closed symbols) is shown.
Experimental conditions were as described for fig.5.9; the

temperature was 21 K.
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of FR1 are due to dysprosium(III)'s magnetic moment.
Qualitatively similar effects were observed 1in all three
oiidation / reduction states examined: oxidised, sucecinate
reduced, and dithionite reduced membranes. The negative
result for dysprosium(III) observed for these e.p.r. signals,
when examined in whole cells indicates that the distance
between the dysprosium(III) complex and the three centres in
whole cells 1s too large for there to be any detectable
interaction. As dysprosium(III)~EDTA is membrane impermeable
(Ohnishi et al. 1982) these results indicate that all three
iron-sulphur centres of fumarate reductase are located on the

cytoplasmic side of the cell membrane.

The effect of dysprosium(III) on the iron-sulphur centres
of fumarate reductase was studied in greater detail, to obtain
information on the spatial relationship of these centres
within the membrane bound and isolated protein. Spectra of
FR1 and the HiPIP in the presence of varying concentrations of
dysprosium(III)-EDTA are shown in Fig.5.9 & 5.10.
Dysprosium(III) enhances the spin-lattice relaxation of redox
centres by dipolar interaction with these centres. The
enhancement of relaxation has two results, a relief of power
saturation and a broadening of the e.p.r. spectrum of the
intrinsic centre (Fig.5.8-5.10). The saturation parameter
P1/2 was again used as & measure of the intrinsic iron-sulphur
centres!' ability to relax. Fig.5.11. shows the effect of

dysprosium(III)~EDTA on P1/2, indicating that the relief of
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Figure 5.9.

Epr spectra of suceinate reduced membranes in the presence of
Dy~EDTA

E.p.r. spectra from succinate reduced membranes in the
presence of various concentrations of Dy-EDTA are shown. The
concentration of Dy-EDTA is shown on the left of the spectra
and the major g-values are indicated below the spectra. The
gain factors are shown on the right of the specta.
Experimental conditions were: microwave power, 20mW; microwave
frequency, 9.48GHz; modulation amplitude 1.0mT, modulation
frequency, 100KHz; The receiver gain for the spectra in the
absence of Dy-EDTA was 5.0 x 104; sweep rate was 0.05mT/s at a

time constant of 1s.The temperature was 6 K and the protein

concentration was 69mg/ml. The concentration of Dy-EDTA is shown as mM
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Figure 5.10.

E.p.r. spectra of _oxldised membranes in fhe presence of

Dy~EDTA

E.p.r. spectra from H202 oxidised membranes in the
presence of various concentrations of Dy-EDTA are shown. The
concentration of Dy-EDTA is shown on the left of the spectra
and the major g-values are shown below the gpectra.
Experimental conditions were: microwave power, 20 mW;
microwave frequency, 9.48 GHz; modulation amplitude, 1.0mT;

modulation frequency, 100KHz; receiver gain 6.3 x 10 and the

temperature was 7 K. the protein concentration was 65mg/ml.
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Figure 5.11.

Variation of P1/2 with Dy~-EDTA concentration

Data for the HiPIP (O) signal and FR1 (O) are
presented. The values of P1/2 are shown plotted against the
concentration of Dy-EDTA (mM). Values of P1/2 (change in
P1/2 with [Dy-EDTA]) of 3.61 (HiPIP) and 1.92 (FR1) were
obtained from the slopes (Table 5.1). Experimental conditions
were as described for fig.5.9 except the temperatures, which

were as shown in Table 5.1.
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Figure 5.12.

Variation of SP1/2 with temperature for the three redox

states

6P1/2 was obtained from the slope of P1/2 versus Dy~EDTA
concentration (fighs.11). HiPIP (O), succinate reduced (A) and
dithionite reduced (O) data is presented. &P1/2 is shown
plotted against inverse temperature. The slope shows J6Pi1/2 =
k.exp(=12.5/T) for all three redox states. The experimental

conditions were as described for fig.5.9.
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power saturation was proportional to the concentration of
dysprosium(III)-EDTA added, for FR1 and FR3. The parameter
sP1/2, which is used for the distance estimates, was taken
from the slope of this graph. The temperature dependence of
8P1/2 (shown in Fig.5.12.) 1s a measure of the term

2

T1k / (1 +w”T where @ 1s the microwave frequency of

1k)’

observation (2 x¢) and T K is the spin-lattice relaxation time

1
of the dysprosium{III) complex (Hyde & Rao 1978). The
variation of the 8P1/2 with temperature must thus be taken
into account when estimating the distance between the
dxprosium(III) and the iron-sulphur centres, when using this
parameter. It was seen that this term varied as exp(-12.5/T)
for FR1 and FR3, which agrees with the results of Blum et al.
(1981, 1983) for other iron-sulphur centres. Blum et
al.(1980, 1981) indicated that the contributions to P1/2 were
additive if T2 was assumed to be constant in the temperature
range of the system under study and developed the work of Hyde
& Rao (1978), presenting an equation for the calculation of
the weighted averaged distance (ir}) Dbetween the
dysprosium(III) complex and the iron-sulphur centres:

3P1/2 = u.12 X 108-=Pl-6.exp(—12°5/T)

8P1/2 1s the concentration dependence of P1/2 in mW / mM. A
distance of 5 R is allowed for the size of the dysprosium(III)
complex (Blum et al. 1981). For membrane bound proteins a

correction factor of 0.7 is used to account for the
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Table 5.1 -
3+
] eas en r th ec
intrinsjic e.p.r. properties of the jiron-sulphur centres
FR1 FR1+FR2  HiPIP
Temperature (X) 7 15 7
8P1/2 (mW/mM) 1.92 15.0 3.61
irt (%) 7.80 5.58 6.45
Temperature (K) 12 12 7
AH (nT/mM) 0.225 0.232 0.125
irl (8) 5.43 5.30 4.60
AHmax (mT/mM) 0.45 0.54 0.45
irl () 7.6 6.8 7.6

deax is the linewidth enhancement in the region of maximal

broadening. Ir] is adjusted (x 0.7) for the protein being

membrane bound and 5 3 was subtracted for the size of the

Dy-EDTA complex. Distances were calculated from the equations

of Case et al (1976a).
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dysprosium(III) only having access to one side of the protein
(Ohnishi et al. 1982). This equation was used to obtain
estimates of the distances of the iron-sulphur centres of
fumarate reductase from the membrane surface (cytoplasmice).
Table 5.1 summarises the results for the three iron-sulphur
centres 1in membrane bound studies, indicating that they are

all located close to the cytoplamic membrane surface.

Case & Leigh (1976) derived equations for the
determination of the inter-species distance from the
enhancement of linewidths, caused by the addition of
paramagnetic transition metal ions. The dependence of |r| on
the change in 1linewidth is either }r}3 or ir{6 depending on
the conditions of the measurement of the interaction between
the paramagnets. If the interaction is 'non-relaxing' (low
temperatures) then the dependency is !r!3 but Ir-l6 if the
interaction is 'relaxing' (higher temperatures, Case & Leigh
1976) . Blum et al. (1981) have also presented an equation
for the perturbation of linewidths by dysprosium(III), and
shown 1its temperature dependency. Fig.5.13., shows the
temperature dependency of the linewidth, of the HiPIP centre
and FR1, in the presence of 5 mM dysprosium(III) to compare it
to that shown by the centres studied by Blum et al. (1981).
It was shown that for each centre there are two regions: at

low temperatures where the linewidth enhancement was maximal,

a temperature independent region ( A H enhancement proportional

Beetisesdiidan
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Figure 5.13.

Temperature dependence of linewidth_in the presence_of _5__mM
Dy-EDTA

Data 1is presented for all three redox states; HiPIP (0J),
succinate reduced (A) and dithionite reduced (O). The
linewidths were measured as described for fig.5.2 & 5.5. The
slope shows the change in H = kexp(15/T) for all three redox
states. and that the 1linewidths reach a maximum at low
temperatures (A H ). The experimental conditions were as

max
described for fig.5.9 & 5.10.
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Figure 5.14.

Yariation of linewidth with Dy-EDTA concentration

Data is presented for the three redox states; HiPIP (O),
succinate reduced (A), dithionite reduced (QO). The linwidths
are shown plotted against the concentration of Dy-EDTA. the
linewidths were measured as described for fig.5.2 & 5.5. The
slope shows the change in AH used for the distance
calculations (Table 5.1). The experimental conditions were as

described for fig.5.9 and 5.10.
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to lrl3), and as the temperature was increased, a region where
the linewidth is proportional to exp(15/T) (A H enhancement is
proportional to.1rl6). This is in good agreement with the
data presented by Blum et al. (1981) and allows the use of
their method for the estimate of distances between the
dysprosium(III)-EDTA and the iron-sulphur clusters. The
variation of linewidth with dysprosium(III) concentration, for
each centre at 12 K and 20 mW microwave power, i1is shown in
Fig.5.14. The results of the measurements from line
broadening data are presented in Table 5.1., where distances
are indicated from results obtained from both }r{3 (method of
Blum et al. (1981)) and !r}6 regions (method of Case & Leigh
(1976)). Comparison with the distances obtained from P1/2
studies shows that the results are in reasonable agreement.
Distances of approximately 8 R (13 %= 5 ﬂ) for the succinate
reducible ferredoxin and 6 & (11 3 5 2) for the dithionite
reducible ferredoxin and the HiPIP centre were obtained for
the membrane-bound protein. The value from the dithionite
reducible membranes can not be taken as a true.estimate of the
position of the second ferredoxin (FR2), because of the
interaction between the two ferredoxin centres in these
membranes (chapters 4 & 8) which leads to errors, as the
distance obtained is that to the nearest of the interacting
centres (Blum et al. 1981). However our results do indicate
that all the centres are situated close to the inner membrane
surface as FR2 is within 12 8 of FR1 (obtained from the

strength of interaction, chapter 8).

1
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Table 5.2
Distance measurements from isolated fumarate Teductase
FR1 FR1+FR2  HiPIP

Temperature (K) 5 5 5
§P1/2 (mW/mM) 2.74 2.53 3.09
irl () 10.2 10.4 9.96
Temperature (K) 12 8 15
AH (mT/mM) 0.096 0.122 0.09
irl (R) 10.49 11.0 10.35
Membrane bound protein

el (®) 13.2 10.11 11.35

A distance of 5 f was allowed for the size of the Dy-EDTA
complex. The results from the membrane bound protein were
treated in the same manner as for the isolated protein.  The
distance obtained was not multiplied by a correction factor
(0.7) before subtracting the distance allowed for the size of

the dysprosium(III) complex (Ohnishi et al 1982).
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5.2.4 Dysprosium{(III) studies on the isolated enzyme

Weiner et al. (1984a) and Lemire et al. (1983) have
proposed a structure for the membrane bound fumarate reductase
of E. coli based on electron microscopy studies. They
propose that the catalytic portion of the enzyme, the
flavoprotein and iron-sulphur containing subunits, protrudes
from the inner membrane surface in a similar manner to the
bacterial H' translocating ATPase. If this is the case then
interactions with dysprosium(III) in membrane and isolated
protein studies should yield similar results, because the
dysprosium(III) complex (Dy-EDTA) would have access to the
majority of binding sites on the protein surface. Thu; we
undertook studies on a preparation of the isolated protein to
compare results with those from membrane studies, to observe
any change in the interaction between the iron-sulphur centres
and dysprosium(III). The studies were performed in a similar
manner to those on the membrane bound protein. The distances
calculated from the results are summarised in Table 5.2, which
shows the distances obtained by both P1/2 and AH
measurements. The results from studies on the membrane bound
enzynme, treated in a similar manner are also shown. The
membrane-bound estimates were not corrected for being
membrane-bound (x 0.7). There was a good correlation between
the distances obtained for the HiPIP centre, from the two
preparations (Table 5.2): distances of 9.9 (isolated) and
11.35 2 (membrane bound) were obtained. A greater distance

for the membrane bound enzyme would be expected, because it is
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the weighted averaged distance, the dysprosium(III) would not
be able to reach all the binding sites on the membrane bound
protein. FR1 does however show a large difference in the
distances obtainéd , 10 % (isolated) and 13.2 & (membrane
bound). This may reflect the change in binding of the
dysprosium(IXI) to the protein in the two preparations, as
there may be a specific binding site close to FR1, which would
cause this large change. Weiner et al. (1984a) have proposed
charged regions on the protein surface where the catalytic
subunit binds the anchor polypeptides. Interaction between
dysprosium(III) and these regions may account for the
difference in the distance estimates, as dysprosium has a
single negative charge and will thus bind more strongly to
positive charged regions of the protein surface. These may be
in the membrane intrinsic portion of the catalytic subunits of
fumarate reductase. These results would thus appear to
confirm that the iron-sulphur centres of fumarate reductase
are located in a portion of the enzyme that protrudes from the

membrane surface.

The catalytic portion of fumarate reductase consists of
the iron-sulphur subunit and the flavoprotein suBunit (69 & 27
Kdalton respectively). If we assume a partial specific volume
(v) of 0.7 and a density of 1.4 as typical values for the
protein, then the radius of each subunit can be calculated,
If a spherical shape 1s assumed then radii of 20 % (69 000)
and 14.8 & (27 000) are obtained, which are in good agreement

with those estimated by Lemire et al. (1983) from electron
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microscopy studies, Alternatively the radius of each subunit
can be estimated from the effect of dysprosium(III) on the
iron~sulphur centres (Blum et al. 1983), which assumes the
chromophores are in the centre of the protein. From this
method, radii of 16.6 and 14.7 R were obtained for the
flavoprotein and the iron-sulphur subunits respectively. Thus
using our data from the isolated protein, the HiPIP centre and
FRt were shown to be located deep within the catalytic
subunit, as the values are in good agreement. Knowledge
concerning the placement of the iron-sulphur centres, within
the two catalytic subunits 1s at present limited to the
knowledge of the sequences of the two polypeptides (Cole 1982,
Cole et al. 1982). From the sequence, the cysteine residues
of the iron-sulphur subunit appear to be grouped in three
clusters. This would appear to indicate the presence of all
three 1ron-sulphur clusters in that subunit, but two of the
cysteine clusteps only contain three residues and so would
require either a cysteine residue, or the nitrogen from an
amino acid as the fourth ligand, to construet a functional
iron-sul phur centre. These residues may come from the
flavoprotein subunit. The cysteine residues in the
flavoprotein subunit are not grouped in any clusters. The
clusters of the iron-sulphur subunit have been shown to be
conserved between similar enzymes {Guest et al. 1984),
confirming to a large extent the location of the clusters. If
the iron-sulphur centres are all in the same subunit, then our
study has placed them deep within that subunit and thus close

together. The weighted averaged distance, |r{, is usually an
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overestimate sSo these distances can be taken as a maximum

5.3  Conclusion

The iron-sulphur centres of the E. c¢oli respiratory
fumarate reducase have been shown to have well defined
relaxation processes similar to those of other iron-sulphur
centres (Blum et al. 1979, 1983, Gayda et al. 1976, Salerno
et al. 1977). Namely, phonon bottle-neck, second order Raman
and Resonance Raman (Orbach) mechanisms, as outlined in the
Results and Discussion section. The Orbach relaxation
mechanisms were used to characterise the antiferromagnetic
coupling constants. The relaxation mechanisms were observed
to change when more than one paramagnetic species was
present. This was assumed to be due to the introduction of a
T2 mechanism between the interacting centres, because the
resulting relaxation was faster than for the independent
centres. In the dithionlite reduced membranes the ferredoxin
signal showed homogeneous relaxation. The exchange integrals
indicated that the relaxation at higher temperatures was
faster, when two paramagnetic species were present, because
the values for J were less than those for the independent
species. The relaxation processes for the interacting species

will be characteristic of T1 and T2.

(TR s e etk b A £ k2
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The iron-sulphur centres of fumarate reductase were shown
to be located on the cytoplasmic aspect of the cell membrane
by their interaction with dysprosium(III)~  EDTA. No
interactions were observed in fresh whole cells, where the
dysprosium(III) could not permeate the cell membrane,
indicating the distance between 1t and the iron-sulphur
centres was large (> 25 . a strong interaction was observed
for all three iron-sulphur centres when dysprosium(III) was
added to everted membrane vesicles, showing that the centres
were close to the dinner cell membrane surface., Distance
calculations (welghted averaged distance, |r!) were performed
in the manper of Blum et al. (1981), from the change produced
in P1/2 and linewidth of the centres by the dysprosium(III)
complex. FR1 was shown to be within 8 R of the membrane
surface and the HiPIP at approximately 6 g from the membrane
surface (Table 5.1), when the data was treated in the manner
of Ohnishi et al., (1982). A reliable estimate for FR2 could
not be made due to interaction between the two ferredoxin
centres (Blum et al. 1981), though it was also presumed to be

¢lose to the membrane surface.

Studies on the isolated protein (catalytic dimer, Dickie
et al. 1979) were performed, to determine the spatial
arrangement of the centres within the protein and to
investigate the structure of the protein in the membrane.
When results from both isolated and membrane bound proteins

were treated in the same manner (no correction for being
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membrane bound), then similar distance measurements were

obtained for the iron-sulphur centres from both sets of data

(Table 5.2). This d1s a good indication that. all three
iron-sulphur centres are in the catalytic portion of the
fumarate reductase and that this is membrane extrinsic.
Comparisons of the radii for the protein obtained from the
molecular weight and from the effects of dysprosium were in
reasonable agreement, so the iron-sulphurclusters of fumarate
reducase can be placed deep within the catalytic portion of

the enzyme.
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CHAPTER SIX

Characterisation of the Flavin Moiety
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6.1 Introduction

Fumarate reductase has been shown to contain the same
covalently bound flavin moiety as mammalian mitochondrial
succinate dehydrogenase and some other flavoproteins (Weiner &
Dickie 1979). This flavin moiety, 8 a -[N(3)-histidyl]FAD,
was located in the larger of the two catalytic sub-units of
fumarate reductase, by fluorescence scanning of
SDS~polyacrylamide gels from the two catalytic sub-units. The
flavin coenzyme of the succinate~fumarate oxidoreductase
enzymes has been proposed to function as a converter of n = 2
electron-transfer steps to n =1 electron-transfer steps
(Ohnishi et al. 1981). To accomplish this a stable
semiquinone free radical would be required to act as an
intermediate, between the fully oxidised and fully reduced
forms of the flavin. Ohnishi et al. (1981) have shown the
free radical of mammalian succinate dehydrogenase to be
reasonably stable (the free radical formation constant,
K=2,5%x 10-2) when compared to other physiological free

radicals.

Edmondson ek al. (1981) showed that the flavin free
radicals of the 8 a -substituted flavins are usually in the
anionic (non-protonated) form, by their narrow €.Pels
spectra. Their work was based on that of Palmer et al.
(1971), who distinguished two ionic forms of the protein bound
flavins from the e.p.r. spectral linewidths of the flavin

semiquinone. This is contrary to the results of Ohnishi ef

SUCERNPE ST S
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al, (1981), who concluded that the flavin free radical of
succinate dehydrogenase was largely present in the neutral
(protonated) form, from estimates of the pK values of the two
protonation reactions. It was proposed that the narrow
e.p.r, 3spectra of this flavin group arose from delocalisation
of the unpaired electron within the flavin in such a way that
would not be affected by protonation at N(5) of the flavin
moiety. An alternative explanation for their results is that
the protonation measured may not have been that of the flavin,
but of a neighbouring residue that affects the flavin

behaviour.

In this chapter characterisation of the flavin component
of fumarate reductase 1is presented. The flavin was
characterised by €.D.0Ie spectroscopy, to study its
thermodynamic properties., Interaction between the flavin and
the iron-sulphur clusters of fumarate reductase was studied by
changes 4in the saturation behaviour of the flavin e.p.r.
spectrum. Comparisons with the flavin molety of succinate
dehydrogenase were drawn where possible, Difficulty in
observing the flavin moiety under non saturating conditions
(high temperature and low power) made analysis difficult,
because to obtain a sufficiently large signal the e.p.r.
spectra hade to be run at a higher power. The flavin
semiquinone was thus saturated, but an estimate of the effects
of interaction from the diron-sulphur centres was made to

correct for this.
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6.2 Results and discussion

6.2.1 Initial characterisation

The membranes of anaerobically grown ZE. coli, will
contain menaquinone as an intermediate of electron-transport
to fumarate (Kroger 1978, Haddock & Jones 1977). The
mid-point potential (fully oxidised to fully reduced, n = 2)
of menaquinone is ~T4mV at pH 7.0, this will mean that the
free radical from this semiquinone moiety will give rise to an
e.p.r. signal in approximately the same redox range as the
flavin semiquinone moiety, assuming the two half reactions of
the quinone are not widely spread. Fig.6.1 shows a
potentiometric redox titration of the free radical e.p.r.
signal (g = 2.00) from the membranes of JRG1031. It is seen
that there is a broad peak from approximately =-20mV to ~80mV
under these conditions (146K, 2mW microwave power). This was
shown to arise from both the free radical of the flavin
semiquinone and that of menaquinone, by the different e.p.r.
spectra obtained over the redox range studied. The e.p.r.
spectra of the free radical signals from JRG1031 membranes,
poised at OmV and -100mV are shown in fig.6.2. It 1is seen
that the 1lineshapes and linewidths of the two spectra are
different. At OmV the e.p.r. spectrum closely resembles that
of the flavin free radical from bovine-~heart mitochondrial

succinate dehydrogenase, indicating that at this potential the

RN
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Figure 6.1

Redox titration of the free radical signal; JRG1031 membranes

The redox titration was performed as described in the
methods section, at pH 7.0. The signal amplitude of the
g = 2.00 signal is shown plotted versus the ambient electrode
potential. E.p.r. conditions were: microwave power, 2m¥ ;
microwave frequency, 9,56 GHz; modulation amplitude 1.0mT;
modulation frequency, 100KHz; receiver gain, 1 x 106; scan
rate 0.05mT/s at a time constant of 1s. The temperature was

146K and the protein concentration was approximately 47mg/ml.
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Figure 6.2

E.p.r. spectra of the free radical signals

The e.p.r. spectra from JRG1031 membranes (pH 7.0) poised
at two electrode potentials are shown. The potential of the
samples 1is indicated to the right of the spectra and the
g-values are indicated below the spectra. The linewidths for
the two spectra are also shown. The e.p.r. conditions were
as described for fig.6.1 except: receiver gain, 2 x 106; scan
rate, 0.025mT/s at a time constant of 2s. The temperature was

146K and the protein concentration was approximately 47mg/ml.
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€.p.1r. signal arises mainly from the flavin semiquinone
(Chnishi et al. 1981, Eriksson & Ehrenberg 1973). At -100mV
the e.p.r. spectrum obtained from the membranes of JRG1031
was different from that at OmV, The 'wings! of the flavin
semiquinone spectrum (due to hyperfine interaction with the
flavin nitrogens) are no longer in evidence and the centre of
the resonance had shifted from g = 2.006 to g = 2.003, with a
broadening of the e.p.r. linewidth (peak to peak) from 1.12mT
to 1.25mT. The spectrum is typical of that arising from a
free radical of a quinone moiety and thus the e.p.r. signal
at this potential is suggested to arise mainly from the
semiquinone free radical of menaquinone. At redox potentials
between that of these two samples, the e.p.r. spectrum are
expected to arise from both the flavin and mehaquinone

semiquinone signals.

The studies to further characterise the flavin molety of
fumarate reductase were performed on the isolated emnzyme (two
sub-unit form), to exclude the e.p.r. signal from
menagquinone. The e.p.r. signal observed from the ilsolated
enzyme was similar to that obtained from the membranes of
JRG1031 at the higher potential. A potentiometric redox
titration (pH 7.0) of this signal is shown in fig.6.3(A). The
peak to peak signal amplitude of the g = 2.006 signal of the
flavin semiquinone is plotted versus the ambient electrode
potential. The 'bell-shaped! titration curve gave a maximum

of signal amplitude at approximately -35mV, at pH 7.0C.
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Figure 6.3

Redox titration of the free radical signal; isolated emyme

A redox titration (pH 7.0) of the isolated fumarate
reductase (two sub-unit form) is shown (A). The titration was
performed as described in the methods section and the signal
height of the g = 2.00 resonance is shown plotted versus the
ambient electrode potential. Curve B shows the titration of
FR1 and curve C the corrected titration of the flavin when
interaction with FR1 1is taken into consideration. The
mid-point potentials of the three curves are indicated by the
arrows with their values. Values of =~35mV and -12mV were
found for the observed and corrected titrations respectively.
The value of ~-20mV for FR1 was used as this was the value of
this centre reported by Cammack et al. 1984 for the isolated
enzyme. The e.p.r. conditions were as described for fig.6.1
and the temperature was 148K; the protein concentration was

approximately 10mg/ml.
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However, under the conditions that the e.p.r. spectra were
obtained (148K, 2mW microwave power) the flavin moiety is
saturated, as shown by the power profile in fig.6.4(A). Thus
interaction with the iron-sulphur centre FR1 would be expected
under these conditions (see later section on the spatial
relationships), and will therefore affect the observed
titration of the flavin., An estimate of the relief of power
saturation by FR1 on the flavin can be obtained from comparing
samples containing FR1 paramagnetic and those lacking FR1 in a
paramagnetic state (fig.6.4). It was estimated that FR1
causes a doubling of the signal height at -35mV, under these
conditions. The effects of FR1 were thus subtracted from the
observed redox titration of the flavin to obtain a more
realistic (equally saturated) estimate of its redox behaviour
(fig6.3C). The maximum of signal amplitude for this titration
was at approximately ~12mV. This redox titration could be
fitted by the overlap of two 1-electron redox curves, as shown
in fig.6.5. The peak in signal height thus corresponds to the
Em value of the overall 2-electron transfer reaction, from the
oxidised flavin to the fully reduced flavin (Fl1 <--> Fle).
The mid-point potentials of the two 1-electron transfer
reactions are designated Em(I) and Em(II) respectively. Em(I)
signifies the mid-point potential of the reaction between the
oxidised flavin and the semiquinone form (Fl1 <~~> F1H%*), and
Em(II) signifies the mid-point potential of the reaction
between the semiquinone and the fully reduced form of the

flavin (F1H%® <~-=> F1H2). Values for Em(I) and Em(II) of 40mV
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Figure 6.4

Power profiles of the free radical, 145K

Power profiles from samples poised at -35mV and + 20mV
are shown to compare the saturation behaviour of the flavin
free radical in the presence and absence of paramagnetic FR1.
The values of P1/2 are indicated for each curve and the dashed
line 4indicates the theoretical behaviour of the flavin in the
absence of saturation. At 2mW the signal amplitude was
doubled by interaction with FR1. The signal height was
approximately 33% and 18% respectively of the theoretical.
E.p.r. conditions were as described for fig.6.1 and the

protein concentration was approximately Tmg/ml.
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Figure 6.5

Redox titration of free radical adjusted for interaction with
FR1

The redox titration produced from the observed titration,
as described in fig.6.3, 4is shown with the two 1-electron
titrations that fit the curve., A mid-point potential of =12mV
was found for the n = 2 reaction and mid-point potentials of
40mV and -65mV were found flor the two t-electron reactions as

shown.
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and -65mV, respectively, were calculated for the pH 7.0

titration, fitting the data to the two 1-electron titrations.

The spin quantitation of the observed maximum flavin free
radical signal (=35mV), by double integration of the e.p.r.
signal, estimated that 8% of the total flavin was maximally
present as the semiquinone species, at pH 7.0. However, this
is an under estimate due to the saturation of the flavin under
the observed conditions. Correction for this gave a value for
the spin concentration at -12mV of approximately 12% of the
total flavin present. The total flavin content was measured
fluorimetrically by the method of Wilson & King (1964), as
9.3nmol./mg protein. At the peak of signal height (Em) the
concentrations of the fully oxidised and fully reduced flavins
are equal, so the flavin free radical formation constant (K)

can be readily estimated from the following relationships:
K
Fl1 + FlH2 {===> 2F1H%
K = [F16#)% / [F1)° = (F1E#]° / [F2H,)°

Hence as the concentration of the free radical was measured at
124, K =1.9 x 1072, Thus the flavin semiquinone of fumarate
reductase was shown to be a stable intermediate, between the
fully oxidised and the fully reduced forms of the flavin. The
free radical formation constant, at pH 7.0, calculated for the

flavin of fumarate reductase, is similar in magnitude to that
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of succinate dehydrogenase, from bovine-heart mitochondria, at
the same pH (Ohnishi et al., 1981). It is more stable than
other free radical intermediates, of redox transfer reactions,
e.g. NAD*/NADH (K = 10”'', Blonkenhorn 1976). The flavin of
fumarate reductase 1s thus capable of acting as a converter
between 2-electron and 1-electron transfer reactions, as is
the flavin from succinate dehydrogenase. The flavin of
fumarate reductase acts as a converter from a i-electron to a
2-electron transfer reaction; the flavin semiquinone is
required to be stable enough to be reduced by a second
electron from the: iron-sulphur clusters, before passing these
electrons to fumarate. In succinate dehydrogenase the flavin
semiquinone accepts two electrons from succinate and donates
them in sequential 1-electron steps to the iron-sulphur
centres., The mechanism of electron transfer to and from the

substrates 1is not yet fully known buf presumably involves the

flavin free radical of the flavin semiquinone.

6.2.2 Thermodynamic characterisation

The free radical semiquinone and fully reduced forms of
the flavin can both exist in two states; protonated and non
protonated. The protonated states of the reduced forms of the
flavin, in the physiological pH range, can be analysed by
estimating thé pK values for the two protonation steps. The
two pK values of interest were designated pKS (pK semiquinone;

F1H* <--> F1™%) and pKR (pK reduced flavin; FlH, <-=> F1H ).

2
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The pK, value can be estimated from the change in the

R
mid-point potential (Em) of the overall 2-electron transfer
reaction, from the oxidised form of the flavin to the fully
reduced form of the flavin (Ohnishi et al. 1981; fig.6.6).
The Em {(n = 2) values were taken from the position of the
signal height maxima of the redox titrations, when adjusted
for the interaction with FR1 (as for fig.6.3), at different
pH's, The pKR value was estimated from the intersect of the
two linear portions of the curve. Below pH 8.0 the curve had
a slope of -60mV/pH and above pH 8.0 the curve had a slope of
-30mV/pH, indicating the change in pH dependency either side
of the pKR. The pKS value does not affect the pH dependency

of the Em value. A pK, value of 8.05 was estimated from the

R
change in the pH dependence of Em (fig.6.6).

Fig.6.7 shows the pH dependence of the maximum free
radical concentration (per cent total flavin), as determined
from the peak of the observed e.p.r. redox titrations (4),
together with the adjusted values, where the interaction with
FR1 has been taken into account (B). The adjusted curve shows
the expected behaviour, as the concentration of semiquinone
becomes constant at higher pH's, where it is presumed to be in
the anionic form (pH > pKR & pKS). This plot is thus
influenced by both pKR and pKS, and also indicates that the
values for K increase with pH. Below pH 6.5 a constant free
radical concentration was observed, while above pH 6.5 an
increase in the maximum free radical concentration was seen,

which again approached a constant value above pH8.0. Thus the

e et B e et o S WSO
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Pigure 6.6

PH dependence of E

The pH dependence of Em, the mid-point potential of the
overall 2-electron transfer reaction, is shown. The Em values
were taken from the peak of signal height of the e.p.r. redox
titrations. The pKR was estimated from the intersect of the

two 1linear portion of the curve, as shown. Experimental

conditions were as described for fig.6.3.
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Figure 6.7

DpH dependence of maximum free radical concentration

The per cent of the flavin present as the semiquinone
free radical, at the peak of the titrations is shown. Spin
concentrations of the g = 2.00 resonance were obtained by
computer, double integrations of the e.p.r. spectra. Total
flavin concentration was determined fluorimetrically as

described in the methods section. Other experimental

conditions were as described for fig.6.3.
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free radical of the flavin is seen to be more stable at higher
pH!'s. As the concentration of the flavin free radical
increases, this reflects an increase in the flavin free

radical formation constant (K, see later).

The values for Em(l) and Em(II) can be calculated from K
{determined from the maximum per cent free radical of the non

interacting titration and from Em by the following equations:
Em(I) + Em(II) = 2Em
B (I) ~ E_(I1) = 60.1og{K)

Fig.6.8 shows the pH dependence of the both the mid-point
potentials of the two 1-electron reactions. At pH's below
pH 7.0 the difference between Em(I) and Em(II) is constant at
approximately 120mV, At higher pH's the difference between
Em(I) and Em(II) is gradually diminished, as Em(II) is seen to
tend towards a constant value and the pH dependence of Em(l)
is seen to remain pH dependent. The mid-point potential of an
oxidation-reduction reaction that involves protonation, will

vary with pH as shown by the following equation:

Eh = EC + 0,061log(ox) - 0.06a.pH

n (red) n

where n is the number of electrons and a is the number of

protons.




Figure 6.8

PH_dependence of E (I) and E (IT)

The pH dependence of Em(I) and Em(II), the mid-point

. potentials of the two 1~electron transfer reactions are
shown. The two mid-point potentials were calculated as
deseribed in the text, from the data presented in fig.6.6 and
fig.6.7 pKR was estimated from the intersect of the two linear

portions of the curve for Em(II), as shown.
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At the mid-point potential the first term 1s zero so the
measurement of the mid-point potential will vary linearly with
pH:

E_ = E® - 0.06a.pH
For a 1-electron reaction a 512pe of 120mV/pH arises from a

2-proton dependent process,

The formation of the fully reduced form of the flavin,
from the flavin semiquinone (as characterised by Em(II)), was
shown to tend towards pH independence, as the pH value
exceeded the value for pKR (Ohnishi et al. 1981, Dawes 1980},
and the fully reduced form of the flavin became predominantly

un~-protonated. The plot of Em(II) versus pH changes from a

slope of -60mV/pR to OmV/pH, indicating the change in pH -

dependence associated with pK An estimate of pKR can be

R*
obtained from this plot, from the intercept of the two linear
portions of the curve (fig.6.8). The pH dependence of the
formation of the fully reduced form of the flavin free radical
changes at pH's > pKR; F1H* <--> FlH2 is superceded by
F1H%® <--> F1H . A value for pKp of 7.75 was estimated from
the pH dependence of Em(II). The plot of Em(I) was taken to
reflect neither of the pK values for the protonation of the
semiquinone or the fully reduced form of the flavin. The pH
dependence of Em(I) was taken as an indication that the flavin

semiquinone was present as the protonated (neutral) form

throughout the pH range under study. Thus the pKS of the
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semiquinone was not reached in this pH range. The 1-electron
step between the oxidised flavin and the semiquinone was thus

F1 <-=> F1H%,

The flavin semiquinone free radical from fumarate
reductase has thus been shown to Dbe reasonably,
thermodynamically stable in the physiological pH range, with
its stability increasing as the pH is raised. The 1linewidth
of the flavin free radical was measured to be 1.12mT, at
pH 7.0, which 4is narrow for the neutral form of the
semiquinone. The narrow linewldth of the 8~a substituted
flavin 41is usually associated with the anionic form of the
flavins (Edmondson ek al. 1981). Edmondson ef al. (1981)
concluded that the flavin semiquinone of succinate
dehydrogenase was present as the anionic form throughout the
pH range 6.1 to 9.1, because of the constant, narrow linewidth
measured (1.2mT). However Ohnishi et al. (1981) showed that
the pK value was such that at pH 7.0 the flavin would be 90%
protonated (neutral) and become unprotonated (anionic) at
higher pHs. It was concluded that the narrow lineshape must
be due to delocalisation of the free radical electron, or that
the protonation occurs on the protein rather than the flavin
moiety, because the protonation does not cause any significant
change in the e.p.r. linewidth. The e.p.r. linewidth of the
flavin free radical resonance from fumarate reductase was
observed to be constant over the pH range studied (pH 6.0 to
pH 9.0). It would thus appear that the flavin moiety of

fumarate reductase 1s similar to that of succinate
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dehydrogenase in that respect. It is thus unaffected by the
binding of the protons as no line broadening of the resonance,

due to hyperfine interaction with the proton nuclear moment was

Seen.

6.2.3 Spatial relationship

Ohnishi et al. (1981) showed that the flavin moiety of
the bovine-heart succinate dehydrogenase was in close
proximity to the iron-sulphur centre, S1 of succinate
dehydrogenase. The spatial relationship of the fumarate
reductase flavin moiety to the iron-sulphur centre, FR1 was
studied by changes in the power saturation properties of the
flavin free radical 1in the presence and absence of
paramagnetic FR1, Fig.6.9 shows the power profiles of the
flavin free radical at 180K. P1/2, the saturation parameter
(as defined in chapter 4), was measured from the power
profiles and used as an indication of the saturaton of the
flavin. The upper curve shows the power saturation profile
from the flavin free radical in isolated fumarate reductase
poised at a potential of -80mV. The lower profile is from
fumarate reductase that had been treated to destroy the
iron-sulphur clusters, by lowering to pH 3.0 for 10 minutes.
The enzyme was then brought back to pH 7.0 and the profile
determined as for the untreated sample. A significant change
in the P1/2 was observed between the two preparations.

However the possibility of another environmental change, other

5
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Figure 6.9

Power profiles of the flavin free radical, 180K

Power saturation profiles of the flavin free radical from
fumarate reductase are shown. Profile A: the emzyme as
isolated was poised at -80mV. Profile B: acid-treated enzyme
poised at -80mv. The experimental conditions were as

described for fig.6.1 and the temperature was 180K. The

protein concentration was approximately Tmg/ml.
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than the loss of FR1, induced by the low pH cannot be excluded
from causing the change in P1/2. To test this the P1/2 of the
flavin free radical was measured at an ambient electrode
potential of 30mV, where the concentration of paramagnetic FR1
was minimal (Table 6.1). A lower value for the P1/2, as
compared to the sample at -80mV, was again observed indicating
that at this potential there was nc relief from power
saturation. The relief of power saturation at ~80mV was
therefore taken to be due to interaction with FR1. It was
also of interest to note that there was apparently no obvious
interaction with centre FR3, which is paramagnetic at the
higher potential., If interaction with this centre occurred
then relief of power saturation would also be expected at this
higher potential. The possibility of direct dinteraction
between the flavin and this iron-sulphur centre can thus be
excluded or assumed to be very weak. Table 6.1 summarises the
results obtained, and compares those obtained here for
fumarate reductase, to those obtained by Ohnishi et al.
(1981) for  succinate  dehydrogenase. The effect of
paramagnetic FR1 was to cause relief of the power saturation
of the flavin semiquinone, indicating that interaction must
occur between these redox centres. The relief of saturation
was observéd over a range of temperatures, with concomitant
increase 4in the value found for P1/2 of the flavin, as the
temperature was raised. The interaction between FR1 and the
flavin will also affect the e.p.r. properties of the

iron-sulphur centre, but under the conditions of observation

" T
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Table 6.1

P1/2 (mH)
Sample FuRe S.dHa.
*
Normal enzyme (-80mV) 1.0 0.78
*
Acid-treated enzyme (-80mv) 0.27 0.23
Normal enzyme (30mV) 0.30 -

Abbreviations: F.R., fumarate reductase; S.dH., succinate
dehydrogenase. * Actual redox potential for these P1/2 values
was -78mV, data reproduced from Ohnishi et al. (1981).

Experimental conditions as described for fig.6.9, temperature

was 180K and the protein concentration was approximately

Tmg/ml.
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of the iron-sulphur centre, the flavin will be heavily
saturated, so any interaction may not be observable in the

e.p.r. behaviour of FR1 (chapter 4).

The strength of the interaction can be used to estimate
the distance between the two interacting centres and this will
provide information on the possibility of electron transfer
between the two centres. Ohnishi et al (1982) developed a
method for the estimation of the distance between two
interacting chromophores, from the enhancement of the
spin-lattice relaxation time of a slow relaxing centre by
interaction with a fast relaxing centre. The spin=lattice
relaxation time (T1) of the flavin was estimated from P1/2,
and T, was assumed to be equal to T in the absence of

1 2

interaction. ‘I‘1 of the 4iron-sulphur centre FR1 can be
estimated from the temperature dependence of the lifetime
broadening of this centre (chapter 5, Gayda et al. 1976). T1
of the flavin was estimated to be approximately 5 x 10_63 and
T1 of centre FR1 was estimated at approximately 3 x 10"85.

Sw (the difference in the resonant microwave frequency
betwen the two centres) was estimated using the g-values of
the flavin and the root-mean~-square value of g (é = 1.959) for
FR1 (Zweier 1983). Averaging the angular term, as the samples
are randomly oriented frozen solids, a distance estimate of
11.3X was calculated between FR1 and the flavin free radical.
This distance is slightly shorter than that estimated for the

distance bQCWeén the flavin and S1 of succinate dehydrogenase

Bbiirartin 03— st =
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(Ohnishi et al 1982, 12-18%). The 1limit for exchange
interaction can be set at 15-162 (Coffman & Buettner 1979a),
which by definition allows electron transfer upto these
distances, by -orbital overlap. The dipolar coupling of the
two redox centres indicates that the distance between the
centres can allow other methods of electron transfer such as
electron-tunelling (Beinert 1982). The distance estimated was
determined by assuming the interaction between FR1 and the
flavin was largely dipolar in nature, an assumption that 1is
valid only in the absence of a large exchange component. The
distance estimate also assumes a point dipole approximation,
so the distance estimate will most likely be an edge to edge
approximation between the two centres and can be taken as a
minimum distance betwen them. The contribution from exchange
interaction over the distance estimated is likely to be small
(J in the order of a few om-1), because exchange interactions
fall off more quickly than dipolar interactions (Coffman and
Buettner 1979a & b). The distance between the two redox
centres can thus be estimated at to be in the region of 11X to
173, if a radius of 32 is allowed for the two redox centres,
as no splitting of the flavin resonance was observed, but a
strong P1/2 effect of FR1 spins on the spins of the flavin was
observed. A minimum distance of 123 was estimated by Ohnishi
et al. (1981, 1982) for the distance for which no dipolar
broadening/splitting can be observed between interacting
chromophores, when one of the chromophores is more rapidly
relaxing than the other. This approximation wll hold for the

interaction between FR1 and the flavin of fumarate reductase

i
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because of the two orders of magnitude difference between

thelr relaxation rates under the conditioms of study.

6.3 Conclusion

The flavin moiety from fumarate reductase has been shown
to be very similar to that of bovine-heart succinate
dehydrogenase, The flavin semiquinone titrated with a

mid-point potential (Em; F1 ., <~=> F1RH n=2) of

29
approximately =12mV at pH 7.0, when the interaction with FR1
was taken into account. This value is 60mV more positive than
was found for succinate dehydrogenase (Ohnishi et zl. 1982),
this may be a function of the different directions of electron
flow 4in the two enzymes. The flavin semiquinone was shown to
be in the neutral (protonated) form at physiological pH's.
Estimates of the pK value of the protonation of the fully
reduced form of the flavin was found at approximately T7.75 and
8.05, which are 1in reasonable agreement. The pK of the
semiquinone could not be estimated, in the pH range studied.
The maximum concentration of the flavin semiquinone was
measured at approximately 8% of the total flavin at pH7.0, but
a more accurate value of 12% was estimated by adjusting for
the 4interaction with FR1, and allowing for saturation. This
value increased at higher pH's, showing the stabilisation of
this free radical at these higher pH's, when the free radical

was mainly in the anionic (non protonated) form. The flavin

free radical formation constant (K) for the flavin semiquinone

v s
AT,
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free radical was estimated at 1.69x 1072, at pH 7.0,
indicating that the protonated form of the free radical can
act as a stable intermediate in electron transfer from the

iron-sulphur clusters to fumarate.

Interaction between the flavin free radical and FR1 was
observed and the distance between the two chromophores
estimated at 113 to 168, assuming a largely dipolar
interaction. Interaction between FR3 and the flavin free
radical was excluded or shown to be weak as there was no large
relief of power saturation of the flavin semiquinone in
samples that contained both it and FR3 4in paramagnetic

states.
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CHAPTER SEVEN

Studies on the Orientation of the Iron-Sulphur Clusters

P
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7.1 Introduction

A variety of electron and hydrogen carriers have been
studied in orjiented membrane multilayers from bacterial,
mitochondrial and other sources, using optical and e.p.r.
spectroscopy (Blasie et al. 1978, Blum et al. 1yY78a & b,
Blum & Poole 1982, Erecinska et al. 1978a & b). It has been
found that the multilayers generally confer order about a
single axis, upon the redox carriers (Blasie et al. 1978,
Blum et al. 1978b). The 4iron-sulphur clusters from
bovine-heart succinate dehydrogenase have been shown to be
specifically oriented with respect to the membrane normal, as
have several other types of chromophore (Salerno et al.
1979a, Blum et al. 1978a, Barlow & Erecinska 1979, Erecinska

et al. 1978a & b).

The effect of disorder on the spectra of chromophores in
oriented multilayers has been studied by computer simulations
(Blum et al. 1978a & b), and these used to determine the
orientation and estimate the disorder (mosaic spread). The
mosaic spread was found to arise from stacking disorder of the
multilayers and from the chromophore disorder. This latter
term arises from non-rigid orientation of the chromophore
within the protein and of the protein within the membrane. 1In
order to relate the e.p.r. signals to the structural
information, Kknowledge of the electronic configuration of the
chromophore 1s required. Gibson et al. (1966) produced a

model, relating g-tensors to the structure, which is generally

»,
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accepted for the binuclear ferredoxin clusters, but no such

model has been proposed for the tetranuclear or trinuclear

clusters.

Where the;e is dipolar coupling between redox carriers,
it can be studied in oriented multilayers, as dipolar
interactions show an angular dependency, of (1 - 300320,
Salerno et al. 1977), where O is the angle between the
magnetic field and the inter-spin vector. Under conditions
where the effects of spin coupling can be observed, the angle
of the vector between the coupled chromophores can be

determined for the membrane bound redox carriers (Salerno gt

.g_o 1977) 1979)-

In this chapter the orientations of the dintrinsic

iron-sulphur centres of fumarate reductase, of E., c¢oli are

described. Strains of E. cold with amplified and

non-amplified expression of fumarate reductase were used. The
strain with amplified expression of this enzyme was found to
produce crystal membrane multilayers, because of the high

concentration of fumarate reductase in these membranes.
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7.2 Results and Discussion

7.2.1 S84 s (Obserye u t uced ers

The reduction of membrane multilayers using aqueous
solutions, whilst retaining the oriented nature of the
multilayers, has been a problem in their preparation

t al. 1978a). Blum et al. (1980) overcame this

(Erecinska
problem to some extent by preparing their multilayers in the
absence of oxygen. This resulted in partially reduced
mul tilayers which could then be further reduced by addition of
the reductants. A similar method was used to obtain the
multilayers used in this study (see Methods), which resulted
in partially reduced membranes that had both HiPIP and
ferredoxin signals, as shown by e.p.r. spectroscopy (data not
shown). Upon addition of sodium succinmate or  sodium
dithionite the HiPIP signal disappeared and the size of the
ferredoxin signal increased (fig.7.1 & 7.T). For studies of
the HiPIP centre, multilayers were partially dehydrated in the

presence of air to produce oxidised multilayers.

The spectra from succinate reduced multilayers, shown in
fig.7.1, possessed the ferredoxin signal with prineipal
g-values of g = 2.03 and g = 1.93, attributed to FR1. The
signal amplitude of the e.p.r. spectra was clearly seen to bé

dependent on the angle of the multilayer to the magnetic
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Figure T.1

E.p.r. spectra of succinate reduced oriented multilayers
The e.p.r. spectra from membrane multilayers reduced
anaerobically with sodium succinate, are shown at various
angles of the applied magnetic field to the plane of the
membrane multilayers. The angles are shown on the left of the
spectra and the major g-values are indicated below the
spectra. The sample temperature was 34 K. The e.p.r.
conditions were: incident microwave power, 20mW; microwave
frequency, 9.48GHz; modulation amplitude, 1mT; modulation
y,
H

frequency, 100KHz; receiver gain, 6.3 x 10 time constant,

500ms; scan rate 0.1mT/s.




Succinate Reduced Oriented
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field. The signal amplitude of each g-tensor (x,y & z) is
shown, replotted in fig.7.2, to indicate the angle of maximum
amplitude, of -the multilayer to the applied magnetic field.
0° was taken to be when the multilayer was normal to the
magnetic field. The g = 2.03 signal (gz) was shown to be
maximum when the angle between the multilayer and the magnetic
field was approximately 90° (5° from the membrane normal,
fig.7.2). This angle is different from that obtained for gz

of S1 from either bovine-heart or E. coli succinate

dehydrogenase, where the angle of maximum amplitude was in the
plane of the multilayers (Salerno et al. 1979a, Blum et al.
1980). The g = 1.93 (gy) signal was maximal at an angle of
approximately 75° to the membrane normal and the g = 1.915
(gx) signal was maximal at an angle of approximately 50° to
the membrane normal. The equivalent g-tensors from S1 were
90° (gx) and 0° (gy) for both the E. ¢oli and the
bovine-heart enzymes, Thus FR1 from fumarate reductase is
oriented differently, within these membrane, from S1 of
succinate dehydrogenase (both sources). This is an important
criterion for consideration of the spatial relationships of
the diron-sulphur centres of these two enzymes. Interactions
between paramagnetic species, that are largely dipolar in
nature (over distances greater than 10 = 12 ﬁ), show an
angular dependency by definition, The differing orientation
of the iron-sulphur clusters of the two enzymes may affect the
strengths of any interactions between them or with other

paramagnetic species (flavin), and so influence the catalytic
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Figure 7.2

Angular dependence of e.p.r. signal amplitude from succinate

edu u e

Plots for the three separate g-tensors are shown. The
1.915 signal (gx) was measured from the high field base-line
to the negative peak, the 2.03 (gz) signal was measured from
the low field base-line to the positive peak and the 1.93 (gy)
signal was measured from the high field base-line to the
positive peak, to avoid interference from the gx tensor. The
experimental points are shown (o), together with the angular
dependence of the signal amplitude when corrected for the
membrane disorder. 0° was taken as the direction of the
membrane normal, The angles of peaks of signal amplitude are

indicated where they occur. Experimental conditions were as

in fig.7.1.
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properties of the enzymes. However, because of the
crystalline nature of the membrane multilayers from the
fumarate reductase amplified strain of E. coli, close
comparisons c;nnot be drawn to the data presented for

succinate dehydrogenase (see later).

The experimental spectra (fig.T7.1) can be simulated using
a computer program (Blum et al. 1978a & b), over the range 0°
to 90°, to obtain the disorder inherent in the multilayer
system. Fig.7.3a & b show computer simulations of the e.p.r.
spectra of centre FR1. The angles used for the simulations

g (angle of gz to the membrane normal) and ¢ = 50°

were © =5
(angle of gx to the membrane normal); the angles used for
mosaic spread are shown with the spectra. As the experimental
spectra show little or no angular variation of g-values, for
FR1, the 1lower 1limit of the mosaic spread can be set at
approximately 25° (Salerno et al. 1979a, Blum et al.
1978a). Comparison of the experimental and simulated spectra
(rig.7.1, 7.3a & b) put the mosaic spread at between 30° and
600. Fig.7.4 shows the results from e.p.r. spectra simulated
using a mosaic spread of 350, which gave a good fit to the
experimental spectra. The mosaic spread is a measure of the
amount of 'wobble' of the chromophore with respect to the
magnetic field (Blum et al. 1978a & b), and arises from the
unoriented areas of the multilayers, the spread of the

chromophore within the protein and the spread of the protein

within the membrane.
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Figure 7.3

Computer simulations of e.p,r. spectra of centre FR1

The e.p.r. spectra of centre FR1 are shown simulated with
different degrees of membrane disorder (mosaic spread). The
principal g-values used for the simulations were gz = 2.025,
gy = 1.93 and gx = 1.915. The linewidths employed were 1.1mT
(gz), 1.25mT (gy) and 1.5mT (gx), and were assumed to have a
Gaussian derivative lineshape. The angle of the gz axis to
the membrane normal (@) was taken as 5° and the angle of the
gx axis to the membrane normal (¢) was taken as 50°.  The
values used for the mosaic spread are shown on the right of
the spectra and the g-values are indicated below the spectra.

a) Computer simulations of centre FR1 with the angle of
the applied magnetic field to the plane of the membrane
multilayers taken to be 0° (parallel).

b) Ccmputer simulations of centre FR1 with the angle of

the applied magnetic field to the plane of the membrane

multilayers taken to be 90° (perpendicular).
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Fig\lr‘e 7-~

Angular dependence of e.p.r. simulations

The amplitude of the e.p.r. signals from the computer
simulations are shown versus the multilayer orientation. The
parameters of the computer simulation were as described in
rig.7.3, and the mosaic spread was assumed to be 35°. The
e.p.r. signals were measured as described for fig.7.2. Oo
degrees of rotation of the multilayer, was taken as

perpendicular to the plane of the membrane plane. The peak in

gz signal amplitude ([0) was obtained at approx. 50, that of

gy (o) at approx. 75° and that of gx (4) at approx 50°.
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The most notable result from the oriented multilayers
prepared from JRG1031, the strain of E. coli with amplified
expression of fumarate reductase, was that the angular
dependence for each g-tensor gave rise to only two peaks of
signal amplitude, when the multilayers were rotated through
360° (fig.7.2). This 4s an unusual result for membrane
multilayers derived directly from E. coli cells, as it
indicates that the fumarate reductase in these multilayers has
order within the membrane plane, as well as to the membrane
normal. Fig.7.5 shows a sketch of the structure of a
chromophore within normal membrane multilayers. The angular
dependence of signal height should reach a maximum at four
angles (@, two either side of the membrane normal), when the
magnetic field bisects the cone subtended by the g-tensor (gz
in fig.7.5). This is clearly not the case for FR1 from
fumarate reductase in the membrane multilayers from strain
JRG1031. Fig.T.6 shows a sketch of the structure of a
chromophore within crystal membrane multilayers, where the
chromophore does mot have disorder within the plane of the
multilayer. For this systen, only two peaks of signal
amplitude will occur as the vector from the g~tensor becomes
parallel to the magnetic field. In the case of g-tensors that
are oriented parallel to either the membrane normal or
membrane plane, only two peaks of signal amplitude will be
observed for either system. For the non-crystalline

multilayer system the cone of disorder of the protein within

T




Figure T.5

Model for a chromophore with rhombic symmetry, within orjiented
multilayers

The model indicates the three major g-tensors and their
angles t6 the membrane normal (@, ¢). The chromophore 1is
assumed to have order relative to the membrane normal and
disorder within the membrane plane. All possible orientations
about the membrane normal, describe the cone indicated for
gz. As the multilayers are rotated about the axis shown, the
signal height due to gz, produces the plot shown below the
sketch. Peaks of signal height are reached at four angles,
all at ©° either side of the membrane normal, as indicated.
The signal amplitude of the other g-tensors will behave

similarly.
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Figure 7.6

od : ©
crystalline multilayers

The chromophore is shown with the same angles as fig.7.5.
This model assumes order in the plane of the membrane as well
as to the membrane normal, for the chromophore. The g-tensors
still have some degree 6f disorder, due to wobble of the
chromophore in the protein and of the protein in the membrane,
as indicated by the small circles. When rotated about the
axis 1indicated, only two peaks of signal amplitude are

observed for each g-tensor, as shown below the sketch, due to

the more ordered enviromment of the chromophore.
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the membrane reaches a minimum for these cases. The gx of FR1
is oclearly not oriented in one of these directions and thus
points to the crystal nature of these membranes (as does the
orientation of the other centres, see later). Further studies

were performed to investigate this phenomenon (see later).

7.2.2 Sigpnals from Dithionjte Reduced Multilayers

The experimental spectra obtained from multilayers
reduced with dithionite are shown in fig.7.7, and the signal
height replotted against the angle of the multilayers, to the
magnetic field, in fig.7.8. The angular dependence for the
e.p.r. spectra, from dithionite reduced multilayers is
clearly different, to those from sucecinate reduced
multilayers. The gz (2.03) signal reaches a maximum at
approximately 25° to the membrane normal, whilst the gy (1.93)
and the gx (1.915) show maxima in signal height at

2 and 70° to the membrane normal

approximately 10
respectively. In dithionite reduced multilayers there are
probably two paramagnetic iron-sulphur centres from fumarate
reductase (FR1 and FR2, chapter 4), so the signals from both
of these will contribute to the e.p.r. spectra. The gz
angular dependency of signal amplitude shows small peaks at
approximately 5° to the membrane normal. These can be

attributed to the gz of FR1 (fig.7.3), but the gy and gx

results do not show these smaller peaks from FR1. Under the
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Figure 7.7
E.p.r, spectra of dithionite reduced oriented multilayers

The e.p.r. spectra from membrane multilayers reduced with
sodium dithionite are shown at various angles of the applied
magnetic field to the plane of the membrane mﬁltilayers. The
angles are shown to the left of the spectra and the major
g-values are indicated below the spectra. The sample
temperature was 10 K and the e.p.r. comditions were as in

fig.T.1 except the receiver gain was 6.3 x 103.
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Figure 7.8

Angular dependence of e.p.r. signals from dithionite reduced
multilavers

Plots for the separate g-tensors are shown. The e.p.r.
signals were measured as described for fig.7.2. The
experimental points are shown (o), together with the angular
dependency of the signal amplitude after correction for the
mosaic spread. The field angles are defined as for fig.7.3.
The angles of peaks of signal amplitude are shown where they

occur. Experimental conditions were as described in fig.7.7.
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conditions at which the e.p.r. spectra were obtained from the
dithionite reduced membranes (10 K, 20nW microwave power), the
signal from FR1'would be heavily saturated if there was no
interaction, It has been shown that the presence of FR2 in a
paramagnetic state causes a relief of this saturation (chapter
4), by interaction with FR1. The interaction of the eentreé
would be expected to be largely dipolar in mature (Salerno et
al. 1979b), because of the estimate of distance from the
observed effects (>10 ﬂ, chapter 8). This interaction will
show an angular dependence also, s0 we cannot readily
interpret the results from the dithionite reduced multilayers,
other than to offer tentative explanations. The simplest
explanation of the observed results is that the reduction of
the multilayers with dithionite causes reorientation of centre
FR1 within the protein, by a conformationmal change, and that
this then has the same orientation as centre FR2. The second
possible explanation is that the angular dependence observed
is for the spin-coupiing of FR1 and FR2, in dithionite reduced
multilayer. In the case of the first explanation
(reorientation of FR1) the e,p.r. spectra would arise from
both these centres FR1 and FR2 but they cannot be
distinguished. The two peaks in gz could be explained by the
multilayers not all being reduced by dithionite, so leading to
two enzyme populations of FR1 with different orientations.
Under conditions where the e.p.r. spectruz from FR2 is
non-detectable, due to extreme lifetime broadening (50 K, 2mW

microwave power), the same orientation of the g-tensors was
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observed from dithionite redu;ed multilayers (data not
shown). This may therefore indicate that centre FR1 has
undergone reorientation, if the signal arises from FR1 alone,
the shift in angular dependence of the g-tensors (20° shift,

© shift gz) being caused by a

gx; 65° shift, gy; 30
conformational change induced in the protein structure,In the
case of the second explanation; in the absence of paramagnetic
FR2, FR1 would be heavily saturated under the conditions
employed. The behaviour of FR2 cannot be determined in the
absence of FR1, because of the mnature of their redox
chemistry. However, as the spin-coupling is mutual to both
centres, it may be assumed that there is some relief of
saturation of FR2, by the spin-coupling. The observed angular
dependence of the g-tensors from dithionite reduced
multilayers may therefore reflect the angular dependence of
the spin-coupling between the two centres, because the signal
from each centre will reach a wmaximum (due to relief of
saturation) as the vector between the centres becomes parallel
to the applied magnetic field. The same angular dependence of
the g-tensors at 50K and 2mW microwave power, would still hold
for the spin-coupling, because even though FR2 is not e,p.r.
detectable it is still paramagnetic. This phenomenon was
further investigated and will be reported later (chapter 8).
Thus the angular dependence and hence orientation of FR2
cannot readily be determined. The smaller peak 1in gz,
attributable to FR1, was assumed to arise from parts of the

membrane mul tilayers that were not fully reduced by

dithionite.
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7.2.3 Sigpals Observed from Oxidised Multilavers

The e.p.r. spectra obtained from air oxidised membrane
multilayers are shown in fig.7.9, where the angles are
expressed to the membrane plane. The e.p.r. spectrum typical
of the HiPIP centre from this class of enzyme was seen with
major g-values of 2.01 (gz), 1.978 (gy) and 1.955 (gx). The
spectra from multilayers showed greater rhombicity between gy
and gz, than did the powder spectrum from unoriented samples,
with gy shifted from approximately g = 1.99. The value for gx
is that obtained for the temperature of observation of the
spectra shown (6 K), as this g-value was temperature dependent
(chapter 4). The shift in gy may reflect the well ordered
pature of the enviromment of the multilayer samples, from the
strain of E. coli with amplification of fumarate reductase.
The signal amplitude of each g-tensor 1is replotted in
fig.7.10, versus the angle of the magnetic field to the
membrane normal, It was again observed that the g-tensors for
this centre gave only two maxima for the signal height, when
the multilayer was rotated through 3600. The peaks in signal
height were observed at approximately 33° to the membrane

2.01, gz), at approximately 70° to the membrane

pormal (g
normal (g = 1.978, gy) and at approximately 47° to the
membrane normal (g = 1.955, gx). The mosaic spread of the
membrane multilayers was estimated as for FR1, using @ = 33°
and ¢ = lﬂo. A value of 30° for the mosaic spread gave the
best fit to the experimental spectra (data not shown). The

angles of orientation determined for the HiPIP centre (FR3),
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Figure 7.9

E.p.r, spectra of oxidised oriented pultilayers

The e.p.r. spectra from membrane multilayers dehydrated
in the presence of air are shown at various angles of the
magnetic field to the plane of the membrane multilayers. The
angles are shown on the left of the spectra and the major
g-values are indicated below the spectra. The sample
temperature was 6 K and the e.p.r. conditions were as

described for fig.T.1, except the receiver gain was 5 x 103.




Oxidised Oriented Multilayers

00
//_——
W i
60°
90° o

I I
2 0t 1978 1955




209

Figure 7.10
Angular dependence of e,p.r, signal amplitude from oxidised

mul tilavers

Plots for the three major g-values are shown. The signal
amplitude of the three l;:ajor g-tensors was measured as
described for fig.T7.2. The experimental points are shown (o)
together with the angular dependency of the g-tensors after
correction for the mosaic spread. The field angles are as
described for fig.7.2 and the peaks of signal amplitude are
shown where they occur, The experimental conditions were as

described for fig.7.9.
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are again different from those of the equivalent centre from
succinate dehydrogenase, where the gz axis was found to be
perpendicular to' the membrane plane and gx and gy to be in the
plane of the membrane multilayers (bovine-heart, Salerno et
al. 197%9a; E. g¢oli, Blum et al. 1980). The orientation of
the g-tensors of the HiPIP centre cannot be related to any of
its structural parameters, because of the lack of knowledge of
the relationship between them. The different angles for the
two well oriented centres (FR1 & FR3) that have been observed
for fumarate reductase, compared to the equivalent centres
from succinate dehydrogenase, indicate a major difference
between the two enzymes. The orientation may affect the
strength of the interaction between the intrinsic centres of
the enzymes and thus offer a partial explanation for their
differing catalytic abilities, together with the different
redox chemistry of the centres. However, these results were
again from the crystalline multilayers so close comparison to

the results for succinate dehydrogenase cannot be drawn.

7.2.4 Studies on a Non-amplified Strain of E. coli

The observed phenomenon that indicated crystal mexzbrane
multilayers was further investigated to determine the nmature
of the system, and to obtain results that could be more
closely compared to those of succinate dehydrogenase. Studies

were performed on a wild-type strain of E. coli (EMG2), to
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determine whether the crystal membranes were the result of the
amplification of fumarate reductase in the E. coli
membranes. The results from centres FR1 and FR3 are shown in
fig.7.11 & T7.12, as plots of the signal amplitude versus the
angle of the membrane multilayers to the applied magnetic
rield (0° parallel to the membrane normal}. For both centres
it was clearly seen that the g-tensors showed an angular
dependence, that indicated the enzyme was in a non-crystalline
enviromment (four maxima of signal height). The angular
dependencies were however, significantly different from those
obtained in the amplified membranes. The peaks of signal
amplitude for FR1 were obtained at approximately 60° (gz), 60°
(gy) and 30o (gx), with all angles relative to the membrane
normal. These are also significantly different from those
angles obtained for the equivalent centres from succinate
dehydrogenase (900, 6% 2 0° to the membrane pormal, Blum et
al. 1980, Salerno et al. 1979a). The angular dependencies
of FR3 showed maxima in signal amplitude at approximately 0°
(gz), 90° (gy) and 10° (gx), which shows no greater similarity
to the results published for succinate dehydrogenase (900, 0°
& O°). The iron-sulphur centres of fumarate reductase were
thus shown to be oriented at different angles to those of
succinate dehydrogenase, with a 30o difference for all three
g-tensors of FR1 compared to S1. The HiPIP of fumarate
reductase was shown to be oriented with gz (90°), &Y (90°) and
gx (50°) all at different angles to those of S1. Thus a major

difference between the two enzymes has been shown.
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Figure T.11

Angular dependence of _e,p.F.,_ _ Signals of succinate reduced

mul t -

The angular dependencies of all three major g-tensors are
shown. The signal amplitude was measured and the field angles
are defined as described in fig.7.2. The angles of the peaks
of signal height are indicated where they occur. The
experimental conditions were as described in fig.7.1, except

5

the receiver gain was 1.25 x 10° and the sample temperature

was 20 K.
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Figure 7.12

Angular dependence of e.p.r. signals of oxidised multilayers
from a wild-type strain of E. coli

Plots of the three major g-tensors are shown. The signal
amplitude was measured and-the field angles are defined as
described in fig.7.2. The angles of peaks of signal amplitude
are shown where they occur. The experimental conditions uére
as described in fig.7.1, except the receiver gain was

5

1.0 x 10° and the sample temperature was 10 K.
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The production of crystal membrane multilayers was shown
to be due to the amplification of fumarate reductase within

the membranes of E. coli. The level of fumarate reductase in

the membranes from JRG1031 was estimated at approximately 25%
of the total membrane protein, from the concentration of acid
non-extractable flavin and the spin intensity of the
iron-sulphur centres (1.94 and 1.96 nmol/mg protein
respectively), and assuming a molecular weight of 125 000
dalton for fumarate reductase. The feasibility of forming
membrane crystals i1s thus apparent, though there will be
interference defects from the other membrane proteins, to the
crystal structure. The structure will however be similar to
that found for crystals formed by vesicles from detergent
solutions of proteins (Deatherage et al. 1982, Henderson
1981, Fuller et al. 1979). Fumarate reductase has been shown
to form these membrane crystals in multilayers from a strain
with amplified expression of the enzyme, without lengthy
manipulations and so the suitability of these membranes for
structural determinations has been shown. The work presented
herein compliments and extends that already performed by
Weiner and coworkers, who have shown two-dimensional arrays of
fumarate reductase in strains amplified with the enzyme
(Weiner et al. 19842 & b, Elmes & Weiner 1985). Their
studies, by electron microscopy, have shown the fumarate
reductase as knobs on the inner membrane surface and on novel

membraneous structures produced by their strains to
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accommodate the additional fumarate reductase produced. They
have shown levels of fumarate reductase in excess of 50% of

the membrane bound protein (Weiner et al. 198ub).

7.2.5 Studies on the Crystal Membranes

Further studies were performed to confirm the crystal
nature of the membrane multilayers, produced from the strain
of E. ¢oli with amplified expression of this enzyme. If the
fumarate reductase molecules are all ordered in the same
manner with respect to the membrane plane, then strips cut at
different angles from the multilayer sheets should show
differing angular dependencies, for the g-values of the
iron-sulphur centres. Each strip of membrane will contain
fumarate reductase oriented at a different angle, unlike non
crystalline multilayers where the enzyme can be oriented at
random about the membrane normal, but still oriented at the
same angle to the membrane normal. A change in the angular
dependency was observed for both FR1 and FR3. Fig.7.13 &
7.14, shows the results for these clusters for strips cut at
right-angles from the Mylar sheet. The angular dependencies
are clearly different for each centre from the two strips.
For FR1 angular dependencies of gz with maxima at
approximately 10° and 0° for the two strips were observed.
Maxima at approximately 75° and 55° for gy, and 45° for both
strips for gx were also seen. The HiPIP centre showed the

following dependencies: 30° and 0° (gz); 90° and 0° (gy), and




216

Figure 7.13

Angular dependence of e.p,r. _signals of succinate reduced
multilayers cut at right-angles

The strips of membrane multilayers were cut at
right-angles from the sheet of muitilayers produced, as
described in Methods. The experimental points on the left (o)
of the plots were of a strip cut perpendicular to that which
gave the experimental points on the right of the plots (O).
The angle for peaks of signal amplitude from each set of data
is indicated. The field angles and measurement of signal
amplitude were as described for fig.T7.2. and the experimental
conditions were as described for fig.7.2, except the

temperature was 25 K.
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Figure T7.18%

Angular dependence of e.p.r. sjgpals from oxidised multllayers
ut t- es

The angular dependence of signal amplitude is shown for
the three g-tensors from both 'aamplea. The experimental
points on the left of the () of the plots are from a sample
cut at right-angles to those of the sample that gave the
points on the right (o). The peaks in signal amplitude are
shown for both samples where they occur. The field angles are
as defined for and the signal amplitude was measured as
described for fig.7.2. The experimental conditions were as

described for fig.7.9.
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60° and 90° (gx). The angular dependencies of the g-tensors
from each strip, could be simulated using the computer
program, to obtain an estimate of the mosaic spread of the
membrane multilayers (data not shown). A value of between 30o
and 35° was estimated for both the oxidised and succinate
reduced multilayers., In the crystal multilayers the mosaic
spread has contributions from the unoriented parts of the
mul tilayers, from the wobble of the chromophore within the
protein and the wobble of the protein in the membrane
(£ig.7.6). Models for the angular dependencies of the
g-tensors are presented in fig.7.15. For FR1 gz must lie in
the plane (a), as there was a 90° angle for the maximum of gz
signal amplitude from plane (b),cut at a right-angle to plane
(a). The gy and gx tensors lie in the planes subtended
between the two angles obtained in planes (a) and (b), as
indicated. The g-tensors, by definition, are all at
right-angles to each other, so the position of the gy and gx
axes, within the arcs shown, was estimated from the relative
size of the e.p.r. signals of each g-tensor in the planes (a)
and (b). For the HiPIP (FR3) the gy axis was shown to be at
90° to the membrane normal along the plape (a), whilst gz and
gx were shown to have axes at 30° and 60° to the membrane
normal respectively, in the plane (b). The angles obtainped
for the g-tensors of each centre will therefore be dependent
on the angle at which the strip is cut from the Mylar sheet,

as the angle at which the protein is oriented within the

membrane, with respect to the strips, will vary.
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Figure T7.15

Models for the angular dependence of e.p.r. signals

The sketches show the proposed positions of the g-~tensors
of FR1 and FR3, relative to the membrane normal and membrane
plane. The angles obtained from the mulilayer samples cut at
perpendicular angles are indicated: section through (a), the
angles from the left-hand plots of fig.7.13 & 7.14; section
through (b), the angles from the right-hand plots of fig.7.13
& 7.14. The membrane normal was taken to be B2,

For FR1 gz lies in the plane of (a) and gy and gx lie on
the arcs subtended by joining the two angles obtained in
planes (a) & (b). The positions within these arcs were
estimated from the relative size of the e.p.r. signals for
each g-tensor, in the two planes. For the HiPIP centre (FR3)
gz & gx lie in the plane of (a), at the angles indicated to
the membrane normal, and gy lies along plane (b), parallel to

the membrane plane.
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7.3 Conclusions

The 4iron-sulphur clusters from the E. ¢oli fumarate
reductase have been studied in oriented multilayers from two
strains of E. c¢oli, one of which had amplified expression of
this enzyme., The orientations of the individual g-tensors for
centres FR1, the succinate reducible ferredoxin and FR3, the
HiPIP centre paramagnetic in the oxidised form, could be
discerned. The orientation of the second binuclear ferredoxin
(dithionite reducible), could not be clearly discerned because
of the presence of FR1 also. The interpretation placed on
these results was not strajght-forward and two possible
explanations were proposed., Either the reorientation of FR1
or the interaction between the two ferredoxin centres. The
orientations of centres FR1 and FR3 were found to be different
to the orientations of the equivalent centres from succinate
dehydrogenase, which may indicate a significant difference

between the two similar enzymes,

The oriented multilayers produced from the membranes of
the fumarate reductase amplified strain of E. g¢oli, were
shown to impose a crystalline array on the fumarate reductase
molecules 1in these membranes. The angular dependence of the
g~tensors was shown to change with the angle at which the
mul tilayer strip was cut from the Mylar sheet. Crystal
membranes were not observed from an E. ¢oll strain that was

unamnplified in fumarate reductase expression, Schematic

models were presented (fig.7.15), to account for the change in
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angular dependencies observed for the g-tensors of the two
centres., The results repbrted here indicate that the

amplified strains of [E. coli can provide a suitable system

for the structural studies of this enzyme.




CHAPTER EIGHT

The Spatial Relationships of the Iron-sulphur Centres
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8.1 Introduction

The fumarate reductase from Escherichia coll has been
shown to contain three iron-sulphur centres; two [2Fe-2S]
ferredoxins and a HiPIP-type centre. Interactions have been
shown to occur between the succinate reducible ferredoxin and
the dithionite reducible ferredoxin and also between the
sucecinate reducible ferredoxin and the HiPIP centre ( chapter
4). The effect of interaction between paramagnetic centres is
to perturb the intrinsic e.p.r. properties of these centres.
This can be wused to study the interaction between the
centres. In the case of fumarate reductase the iron-sulphur
centres have redox potentials that allow the study of the
interaction between the iron-sulphur centres when more than
one are fully or partially paramagnetic; FR1 with FR2 and FR1
with FR3 (chapter 4). The studies on fumarate reductase have
been performed on the membrane bound enzyme from a strain of
E. ¢oli with amplified expression of the enzyme. The
preparations should therefore not suffer from any artifacts
introduced by purification proceedures, an explanation that
has been put forward for the partial detection of the second
ferredoxin in the isolated preparations of other enzymes of

the succinate dehyrogenase (Beinert et al. 1982, Albracht
19&).

FA 7Y I
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Knowledge of the spatial relationship between the e.p.r.
detectable iron-sulphur centres of fumarate reductase is
required for a full understanding of the type of interaction
present. In this chapter the effects of interactions on the
intrinsic e.p.r. properties of the iron-sulphur centres from
fumarate reductase are detailed. The change in e.p.r.
properties can also be used to calculate the distance between
interacting centres if the type of interaction is known.
Estimates of the distances between the interacting centres,
both by the method of Ohnishi et al. (198) and by studies on
oriented multilayers are presented. These findings are
discussed in relation to the likely contribution of the major
mechanisms of spin-spin interaction to the effects observed

for the iron-sulphur centres of fumarate reductase.

8.2 Results and discussion

8.2.1 _Interaction between the ferredoxin centres

It was shown previously in chapter 4 that the fumarate
reductase of E. ¢0li contains three iron-sulphur centres and
that interactions occur between these centres when they are
paramagnetic. The interactions between paramagnetic species

have two effects on the e.p.r. properties, a relief of power




225

saturation and a broadening of the €.p.r. spectral
linewidth. The latter effect 1s most pronounced at low
temperatures and may be resolved into splitting of the e.p.r.
signal, if the centres are close enough and at a favourable
orientation. The splitting of the e.p.r. 1line was observed
for succinate dehydrogenase spectra from mammalian heart
mitochondria (Salerno et al. 1979b). Fig.8.1. shows the
e.p.r. difference spectrum of the dithionite reduced spectrum
minus the succinate reduced spectrum. This spectrum can only
be taken as an approximation of the e.p.r. spectrum for FR2
under these conditions. This approximation assumes that FR2
has little effect on the spectrum of FR1 under these
conditions (and yice yersa), as both species are
non-saturating (Salerno ef al. 1979). This spectrum can be
used to gain knowledge of the g-tensors of FR2, which can be
characterised by g, = 1.913,, gy = 1.926 and g, = 2.025. The
spectrum of FR2 so obtained shows a marked similarity to that
of FR1 under these conditions. Quantitation of the difference

spectrum gave approximately 0.9 spins/flavin.

Fig.8.2. shows the e.p.r. spectra obtained from succinate
and dithionite reduced membranes under 1low temperature
conditions. the spectrum from the dithionite reduced
membranes was seen to be greately broadened in the gy and gz
regions, as compared to the spectrum t‘r-o'm succinate reduced
membranes. Further investigation of the dithionite reduced
spectrum resolved a partial splitting of the gy resomance,

when the spectrum was recorded under conditions that were only
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Figure 8.1

ffe spect

The e.p.r. difference spectrum obtained by subtracting
the e.p.r. spectrum from succinate reduced membranes from that
obtained from dithionite reduced membranes is shown. The
subtraction was performed on digitised spectra using a Comart
Communicator CP100 microcomputer. The e.p.r. conditions
were: microwave power, 1.1mW; microwave frequency, 9.5bGHzZ;
modulation amplitude, 1.0mT; modulation frequency, 100KHz;
scan rate, 0.1mT/s at a time constant of 6500ms. The
temperature was 27K for the succimate reduced sample and 17K
fo the dithionite reduced sample. The protein concentration

was approximately 69mg/ml.
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Figure 8.2a

Low temperature e.p.r. spectra, ferredoxin signals

The e.p.r. spectra of succinate reduced (a) and
dithionite reduced (b) membranes are shown , taken at 4K, to
indicate the broadening of the dithionite reduced spectrum.
E.p.r. conditions were as described for fig.8.1, except:

microwave power, 2m¥. g-values are indicated below the

spectra.
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Figure 8.2b
Low temperature spectrum, dithjonite reduced membranes

The spectrum from dithionite reduced membranes is shown
taken at 4K and 0.07mW microwave power, to more clearly
observe the broadening of the e.p.r. spectrum obtained from
these membranes. E.p.r. conditions were as described for

fig.8.1. Receiver gain for the main spectrum was 2.0 x 10“

and 8.0 x 10” for the insert. Partial definition of a
splitting of the gy resomance was observed from these
conditions. g-values are indicated below the spectrum. The
circles indicate the theoretical points obtained from a
computer simulation of the spectrum. The g-values employed
for FR1 were 2.025, 1.928 and 1.918, together with linewidths
of 0.8mT,0.95mT and 1.05mT. The g-values for FR2 were 2.025,

1.926 and 1.913, together with linewidths of 0.8mT, 1.0mT and

(o]

1.15mT, D = 8 for both species, € = 60° and o/ = 45
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8lightly saturating for the dithionite reduced signal. This
splitting of the gy resonance was not a8 prominent as that
observed for the bovine-heart succinate dehydrogenase (Salerno
et al. 1979), although the splitting of the gy rescmance
from this enzyme was dependent upon the enzyme preparation in
this latter case. Environmental factors therefore may play a
role in determining what degree of broadening or splitting
occurs in the e.p.r. spectrum and the possibility of the
centres being reasonably close cannot be excluded. The low
degree of splitting may also reflect the distance between the
centres and the orientation of the centres, if the splitting
is due mainly to dipolar interaction. Indeed the
contributions of exchange coupling and dipolar coupling to the
overall interaction may well determine the degree of

broadening and splitting seen (Salerno et al. 1979b).

The most motable observation from the interaction between
the two ferredoxins is the relief of power saturation caused
by the reduction of the second ferredoxin centre, which can be
observed over a wide range of power and temperature settings.
The power profiles of the ferredoxin signal are shown in
Fig.8.3, from samples poised at various redox potentials. A
monophasic profile was seen for potentials where FR1 alone was
paramagnetic and where FR1 and FR2 were paramagnetic. At
intermediate potentials the power profile was biphasic. The
interpretation placed on this is that the two ferredoxin

species had identical relaxation processes when both were
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Figure 8.3

Powe fe i s

Power saturation profiles of the ferredoxin signals from
membranes poised at various redox potentials are shown. The
ambient redox potentials of the samples are shown to the
right of the profiles. The profiles show the change in
relaxation of the succinate reducible centre, as the
dithionite reducible centre titrates. Homogeneous profiles
are shown at -190mV and -400mV. E.p.r. condit-ions were as

described for fig.8.1 and the temperature was 7K. The protein

concentration was approximately 42mg/ml.
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paramagnetic. As FR2 titrated some of the sample had both
centres paramagnetic and some had only FR1 paramagnetic¢, thus
a biphasic profile would result because of the two enzyme
populations, the enzyme containing both egnt.res reduced would
have faster relaxation than that with just FR1 reduced. The
interaction between the two centres caused the increase in
relaxation of both centres, so when FR2 was fully paramagnetic
only the fast relaxing species were present as a result of the
interaction between the centres. Fig.8.4 shows the power
profiles of the e.p.r. spectra from the two reduction states,
together with a difference profile obtained by subtracting the
succinate reduced profile from the dithionite reduced
profile. This profile 1s not indicative of a separate
species, but indicates interaction between the two
ferredoxins. The maximum slope that should be obtainable for
independent species is 1/2, but a region of slope greater than
1/2 is seen from the difference profile. This arises because
in the dithionite reduced profile the contribution from FR1
was no longer that of the profile from succinate reduced
membranes. The profile of FR1 had changed to that observed in
dithionite reduced membranes, so subtraction of the original
profile of FR1, from the dithionite reduced profile, at powers
where FR1 alone saturates, does not remove enough signal
height causing the remainder to be added _to the profile of
FR2, so giving the =slope greater than 1/2 (Salerno ef al.

1979b).
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Figure 8.4

e [o) . & E

Power =saturation profiles from succinate reduced (FR1)
and dithionite reduced (FR1 + FR2) membranes are shown from
the e.p.r. signals at 4.5K. The difference profile of the
dithionite reduced profile minus the succinate reduced profile
is also shown, to illustrate the interaction between FR1 and
FR2. A region is seen in this profile where the slope of the
profile 1is greater than 0.5, indicating interaction between
the two ferredoxin centes (see text). E.p.r conditions were

as described for fig.8.1 and the protein concentration was

69mg/ml.




Signal Height (Arbitary Units)

| P ERCA R R |

Power Profiles, &-5K

difference,
slope>0-5

dithionite reduced

succinate reduced

0-2
Microwave Power{mW)

20




'\

233

Further evidence of interaction between the ferredoxin
centres of fumarate reductase was seen in the detection of a
half-field signal (Steenkamp et al. 1978, Salerno et al.
1979b), from dithionite reduced samples and samples poised at
low redox potentials. This signal is shown in Fig.8.5. and
has a g-value ~ 3.88. This signal is strong evidence for the
existence of spin-coupling between the two ferredoxin centres
{(Mathews et al.1974, Salerno et al. 1979) and arises from the
'forbidden' transitions (A Mg = 2) between the two centres.
The signal titrated to give a mid - potential (pH 7.0) of
approximately -280 mV, (Fig.8.6). This correlates well with
the mid-point potential of the second ferredoxin, indicating
that this signal arises from interaction between FR1 and
another paramagnetic species titrating in this region. Two
species are interacting, both of which are centred around
approximately g = 1.94 and one of which has an E:m of
approximately ~280mV. The homogeneous power profile and the
mid-point potential of the half-field signal indicates FR2 to

be this paramagnetic species.

More than one interpretation can be placed on the results
obtained. The simplest interpretation is that the two
ferredoxin centres have similar g-—va.lges, but different
mid-point potentials and relaxatioin rates. The existence of
both ferredoxins in a paramagnetic state causes interaction

between the two centres and the change in the e.p.r.
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Figure 8.5

E.p,r, half-field 1

E.p.r. spectra recorded in the half-field region are
shown for membranes poised at three redox potentials. The
redox potentials of the samples are shown to the left of the
spectra and the g-values are indicated below the spectra.
E.p.r. conditions were as described for fig.8.1, except
microwave power was 20mW, the receiver gainwas 1 x 106 and

the temperature was 6K. The protein concentration was

42mg/ml.
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Figure 8.6

Potentometric titration of the half-field signals

A potentiometric titration of the half-field signals
observed from the membranes of JRG1031 are shown. The signal
height of the e.p.r. signals is shown plotted against the
ambient electrode potential of the sample. The arrow
indicates the mid-point potential of the g = 3.88 signal.
E.p.r. conditions were as descibed fo fig.8.1 except;
microwave power, 20mW; temperature, 6K and the protein

concentration was 42mg/ml.
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properties observed. However, the explanation proposed by
Salerno et al. (1979b) for bovine-heart succinate
dehydrogenase, cannot be excluded from the results obtained.
In this suggestion the iron-sul phur centres are
indistinguishable, but interaction between them, causes the
second electron to be accepted less readily then the first.
Thus the apparent, low mid-point potential of the second
ferredoxin centre is seen in the titration of the ferredoxin
signal, because of the interaction. The mid-point potential
of the second ferredoxin would be determined from the
mid-point of the couple together with the interaction energy
of the two centres. By necessity the half-reduction potential
of FR2 is always measured in the presence of FR1. A mid-point
potential of -120mV for FR2, together with an interaction
energy of 140mV and a statistical term of 25mV would produce
the measured mid-point potential (-120 - 140 - 25 = =-285mV,

Salerno ef 3l.1979b, J.C. Salerno persoml communication).

The power profiles from dithionite reduced membranes
showed that the relaxation of FR1 and FR2 occurred as a single
species, with an increase in the relaxation rate of the FR1.
The 1increased rate of relaxation of FR1 in the presence of
paramagnetic FR2, was a result of the introduction of a
spin-spin relaxation process ('1‘2), between the two
paramagnetic species. It cannot be excluded that the
relaxation rate of FR2 was enhanced in a similar manner, in

the presence of FR1, as the relaxation of FR2 cannot be

R S,
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measured independently. the faster relaxation of FR1 was
conf irmed by the difference power profile. The faster
relaxation of FR1 may also be explained by reduction by
dithionite caus:l:,ng a conformational change in the protein,
which alters the environment of the iron-sulphur centre, The
relaxation processes of iron-sulphur centres has been shown to
be dependent on the enviromment of the cluster (Ohnishi et
al. 1976a, Salerno gt al. 1977b), so this explanation for
the enhancement of the relaxation of centre FR1 cannot be
excluded. The broadening of the e.p.r. spectra at low
temperatures (dithionite reduced membranes) would suggest that
the relaxation enhancement is due to interaction between
centres, particularly in the light of the partial splitting of
the gy resonmance at 1low temperatures. Knowledge of the
spatial relationships of the two ferredoxin centres would
allow the assessment of the possible interaction mechanisms

and help in the interpretation of the results obtained.

8.2.2 _Interaction between FR1 and FR3 (HiPIP)

The fumarate reductase of E. c¢oli presents a novel system
for the succipate~-fumarate oxido-reductase class of enzymes,
in that the redox chemistry of the clusters is such that FR1
and FR3 can be observed in samples where both centres are
partially paramagnetic (chapter 4). Interaction between these
centres can thus be studied in this enzyme. Samples were thus

poised at redox potentials that best allowed the interaction
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to be studied by e.p.r. (typically -70mV), by titration of
oxidised membranes with sodium succinate. The e.p.r.
spectrum obtained at low temperatures and power (6K, 0.07mW)
is shown in fig.8.7. Under these conditions a broadening of
the g = 2.01 resonance of the HiPIP was seen, together with a
broadening of the gy and gx of FR1. A broadening of
approximately 13 gauss (gy) was measured for the effect on
both species. This phenomenon may indicate that the
interaction between these two centres is large, because they
are only partially in a paramagnetic state. There will be a
residual e.p.r. signal from the non-interacting HiPIP and
ferredoxin centres, so the observed e.p.r. spectrum will be a
composite of these signals. Because the centres are only
partially paramagnetic four populations of the centres will
exist; that with both FR1 and FR3 paramagnetic; those with FR1
or FR3 paramagnetic and that with neither of the two centres
paramagnetic. The population with only FR3 paramagnetic will
give rise to the normal e.p.r. spectrum for this centre. 1In
titrating the membranes with succinate some of the enzyme will
have both centres reduced, some will have only FR1 reduced and
some of the enzyme will have none of the centres reduced. The
size of each population is dependent on the redox chemistry of
the iron-sulphur centres. The power profiles from the
redox-poised samples did indicate two populations for each
centre, those interacting and those non-interacting. Fig.8.8
shows the power profiles for FR1 where this is illustrated
clearly. The P1/2 measured from the interacting population

was greater than that from the non-interacting population,
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Figure 8.7

r, spec of branes sed at -70mV

The e.p.r. spectrum recorded at 4K and 0.07mW microwave
power, from membranes poised at -70mV is shown. The g-values
are indicated below the spectra. The e.p.r conditions were as
described for fig.8.1. The circles indicate theoretical
points derived from a computer simulation of the spectrum.
For FR1, g-values of 2.025, 1.928 and 1.918, together with
linewidths of 0.8mT, 0.95mT and 1.05mT respectively were used
for the simulation. For FR3, g-values of 2.01, 1.99 and 1.55,
together with linewidths of 0.7mT, 2.5mT and 5.5mT

respectively were used. D = 7.5 for both centres and @ = 50°

and o/ = 650.
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Figure 8.8

Powe t d

The power saturation profile of the feredoxin signal
shown, from samples poised at two redox potentials,
indicate the change 1in relaxation behaviour of FR1
interaction with FR3. The ambient electrode potentials of
samples are indicated to the right of the profiles.

e.p.r. conditons were as described for fig.8.1, except
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temperature was 7K and the protein concentration was 42mg/ml.

O S B P VDA i MR

AT e Dl B A S



Signal Height (Arbitary Units)

Power Profiles, Ferredoxin Signal

| I 1 J;
02 20 ‘

Microwave Power (mW)

b T




21

'again indicating the interaction and was dependent upon the

redox potential of the sample (c.f. chapter 4).

Samples poised at the redox potentials that had both
iron-sul phur centres partially paramagnetic were also examined
for the presence of half-field signals. Two signals were
observed in these samples with g-values of approximately 3.88
and 4.02 (fig.8.5.), similar to that observed from the
dithionite reduced or low potential samples. The signals were
at a lower intensity than that observed from dithionite
reduced samples, but again point to the interaction between
FR1 and FR3 being strong. The signals both appeared to
titrate in a 'bell'~shaped manor, which fits with the
hypothesis that they arise from the interaction of FR1 and

FR3.

8.2.3 Contributions of exchange and dipolar coupling

Two types of interaction between paramagnetic specles are
likely to contribute to the interaction between the
iron-sul phur centres of fumarate reductase (Coffman & Buettner
1979a & b, Salerno et al. 1979%b). Interaction which results
from the effect of the magnetic field, of each spin, on the
magnetic moment of the other, is called magnetic dipole-dipole
coupling. A theory was developed by Leigh (1969) to describe

this phenomenon. The dipole-dipole coupling is anisotropic in

R e
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nature and an expression for the angular dependence of the
splitting was presented:

AH/2 = (1-3coszor) / r3

“ers
where "eff is the effective magnetic moment and Or is the
azimuthal angle between the magnetic field and the vector
connecting the two spins. If a splitting of 12-13 gauss is
estimated from the low-temperature spectrum, of dithionite
reduced membranes, then a maximum distance of 232 be tween
centre FR1 and centre FR2 can be estimated by taking
(1-300520r)2 = 4, which is the maximum value for this term.
At angles other than @ = 0, then shorter distances will be
obtained from this equation. An averaged value of the angular
term, as the samples are randomly oriented frozen solids, gave
an estimate of r as approximately 72, when substituted in the

equation for the observed splitting.

The 1lack of observed splitting of the HiPIP and FR1
spectra precludes the use of the previous equation for the
estimation of the distance between the centres. Zweier (1983)
presented an equation for the estimation of the distances
between centres, from the observed broadening of the centres
when both were paramagnetic:

1/2

r = 19.26 (g[S(S+1)] / a3

where g = (gx*gy+gz)1/3 and is the root-mean-square g-value

T R NI L o Y PO . [ R P, W = I
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for spin 2. A H is the broadening of the e.p.r. linewidth of
spin 1. Using this equation , an estimate of 10-158 was
obtained. This distance between FR1 and FR3 will be an
overestimate because of the partial paramagnetic nature of the
sample and hence the full effects of the interaction are not
observed. The distance estimate for FR1 and FR3 suggests that
these two centres are strongly coupled in the fumarate

reductase from E. c¢oli.

The second possible type of interaction between
paramagnetic centres is an isotropic exchange interaction that
occurs due to overlap of the spin orbitals of the two
interacting spins. This type of interaction is only effective
over short range distances and Coffman & Buettner (1979a & b)
showed that there was a limit function for the range of this
type of interaction. They also showed the the strength of the
interaction could be used to estimate the distance between two
centres, or yice yersa (J the coupling constant between the
two centres could be estimated). For a distance of
approximately 108 J could be estimated to have a value of

Nem-I

approximately unity, whilst for a distance of 148 J = 10°
using the 1limit function of Coffman & Buettner (1979). The
interaction between the iron-sulphur centres of fumarate
reductase may contain contributions from both types of
interactions. If the contribution from the exchange
interaction is 1large, then estimates of r from assuming a

largely dipolar interaction will result in errors of the

inter-spin distance. However, the 1limit of exchange
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interaction (antiferromagnetic) was set at approximately 153
by Coffman & Buettner, and that dipolar interactions can be
assumed to be the major type of interaction at distances
greater than 103. The strength of the dipolar interaction
will depend on the relative orientations of the two centres
and hence the two angles Gr and dr (angles of the interspin
vector, r to centre 1, fig.8.18) are required for the accurate

estimation of the inter-spin distance.

The contribution of an exchange term to the interaction
between the iron-sulphur centres would be expected to cancel
the dipolar term if the value of J was large enough

(>250m™ |

D 1S If J was 1in the region of 5—10cm-1 then a
reduction of the observed e.p.r. intensity would be expected,
because of the population of the e.p.r. silent singlet
(S=3/72). The signal would be expected to decrease more
rapidly with temperature than the Curie effect predicts and

could also account for the increased rate of spin relaxation

observed in the fully reduced enzyme (chapter 5).

8.2.4 Estimates of the ipter-spin distances

Ohnishi et al. (1982) presented a method for the
estimation of the distance between two interacting redox
centres, if the mature of the interaction was assumed to be
largely dipolar in nmature. The authors estimated the distance

between cytochromes g and g3 in a cytochrome ¢ oxidase
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preparation. The distance was calculated from the B term of
the dipolar Hamiltonian, that arises from the enhancement of
the relaxation time of the slow relaxing species, by the fast
relaxing species.. The B term was shown to be dominant by Hyde
& Rao (1978). Progressive power saturation was used to study
the 1nteractions between FR1 and FR2 or FR3 using this
method. The saturation parameter P1/2 was used to obtain the
spin-lattice relaxation times (T1) of the two interacting
species, in the absence of interaction. The value of T1 for
FR2 was estimated from the dithionite reduced membranes, as it
was assumed that FR2 was faster relaxing than FR1. T1 was
assumed to be equal to T2 in the absence of interaction. The

relaxation time of the centres was estimated using the

following equations:

P2, T, T, = 1 : kH, = (P1/2)"/?
where ) is the gyromagnetic ratio and k is a constant
dependent upon the cavity loading of the e.p.r.
spectrometer. Thus the shortest possible T1 is found when
T1 = '1‘2. Whilst this assumption is not strictly valid for
FR2, because of the interaction, a usefull estimate of FR2's
relaxation time can be obtained. T2 for FR1 plus FR2 was
estimated from the increased 1line width of the e.p.r.
spectrum of the ferredoxin signal, in dithionite reduced
membranes. T2 was found to be, typically at least an order of

magnitude less than T1, so a large error in the estimation of

Tql of FR2 was not likely to lead to unreasonable estimates for
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this factor. The distance estimate using the equation of
Ohnishi et zgl. (1982) can accommodate errors of upto 25%
without producing large errors in the final estimate, because
of the r6 dependgney of the inter-spin distance. The equation
used for the calculation was:

6 V2 r2

r- o= 52 / 8 &wz @ Yool Tass (1-300529)2

T s 1s 1t

where «w 1is the resonant e.p.r. frequency of the centres and K
is Planck's constant divided by 2~ . émz was calculated from
the g-values of the two interacting centres. Data from the
oriented multilayer studies (chapter 7) was used to estimate
g-values for parallel g-tensors, using g(calec) = g(meas)cos@,
where @ is the angle of the g-tensor to the membrane normal.
The ratio of the spin lattice relaxation times of the slow and
fast relaxing species (T1s/T1f) is required to obtain distance
measurements. This ratio is unlikely to be 1less than 1
(T1f>T1s)' so a lower limit of 1 was set on this value i.e.
T18 = T1f. Fig.8.9 shows the variation of r with @ for FR1
plus FR2. 1Two curves are shown with ratios of 1 and 10 for’
the relaxation times of the two centres. Estimates of r for

these two centres were assumed to lie below the top curve as

this was produced by equal relaxation times for each centre.

For an 1initial estimate the angular factor was averaged
and the distances obtained from the above equation as the
sample is of a randomly oriented solid. For the interaction

of FR1 with FR2 a maximum distance between the two centres of




247

Figure B.9

Varatio the -spin s e with € or FR1 + FR

The inter-spin distance r was calculated using the

12
equation of Ohnishi et al. (1982). The top curve was
calculated using a ratio of 1 for T1s/T1f and the bottom curve
Qas calculated using a ratio of 10 for the same function.
Line A, 1indicates the angle at which the peak of change in
P1/2 occured for FR1 + FR2. Line B, indicates the minimum
distance for which no dipolar spin-spin splitting will be

observed.
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168 was found (fig.8.9), if the relaxation times were assumed
to be equal. 1If the relaxation of FR2 was taken to be 10-fold
that of FR1 then a distance of 118 was estimated between the
centres. The lower limit for which no spin-spin splitting is
observable, from dipolar interaction, was estimated at 12% by
Ohnishi et al. (1982). The estimate of the inter-spin
distance from the line splitting observed for the dithionite
reduced membranes was somewhat smaller at 73, indicating that
there 1is also some contribution from exchange interaction in
this systen, assuming the error in the measurement of the
linewidths was not too great. A lower limit of 9-102 can be
reasonably set for the distance between FR1 and FR2, if it is
assumed that J has a value in the order of a few cm—1. The
upper limit can be set at 128, because of the small splitting

of the gy resonmance that was seen at low temperature.

For the interaction between FR1 and FR3, averaging the
angular factor and substituting in the equation gave a minimum
of 128 for the inter-spin distance (fig.8.10), if the
relaxation times are assumed to be similar. If FR3 was
assumed to relax an order of magnitude faster than FR1 then a
lower value for the minimum distance between the centres was
obtained, at 8%. The value for the ratio of T1s/T1f was
typically found to be 7.55 at 6K. This ratio allowed r to be
calculated at approximately 92 for the distance between FR1

and FR3. This value is in reasonable agreement with that from
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Figure 8.10
Varation of the inter-spin distance with (D,ﬁ for FR1 + FR3

The inter-spin distance, x‘12, was calculated for each
angle using the equation of Ohnishi et al. (1982). The top
curve was calculated using a ratio of 1 for the T15/T1f‘
function and the bottom curve using a ratio of 10 for the same
function. Line A, indicates the peak of change in P1/2 for
FR1, from FR1 + FR2. Line B, indicates the minimum distance

at which no dipolar spin-spin splitting will be observed.
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the observed 1line broadening, of the HiPIP centre and centre

FR1.

The values obtained for the estimates of the inter-spin
distances for the two interacting systems, using the averaged
angular factor can be taken as a useful guide to the distance
between the two interacting spins of each system. From the
distances obtained for both systems it would appear that the

dominant type of interaction was dipolar for both Systems,

8.2.5 Oriented Multilayer Studies

The assumption that the interactions betweem the
iron-sulphur centres of fumarate reductase are largely dipolar
in npature, is a major criterion for the estimation of the
inter-spin distances presented in the previous section. If
the interactions are mainly dipolar in nmature, then an angular
dependency for the interaction of FR1 with FR2, or FR3 should
be observed, if the interactions are studied in oriented
mul tilayers. The multilayers obtained from the E. coli
strain with amplified expression of the enzyme have been shown
to exist as crystalline arrays of the enzyme {(chapter 7).
These membrane multilayers were used to study the interactions
of the iron-sulphur centres of fumarate reductase. The
interactions were studied by observing the changes in the

linewidth and in P1/2, the saturation parameter, for the two
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Figure 8.11

Angular dependence of &P1/2 for FR1 + FR2

The change in P1/2 with angle, for the ferredoxin signal
(gx) from dithionite reduced membrane multilayers minus that
from succinate reduced membranes multilayers, is shown plotted
versus the angle of the multilayers to the magnetic field.
The maximum value of 6P1/2 was taken to indicate the angle
between the interspin vector and the magnetic field. The
maximal interaction will be observed when the vector is
parallel to the magnetic field (@ = 0; (1-300529)2 = 4). The
variation of the signal height is also shown. The temperature

was 6K and the e.p.r. conditions were as described for

fig.8.1.
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Figure 8.12

ar d c i +

The change in the linewidth of the ferredoxin signal (gx)
from membrane multilayers reduced with dithionite, is shown
plotted against the angle to the membrane normal. The peak in
the value for the change in linewidth correlates with the
maximum 6P1/2 observed from these membrane multilayers. the
linewidth was measured from the peak of resonance to the
half-height on the high field side. The temperature was 6K

and the e.p.r. conditions were as described for fig.8.1.
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systems. The angular dependency of the change in P1/2 ( 6P1/2,
gx) and linewidth (gx) of the ferredoxin signal from
dithionite reduced multilayers is shown in fig.8.11 and 8.12.
An angular dependence is clearly observable for the change in
P1/2 and linewidth, confirming the dipolar nature of the
interaction between these two centres. Fig.8.13 to 8.15 show
that the interaction between FR1 and FR3 also shows some
angular dependency. The angular dependencies of the two
interacting systems did not show any 'magic-angle' properties,
in that the line broadening and change in P1/2 did not reach
zero at any angle. This may 1indicate the contribution of
exchange interaction to the two systems, as this type of
interaction does not show any angular dependence (Coffman &
Buettner 1979). This may, however, reflect the mature of the

oriented multilayers and arise from the non-oriented regions

of the multilayer system.

The angle of the maximum change of both P1/2 and
linewidth correlated well in both cases. A reasonable
correlation was observed for signal amplitude of gx of FR1
plus FR2 (chapter 7 & fig.8.11), which had a maximum at
approximate 50° to 20° to the membrane normal. This indicates
that at least part of the signal height observed in the
dithionite rduced membranes, arises from the relief of
saturation of FR1, by interaction with FR2. These maxima can
be taken as indicating the angle between the inter-spin vector

and the magnetic field. The dipolar interactions are maximum
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Figure 8.13

Angular dependence of 6P1/2 for FR1 + FR3

The change in P1/2 (gx) with angle for the ferredoxin
signal from partially reduced oriented membrane multilayers,
is shown plotted versus the angle of the magnetic field to the
membrane normal. E.p.r. conditions were as described for

fig.8.1 and the temperature was 6K.
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Figuer 8.14

dhe apngular dependence of FR1 lipewidth for FR1 + FR3

The change in linewidth (gx) of the ferredoxin signal
from partially reduced membrane multilayers is shown plotted
against the angle of the magnetic field to the membrane

normal. E.p.r. conditions were as described for fig.8.1 and

the temperature was 6K.
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Figure 8.15

ula de of F i
The 1linewidth of the g = 2.01 resonance of FR3, from
partially reduced membrane multilayers, is shown plotted
versus the angle of the magnetic field to the membrane

normal. E.p.r. conditions were as described for fig.8.1 and

the temperature was 5K.
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Figure 8.16

Variation of the angular fupction

The variation of the angular function (1-300520)2, is
shown. The value of the function varies from 4 to 0 and this
will be reflected in the strength of the dipolar interaction
at each angle and also the calculation of the inter-spin
distance, from the equation of Ohnishiet gl. (1982). When
the angular function is zero, the angle is said to be 'magic!',
as the dipolar interaction disappears at this angle

(0 = 54.735%).




Variation of Angular Function
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when (1-300329)2 =4, (8 =0, fig.8.16), which is when the

magnetic field lies parallel to the inter-spin vector. Thus
if these angles are substituted in the equation of Ohnishi et
al. (1982) a reasonable estimate for the inter-spin distance
for each system should be obtained. The angle of maximal
8P1/2 was wused as this was considered to be more accurate,
due to possible errors in measurement of the linewidth. An
angle of 450, obtained from the dithionite reduced
multilayers, gave an estimate of approximately 168 as an upper
limit of the inter-spin distance for FR1 and FR2, if the
relaxation times were assumed to be similar. An estimate of
approximately 103 was obtained if FR2 was assumed to relax
10-fold faster than FR1. For the interaction between FR1 and
FR3 an angle of 650 was used for the calculation, which set an
upper 1limit of 12% and a value of approximately 88 if FR3 was
assumed to relax 10-fold faster than FR1. If the value of
T13/T1f of 7T.55 was used then an inter-spin distance of
approximately 92 was calculated for the interaction between
FR1 and FR3. The angular dependence of the two e.p.r.
properties of the interacting spin systems confirms that the
interactions are largely dipolar in npature and that this
assumption was valid for the estimation of the distances
between the interacing spins. The distances estimated by. the
above methods all show that the iron-sulphur centres of
fumarate reductase are all locat;d in such a manner that
allows the interaction and presumably electron transfer

between the centres.
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A consequence of the crystal membrane structure, obtained
on producing oriented multilayers from the amplified strain of
E. coli, was Fhat the orientation of the inter-spin vector
could be more accurately described. By definition two angles
are required to describe the position of the vector, relative
to the gz and gy of the slower relaxing species. Estimates of
these angles can be obtained by the study of the different
g-tensors of the interacting spins. A different angular
dependence of 6P1/2 was observed when the saturation function
was determined using gz (fig.8.17 & 8.18). Again good
correlation with the signal height observed from dithionite
reduced membrane multilayers was seen. The angles obtained
from these dependencies were used as the angle of the
interspin vector to the gz of spin 1 (Or, fig.8.19). Tne
angles of r to gx of spin 1 (8) were obtained from the angular
dependency of the gx functions. Fig.8.2 & 8.7 compare the
€.p.r. spectra of dithionite reduced membranes and membranes
poised at -70mV, to computer simulations obtained using the
angles obtained from the &éP1/2 plots. The circles represent
the theoretical points obtained from the simulations, using
the parameters shown in the figure legends. It is seen that
good fits of the simulations to the experimental spectra were

obtained. The values of D were obtained from the following

equation:

e - - B, 3
D_uerf/r‘ = S(S +1)g”/ r
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Figure 8.17

A lar d n o z f 1 + FR

The angular dependence of 6 P1/2 obtained from the gz
resonance of the ferredoxin signal from dithionite reduced
oriented multilayers, is shown plotted against the angle
between the membrane normal and the magnetic field. The peak
of O6P1/2 occurs at a different angle to that obtained from
the gy resomance. The variation of signal height is also

shown. E. Pl conditions were as described for fig.8.1 and

the temperature was 6K.
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Figure 8.18

ular d + -

The angular dependence of P1/2, obtained from the gz
resonmance of FR1, is shown plotted versus the angle of the
normal of the membrane multilayer to the magnetic field. The
peak of &6P1/2 occurs at a different angle to that obtained
from the gx resonance., E.p.r. conditions were as described

for fig.8.1 and the temperature was 5K.
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Figure 8.19
Model for the interaction of two rhombic spins

The interaction between the two spins (S1 and S2) is
shown with the angles required to describe the spatial
orientation of the spins relative to each other. The
orientation of the magnetic field is given by the angles © and

[ H the orientaion of the inter-spin vector r between the

12’
two spins is given by OR and 6R.




Mode! for the Orientation of Two
Interacting Spins
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For FR1 plus FR2 the value of D was allowed to vary from 2
(r = 168) to 12 (r = 9%). The best fit of the simulations to
the experimental spectrum was obtained when D was
approximately 8, which set r at 10.5%. Similarly for the
interaction between FR1 and FR3, the spectrum could be best
fit by the simulation if D had a value of 7.5, which sets r at
approximately 8.53. The simulations thus confirmed that the
estimates obtained from the oriented multilayer studies were
reasonable and that it was reasonable to assume that the

interactions were largely dipolar.

A picture of the overall geometry of the iron-sulphur
centres is presented in fig.8.20, showing the distances and
angles estimated from this present study. The orientations of

the iron~-sulphur centres themselves is not shown for clarity.

8.3 Conclusions

Two interacting spin systems have been demonstarted
between the iron-sulphur clusters of the E. coli fumarate
reductase. Centre FR1 has been shown to interact with both
centre FR2 and FR3 (HiPIP). These interactions were observed
by the changes they induced in the e.p.r. properties of the
centres. The interactions were shown to be largely dipolar in
both cases as an angular dependency of the change in e.p.r.

properties of the centres was observed, and allowed the
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Figure 8.20

Model for the jinteraction of the iron-sulphur centres of
fumarate redu se

A sketch of the spatial relationships of the iron-sulphur
clusters of fumarate reductase is shown. The angles of the
inter-spin vectors to the g-tensors of FR1 are those obtained
from the oriented multilayer studies. The distance estimates
are the limits set by T1s/T1f values of 1 and 10 for the upper
and lower limits respectively. The g-tensors of the centres

are not shown in their orientations, to clarify the

orientation of the inter-spin vectors.
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estimation of the inter-spin distances for both systems , from

these observed changes.

The observed effects of the interactions were
linebroadening of the e.p.r. spectra, relief - from power
saturation and the observation of half-field signals. The
latter phenomenon in particular indicates the presence of
interacting species, and adds further evidence for the
existence of the second binuclear feredoxin centre in this
enzyme. A distance of approximately 103 was estimated between
the two ferredoxin centres, by the method of Ohnishi et al.,
indicating that the centres were close enough for electron
transfer to occur between them. The existence of only a very
small degree of splitting of the e.p.r. spectrum indicates
that the two centres are oriented close to the magic-angle and
this was confirmed by the angles measured from the oriented
multilayer studies. The small degree of splitting also
indicates that the contribution of exchange interaction to the
system is small as would be expected from the distance

estimate.

The interaction between the HiPIP centre and FR1 was
shown to be largely dipolar in mature also, and an estimate of
the inter-spin distance of 93 was obtained. This also
demonstrated the existence of possible electron flow from FR3
to FR1. The measurement of the interaction between these two

centres was performed in samples that only contained part of
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the centres in a paramagnetic state, i.e. mnot all of the
population of each centre in the sample was paramagnetic.
Thus the interaction between these two centres must be fairly
strong and the value of the inter-spin distance can only be

taken as an estimate.
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CHAPTER NINE

General Conclusions
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9.1 The prosthetic groups of fumarate reductase

The number and type of iron-sulphur clusters in
succinate-fumarate oxido-reductases from other sources have
been the subject of controversy (Albracht 1980, Beinert &
Albracht 1982), The e.p.r. detectability of the cluster
paramagnetic in the oxidised state, and the second 'binuclear'
ferredoxin cluster is dependent upon the enzyme preparation.
The results presented in this thesis, to characterise and
quantitate the iron-sulphur clusters from the E,. coli
fumarate reductase, were largely performed on the membrane
bound enzyme to minimise the 1loss of e.p.r. de tectable
centres or the introduction of artefacts by preparative
procedures. A centre detectable in oxidised membranes with a
mid-point potential (pH 7) of approximately -30mV was shown to
be present at approximately the same concentration as the
covalently bound flavin. This centre (FR3) was similar to
that from succinate dehydrogenase (chapter 4), though it is
detectable over a wider temperature range. This centre may be
ftrinuclear' in nmature, because of its similarity to 83 of
succinate dehydrogenase, which may be of this type (Jonnson et
al. 1985). The difference in the e.p.r. propertiesz and
relaxation rates may be due to the different enviromments of
the two centres, as it has been proposed that the relaxation
mechanisms of binuclear and tetranuclear clusters are

sensitive to these changes (Bertrand & Gayda 1979, Gayda et
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al. 1976, Salerno et al. 1977a, Blum et al. 1979).

The e.p.r. =signals produced upon reduction by succinate,
or the poising of membranes at approximately -200mV, indicated
the presence of a 'binuclear' ferredoxin centre, as described
for succinate dehydrogenase (Ohnishi et al. 1976).  This
centre had a mid-point potential (pH 7) of approximately -50mV
and was present at the same concentration as the covalently
bound flavin., The presence of a second 'binuclear' ferredoxin
centre was shown upon reduction by dithionite and at low redox
potentials, by the increased signal intensity of the
ferredoxin signal wunder non saturating conditions. This
centre was also measured at a 1 : 1 ratio to the covalently
bound flavin, under specific e.p.r. conditions, and had a
mid-point potential (pH 7) of approximately -280mV. The study
of this second centre was complicated by the presence of FR1

and interaction with that centre.

The relaxation time of the iron-sulphur centres was
characterised by the temperature dependence of their e.p.r.
properties. The succinate reducible ferredoxin centre was

shown to be similar to that reported for other iron-sulphur

clusters, and exhibited well characterised relaxation
processes, though its relaxation was somewhat faster than S1
from succinate dehydrogenase (chapter 5). Because the

fumarate reductase was membrane bbund, this may allow the
faster relaxation of the iron-sulphur clusters by dissipation

of their energy via the vibrational energy of the protein
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molecule to the membrane. The relaxation of the ferredoxin
signal was sSeen to be enhanced upon reduction of the second
ferredoxin centre. The €.p.r. signal behaved as a
homogeneous species, with faster relaxation than for FR1
alone. The iron-sulphur cluster paramagnetic in the oxidised
state was shown to be rapidly relaxing. Enhancement of its
and FR1's relaxation was observed in samples containing both

centres in a paramagnetic state.

A broad e.p.r. spectrur was also observed from dithionite
reduced membranes and membrane poised at low redox
potentials. This centre was present at approximately 1/10th
of the concentration of the other iron-sulphur centres. It
was suggested that this centre may be the product of cluster
conversion from the 'trinuclear' cluster (FR3), as this type
of conversicn has been shown to occur easily upon reduction by
dithionite (Emptage et al. 1980, Thomson et al. 1981). This
centre has been suggested to be FR2, but its low detectable
spin concentration appears to exclude this. However, an E

m7
of -2b0mV was observed for this centre.

The flavin moiety of fumarate reductase was shown to
behave in a sicilar parner to that from succinate
dehydrogenase, though a different mid-point pcterntial (pH 7,
n=2) at =-12mV was found for the fumarate recductase flavin,
The pK value of the protonation step for the fully recduced
flavin was determined, but that for the semiguinone could not

be determined in the pH range studied. The flavir semiquinone
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was present as the protonated (neutral) form in the pH range
studied (6 to 9). The flavin semiquinone was shown to be
reasonably stable and thus capable of acting as a converter

from 1-electron to 2-electron transfer steps.

The reversal of electron flow in fumarate reductase, as
compared to succinate dehydrogenase, can be accounted for by
the redox chemistry of its prosthetic groups. Electrons are
presumably donated to centre FR3 (Em7’ -30mV) from menaquinone
(Em7 (n = 2), =TimV), by analogy with succinate dehydrogenase

where electrons are passed to ubiquinone from centre S3. The

electrons are then passed to centre FR1 (E ~50mV), the

n7’
flavin moiety (Em7 (n = 2), -12mV) then receives the electrons
from centre FR1 and possibly centre FR2, which are then passed
to fumarate (Em7 succinate-fumarate couple, 30mV). The
possibility of the electron transfer steps has been shown by
the interactions between the centres and their spatial
relationships (chapter 8). The role of FR2, as that of S2
from succinate dehydrogenzse, is still uncertairn, =as its
measured mid-point potential was -280mV. However as this was
measured in the presence of paramagnetic FR1, it may not be
the true Em? of FR2, but may reflect interaction with FR1 and
thus the greater difficulty in reducing this centre (chapter
8). The possibility of FR2 receiving electrons fror F3 cannot

be excluded (either directly of via FR1); also the flavin may

interact with this iron-sulphur centre.
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9.2 Membrane location of the cafalytic site and the prosthetic
£roups

The E. ¢oli respiratory fumarate reductase has been
studied in its membrane bound form, using a strain of E. c¢ogli
that had amplified expression of the enzyme (JRG1031), as well
as a wild-type strain (EMG2). The location of the fumarate
reductase on the cell membranes is of prime importance in
considering the energetics of respiration that utilises
fumarate as the terminal electron acceptor, as the
stoichiometry of proton translocation will be dependent upon
its location. The weight of experimental evidence has placed
major catalytic subunits of fumarate reductase on the
cytoplasmic aspect of the cell membrane (Van der Plaas et al.
1983, Lemire et al. 1983). However the location of the site
of reduction need not have been cytoplasmic. That the
catalytic site was indeed cytoplasmic in location was shown by
the requirement for the uptake of fumarate into whole cells
before its reduction. The requirement for the transportation
of fumarate into the cells was shown by the removal of, cr
interfererce with, the uptake causing loss of, or reduced

rates of, fumarate reduction in whole cells {(chapter 3).

The location of the catalytic portion of fumarate
reductase or the cytoplasmic aspect of the cell membrane was
shown by Lemire et al. (1983). The location of the
prosthetic groups of fumarate reductase, namely the flavin

moiety and the iron-sulphur centres, was thus igplied to be




273

cytoplasmic also. The question still arose as to whether or
not these prosthetic groups were located close to the membrane
surface, The flavin moiety can be assumed to be located thus,
because it has. been shown to be bound to the 69 Kdalton
subunit (Dickie & Weiner 1979), wnich was shown to be membrane
extrinsic by Lemire et al. (1983). The location of the
iron-sul phur subunit has been implied to be in the
iron-sul phur subunit (27 Kdalton), by the primary structure of
this peptide, deduced from the nucleotide sequence of the gene
encoding it (Cole et al. 1982, Guest et al. 1984). It seems
likely that all three clusters are located in this peptide as
three groups of cysteine residues were identified from this
sequence, Weiner et al. (1984) proposed that the
flavoprotein peptide encased the ircn-sulphur peptide to some
extent and that both are membrane extrinsic. By wusing
dysprosium(III)-EDTA as a paramagnetic probe to perturb the
e.p.r. properties of the three iron~sulphur centres, it has
been shown that they are all located close to the surface of
the cytoplasmic membrane (chapter 5). The effects of
dysprosium(III) were similar in membrane bound and isolated
proteins, adding weight tc the propccsitic: thet the
ircn-sulphur centres are in the membrane extrinsic portion of
furarate reductase. Centres FR1 and FR3 were show to be
located deep within the catalytic subunits, wusing the method
of Blum et al. (1983), by analogy to the Chromatiun vinosur

HiPIP centre which is known tc be located centrally in its

protein.
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9.3 QOrientation and spatial relationships of the _prosthetic

oups

Interactions have been shown to occur between the
prosthetic groups of the E. c¢oli fumarate reductase (chapters
4 & &), by the observed changes in the e.p.r. properties of
the iron-sulphur centres when more than one centre was
paramagnetic, Namely relief of power saturation at low
temperatures and line &broadenirg of the e.p.r. spectra.
Interactions were observed between FR1 and FR2, FR1 and FR3
and FR1 and the flavin semiquinone. The distances between the
interacting groups were estimated by assuming that the
interactions were predominantly dipolar in nmature. From the
perturbations of the e.p.r. properties of the randomly
oriented =solid samples (frozen membrane suspensions) an
averaged distance between interacting centres was estimated.
The inter iron-sulphur centre distarces for FR1 and FR2, and
FR1 and FR3 were shown tc be approximately 9—123 in both
cases, by the method of Ohnishi et al. (1982). The distance
between FR1 and the flavin moiety was similarly shown to

approximately 11-173. The feasibility of electron transfer

between the prosthetic groups was therefere shown (chapter

8).




275

The location of the succinate reducible ferredoxin centre
close to the flavin moiety poses the question of which subunit
it is located in.' As mentioned previously it has been implied
to be located in the iron-sulphur subunit, so if this is the
case then it must be located in such a position that allows it
to be close enough to interact with the flavin. This is
possibly close to the junction of the two catalytic subunits.
This location may allow the iron-sulphur cluster to utilise a
cysteine residue fror thelflavoprotein subunit, as two of the
cysteine residue clusters require a further ligand tc form
intact iron-sulphur clusters (Guest et al. 1984). An
alternative source for a 1ligand has been proposed to be a
nitrogen from one of the amino acid residues (Adman 1979).
The HiPIP centre (FR3;, analagous to S3 of succinate
dehydrogenase, can be proposed to be located in a position
close tec the membrane interface that allows interaction with
the menaquinone moieties in the membrane. This may account
for the 1lability of this centre and the low values obtained
for the nor-haem iron and acid-labile sulphur determiraticrs

cf Cole et al. (1982), which were performed on the catalytic

dimer.

Crientation studies on the membrares derived from the
fumarate reductase amplified strain showed that the protein
molecules were ordered into a crystalline array upon
production of the merbrane multilayers. Multileyers procducecd

from a wild-type strain of E. ¢coli did not exhibit a
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equivalent to FR1 and FR3 (Albracht et al. 1981, Unden et
al. 1984). Both enzymes contain the same covalently bound
flavin moiety which had similar mid-point potentials (Em7

(n = 2), -20mV for the W. succinogenes enzyme).

9.4 Future developments

The nature of the HiPIP-type centes in the
succina te-fumarate oxidoreductases has become of interest
since the discovery of the three-iron clusters, and the
implication that the centre S3 was of this type (Johnson et
al. 1985). The similarity of the e.p.r. signals of fumarate
reductase to those of succinate dehydrogenase has implied that
the iron-sulphur clusters are cf the szne type in the two
enzymes. However, this is required to be confirmed by
experimental evidence. Studies similar to those of Johnson gt
al. (1985) are required to further characterise centre FR3
and determine the mature of this cluster i.e. whether it is
the degradation product of a 4Fe-centre. The nmature of the
second ferredcxin centre (FR2) has been further complicated by
the report of the 'broad' ferredoxin signal, which titrated in
the same region as that in which centre FR2 was detectatle
(R. Cammack, personal communication). Its low spin
Gquantitaior, in the membrane bound enzyrme, appears to exclude
this centre from being FR2, but it cannot be excluded that

this centre is not fully e.p.r. detectable. The first

excited state (S = 3/2) may be significantly populated. That
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this centre is the result of comversion from FR3; either from
a 3Fe~centre to a UFe-centre or between redox states of a
YFe-centre (+1 and +3); has been proposed, but additional data

is required to confirm this.

It has been assumed that FR3 receives electrons from
menaquinone in a similar manner to that ir whick succinate
cehydrogenase donates electrons to ubiquinone. However, no
interaction between FR3 and the menaquinone free radical was
observed in the membrane preparations used in this study.
This may however be due to the titration of the flavin irn the
same region and its large signal masking that of the quinone.
Further studies, perhaps using a mutant of E. c¢oli 1lacking
the flavin moiety, may provide additional information. It has
been reported that the anchor polypeptides of fumarate
reductase are required for quinone reductase activity
(Cecchini et al. (1984), so these subunits may bind
menaguinore ir a similar manner as succinete dehdrogenase

binds ubtiquinone.

The location of the iron-sulphur clusters has been
implied by the sequence of the catalytic subunits to be in the
iron-sul phur subunit. However direct experimertal eviderce ic
required to confirm this location. Thus e.p.r. studies on
the isolated iron-sulphur subunit, or on a mutant strain
lacking frdA may revezl the 1lccaticn of the ircr—sulphur

centres.
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The cystalline nature of the multilayers produced from
the fumarate reductase amplified strain of E. c¢oli, has been
shown. The fumarate reductase was shown to be 1n a well
ordered enviromment, within the membranes. This was distinct
from the gross order observed by Weiner et al. (1984). These
membranes thus lend themselves to use for structural studies
of the enzyme, because of the ease of preparation of the
samples and their high levels of the enzyme., The knowledge of
the detailed structure of fumarate reductase and succinate
dehydrogenase will provide evidence for many of the guestions
that are still unanswered or for which partial answers have

been found.
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