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ABSTRACT

The spectroscopic, kinetic and structural properties of electron transferring 
flavoprotein (ETF) from Methylophilus methylotrophus (sp. W3A1) have been 
investigated. Recombinant ETF has been expressed and purified, and its 
spectroscopic properties compared with those of native ETF by UV/visible 
spectrophotometry, fluorescence spectroscopy, circular dichroism spectroscopy and 
HPLC. The kinetics of electron transfer between W3A1 ETF and its physiological 
redox partner, trimethylamine dehydrogenase (TMADH), have been investigated in 
the presence and absence of glycerol to determine the effects of hydrodynamics on the 
electron transfer rate. It was found that the kinetics of electron transfer are unaffected 
by the concentrations of glycerol used in these analyses. Small angle X-ray solution 
scattering has been used to generate low resolution, model-independent molecular 
envelope structures for M. methylotrophus ETF, human ETF and Paracoccus 
denitrificans ETF. These analyses have indicated that all forms of ETF sample a 
range of conformations in solution. These studies suggest that an “induced fit” 
mechanism accounts for assembly of the TMADH-ETF electron transfer complex. 
Fluorescence and absorption spectroscopy studies of the TMADH-ETF complex have 
indicated that a series of conformational changes occur during complex assembly, and 
that electron transfer within mutant TMADH-ETF complexes can occur while the 
complex is in one or more metastable states. Furthermore, these studies have 
indicated that ETF undergoes a stable conformational change (termed structural 
imprinting) when it interacts transiently with TMADH. The imprinted form of ETF 
exhibits an enhanced rate of electron transfer to the artificial electron acceptor 
ferricenium. These studies show that the properties of electron transfer proteins can 
be affected lastingly by transient interaction with their physiological redox partners. 
This may have significant implications for our understanding of biological electron 
transfer reactions in vivo.
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A bbreviations

ABBREVIATIONS

In addition to the standard abbreviations for chemical elements, amino acids 

and nucleotides, the following abbreviations have been used throughout this thesis, in 

some cases without prior definition:

ADP Adenosine diphosphate

AMP Adenosine monophosphate

CC Cytochrome c

CCP Cytochrome c peroxidase

CD Circular dichroism spectroscopy

DCPIP 2,6-dichlorophenolindophenol

DE52 Diethylaminoethyl cellulose

DMA Dimethylamine

DMI 1,2-dimethylimidazole

DNA Deoxyribonucleic acid

DTT Dithoithreitol

EDTA Ethylenediaminetetra-acetic acid

eT Electron transfer

ETF Electron transferring flavoprotein

ETF0X Oxidised ETF

ETFsq Semiquinone ETF

ETF-QO Electron transferring flavoprotein ubiquinone oxidoreductase

FAD Flavin adenine dinucleotide

FMN Flavin mononucleotide

FTIR Fourier Transform Infrared Spectroscopy

GAPDH Glyceraldehyde-3 -phosphate dehydrogenase

HPLC High performance liquid chromatography

IPTG Isopropyl-/?-D-thiogalactopyranoside

MADH Methylamine dehydrogenase

MCAD Medium chain acyl Co-A dehydrogenase

MIP Molecularly imprinted polymer

MMO Methane monooxygenase



A bbreviations

NMR Nuclear magnetic resonance

OD5 9 5 Optical density at 595 nm

PAGE Polyacrylamide gel electrophoresis

PMS Phenazine methosulphate

PMSF Phenylmethylsulphonyl flouride

PRK Phosphoribulokinase

SAXS Small angle X-ray scattering

SDS Sodium dodecyl sulphate

TEMED N, N, N’,N’ - tetramethylethylenediamine

TMA Trimethylamine

TMAC Trimethylammonium chloride

TMADH Trimethylamine dehydrogenase

Tris 2-amino-2-hydroxymethylpropane-1,3 -diol

TTQ Tryptophan tryptophylquinone

UV Ultraviolet

Mutant enzymes are represented using the one-letter code for the wild-type 

amino acid, the number of the amino acid in the primary sequence, and the one-letter 

code for the amino acid in the mutant protein, e.g. Y442G denotes tyrosine 442 

mutated to glycine.
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Chapter 1. Introduction

CHAPTER 1 

INTRODUCTION

1.1 Biological Electron Transfer

Electron transfer reactions are some of the most ubiquitous and fundamental 

reactions in biological systems. They play a vital role in many physiological reactions, 

such as respiration and photosynthesis, nitrogen fixation, steroid synthesis and the 

metabolism of xenobiotic compounds. For example, the transfer of electrons from 

ferrocytochrome c to cytochrome c oxidase drives the pumping of protons across the 

mitochondrial inner membrane during respiration (Stryer, 1995). Also, the transfer of 

electrons from adrenodoxin to cytochrome P450 drives the catalytic cycle of cytochrome 

P450 during the synthesis of cholesterol (Coon et al., 1992).

During protein-mediated electron transfer, reducing equivalents flow down a 

potential energy gradient between redox centres, which act as localised potential energy 

wells. Directionality of the flow of reducing equivalents is achieved by sequential 

transfer of electrons along a series of redox centres of increasing midpoint potential. 

Many examples of protein-mediated electron transfer occur between multiple redox 

centres housed within the same protein molecule, e.g. the photosynthetic reaction centre 

of Rhodopseudomonas viridis (Deisenhofer & Michel, 1989). Interprotein electron 

transfer reactions involve shuttling of electrons between redox centres housed in separate 

macromolecular electron carriers. For example, transfer of electrons occurs between 

haem groups housed within cytochrome c and cytochrome c peroxidase (Pelletier & 

Kraut, 1992). Typically, the orbital overlap between the electron donor and the electron 

acceptor is weak (redox centres are normally separated by distances of 10 - 20 A), but 

nonetheless interprotein electron transfer reactions occur at extremely fast rates and 

exhibit a very high degree of specificity.

1.1.1 Theory of Protein-Mediated Electron Transfer

The basic equation for describing rates of electron transfer (keT) is "Fermi's 

Golden Rule" (Eq. 1.1);

1



Chapter 1. Introduction

2 (Eq.  1.1) 

'ft
K r ^ -^ H ^ F C )

where h = Planck's constant, h = h/2n and FC is the Franck Condon factor (see below). 

Basically, this equation is composed of two parts; keT = (electronic factor)2(nuclear 

factor). The electronic factor, i.e. that the electronic coupling matrix element (F /a b )  

represents the electronic coupling between the wave functions of the reactant(s) and the 

product(s), and can only be understood in quantum mechanical terms. However, the 

nuclear factor (i.e. the Franck Condon factor, FC) can be understood in classical terms 

provided that the frequency of the nuclear motions are not too high in relation to 

temperature (Marcus & Sutin, 1985).

1.1.2 The Nuclear Factor in Determining kcT

The Franck Condon principle states that transfer of electrons between redox 

centres (i.e. the movement of charge within a chemical system) is accompanied by a 

nuclear reorganisational event due to changes in the equilibrium positions of the polar 

groups in the system. The energy terms that comprise the Franck Condon factor can be 

illustrated using nuclear potential energy curves (Marcus & Sutin, 1985; Gray & Winkler, 

1996). These are represented graphically in Figure 1.1. The nuclear potential energy of 

the reactant(s) and the surrounding medium can be summarised as a single harmonic 

oscillator potential. The potential energy of the product(s) can be described in a similar 

way, but the lowest point on the product potential energy curve (i.e. the equilibrium 

position of the nuclei in the product system) is displaced on the nuclear coordinate axis 

and lies at a lower potential energy than that of the reactant system. The difference in 

potential energy between the equilibrium positions of the reactants and the products is

AG°, the driving force for the electron transfer reaction. Because electrons are extremely 

light particles in comparison to atomic nuclei, movement of electrons cannot drive 

nuclear reorganisation. Therefore, electron transfer can only occur when the nuclear 

coordinates of the reactant(s) and produces) are identical (i.e. at the intersection of the 

potential energy curves of the two systems). The energy required to shift the nuclear 

coordinates of the reactant(s) to this intersection point (i.e. the transition state) is the

2
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Figure 1.1
Nuclear potential energy curves to illustrate the energy terms comprising the nuclear 
factor of protein electron transfer (after Gray & Winkler, 1996). In this scheme, the R 
curve and the P curve represent the nuclear potential energies of the reactant system and 
the product system, respectively. AG° = the Gibbs free energy change, AG = the 
activation energy, and X = the reorganisational energy.
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j|g
activation free energy, AG . However, as the electronic coupling between redox centres 

in biological systems is so weak, there is a very low probability that electron transfer will 

occur at the transition state, and typically the reactant(s) potential energy will oscillate 

beyond the potential energy intersection with the product(s) many times before electron 

transfer will occur. The third energy term is the nuclear reorganisational energy (X), 

which is defined as the energy required to shift the nuclear coordinates of the reactant(s) 

at equilibrium to a geometry identical to that of the produces) at equilibrium, but without

electron transfer taking place. The equation relating the activation free energy (AG ) to

the free energy change (AG°) and the reorganisational energy (X) is;

. (A. + A G 0)2 (Eq. 1.2)
AG = ----------------

4A

This equation is known as the "Marcus energy gap law". The form of the equation is 

such that where -AG° < X, AG decreases as -AG° increases, and hence the reaction rate 

increases as a function of -AG°; this is known as the normal region. The normal region 

continues until -AG° = X, at which point AG = 0; this is known as the activationless 

region, and in this case the reaction rate is at a maximum. As -AG° increases beyond this
sjt

point (-AG° > X), AG increases once again and the reaction rate falls, giving rise to the 

inverted region. When the vibrational energies of the nuclear motions (hco) are small in 

comparison to the Boltzman thermal energy of the system (&BT) it is possible to describe 

the Franck Condon factor classically. The "golden rule" equation hence takes the form;

jl _ H j n  -(AG®+A)2 /4ART

eT h(4xART)'n (Eq E3)
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1.1.3 The Electronic Factor in Determining &eT

The electronic coupling matrix element (#ab) is a measure of the electronic 

coupling between the wavefunctions of the product(s) and the reactant(s). Where there is 

extensive orbital overlap between redox centres {i.e. when is very high) and once the 

potential energy intersection between R and P states is reached, the transferring electron 

oscillates between reactant and product, resulting in a "splitting" of the reactant and 

product potential energy curves (by a value of 2Hab) and a smooth transition of the 

system from reactant to product. In this case, the electron transfer reaction is said to be 

"adiabatic", and the reaction can be defined in terms of the thermodynamic parameters 

Ai f  and AS4. However, as previously stated, in biological systems orbital overlap 

between redox centres is weak, and the probability of electron transfer at the potential 

energy intersection is low. Therefore, there is no splitting of the R and P potential energy 

terms, and the reaction is said to be "non-adiabatic". In this case, the electron tunnels 

from donor to acceptor through the intervening protein medium. The relationship 

between //ab and the electron tunneling pathway distance (r) is described by Gamow's 

tunneling equation;

where Ho = electronic coupling at van der Waals separation and f3 is the electronic decay 

factor. The value of p  depends on the medium through which the electron must tunnel, 

and varies from zero (for electrons tunneling through a fully conjugated pathway) to 2.8

Experimental investigation of electron transfer in proteins has suggested an

(Eq. 1.4)

A 1 (for electrons tunneling through a vacuum). The rate of electron transfer is related to 

the electron tunneling pathway distance (r) by the following equation;

P(r-T0) -{AG°+X)2 /4ART
(Eq. 1.5)

intermediate value {fi = 1.4 ± 0.2 A*1) for electron tunneling through a typically packed

4
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protein matrix (Moser et al., 1992). However, this does not specifically address 

inhomogeneities in polypeptide structure between redox centres in specific electron 

transfer complexes. It is likely that any such inhomogeneities will have evolved in order 

to influence electron tunneling rates to the physiological advantage of the system. 

Recently, Dutton and co-workers (Page et al, 1999) formulated an empirical expression 

to account for variations of /? in exergonic electron tunneling rates;

logioAeT =  13.0 — (1 ,2-0.8/>)(/i -  3.6) -  3.1 (AG + A.)2/ X. (Eq. 1.6)

This expression includes a term for the packing density (p) of protein atoms in the 

volume between redox centres. One may define p as the fraction of the volume between 

redox centres that is within the united van der Waals radius of intervening the atoms. 

Thus far, this equation has proven to be the most accurate in predicting rates of 

physiological electron transfer.

1.1.4 Kinetic Complexity

In biological electron transfer reactions, reaction steps other than the actual 

electron transfer event (non-eT reaction steps) sometimes define the rate at which the 

overall electron transfer reaction occurs. The kinetic complexity model for electron 

transfer postulates that formation of the active electron transfer complex may be 

dependent upon non-eT reaction steps (Davidson, 1996). Clearly, if such reaction steps 

are rate-limiting then the observed reaction rate (&0bs) will not be representative of the rate 

of electron transfer (kej), and the reaction will not be susceptible to analysis by Marcus 

electron transfer theory. Such reactions are said to be "gated" electron transfer reactions. 

For gated electron transfer reactions, solvent conditions such as viscosity, ionic strength 

and pH can alter the observed electron transfer rate by affecting the non-eT reaction steps 

that are a prerequisite to electron transfer within the complex. Reaction steps that may 

define the observed electron transfer rate in “gated” electron transfer reactions include 

ligand binding, protonation/deprotonation and changes in protein conformation. For 

example, kinetic studies of the electron transfer reaction between aminoquinol 

methylamine dehydrogenase and amicyanin have revealed that electron transfer rates are

5
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gated by a proton transfer step in this complex (Bishop & Davidson, 1995). Furthermore, 

kinetic studies using laser flash photolysis have confirmed that electron transfer reactions 

between zinc(II) cytochrome c and two of its redox partners, ferricytochrome b5 and 

plastocyanin, are gated by a conformational rearrangement process (Qin and Kostic, 

1994). In this case, it has been postulated that small-scale conformational changes (not to 

be confused with the Franck Condon nuclear reorganisation event described previously) 

in one or more of the components of the electron transfer complex are required for the 

formation of the active complex. Also, studies of the methanol dehydrogenase- 

cytochrome Cssn electron transfer complex have indicated that conformational changes 

within the complex contribute to the observed rates of electron transfer (Harris et al., 

1994).

1.2 The Study of Interprotein Electron Transfer

1.2.1 Methods for the Study of Interprotein Electron Transfer

In order that we might have a more complete understanding of the physical and 

chemical processes that occur in interprotein electron transfer complexes it is desirable to 

have model systems that may be characterised in terms of their physical and chemical 

interactions. Ideally, the constituent proteins of such model systems should be easy to 

purify in large quantities, they should be sufficiently robust to withstand physical and 

chemical manipulation, and they should be readily susceptible to chemical and/or genetic 

modification. Interactions between components of electron transfer complexes have been 

studied by structural, spectroscopic, kinetic and modelling techniques, and a 

complementary approach involving several of these techniques is usually desirable. X- 

ray crystallography has been used to obtain static structural information for physiological 

electron transfer complexes, such as the cytochrome c peroxidase-cytochrome c complex 

(Pelletier & Kraut, 1992) and the methylamine dehydrogenase-amicyanin-cytochrome 

c55ii complex (Chen et al., 1994). Kinetic experiments using laser flash photolysis have 

been used to establish that rates of protein mediated electron transfer reactions can be 

gated by small-scale configurational fluctuations (Qin & Kostic, 1994). More recently, 

X-ray scattering, a low-resolution structural technique, has been used to probe large-scale 

conformational changes that occur during the assembly of the methane monooxygenase

6
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electron transfer complex (Gallagher et a l, 1999). Brownian dynamics simulations of 

protein-protein association have also been used to investigate the diffusional, electrostatic 

and conformational factors involved in complex assembly for a variety of protein systems 

(Gabdoulline & Wade, 2001).

1.2.2 The Cytochrome c Peroxidase -  Cytochrome c System

Cytochrome c peroxidase (CCP) is a monomeric, 31 kDa haemoprotein found in 

yeast mitochondria, and is a member of a superfamily of plant, bacterial and fungal 

peroxidases (Bosshard et al, 1991; Welinder et a l, 1992). CCP catalyses the two- 

electron reduction of hydrogen peroxide to water by ferrous cytochrome c (CC) in the 

following reaction (Yonetani, 1976);

2Fe2+CC + H20 2 +2H+ -»  2Fe3+CC + H20

During this reaction, CCP undergoes a two electron oxidation by peroxide to form 

an intermediate, termed compound I, which contains two oxidising equivalents, one on 

the haem in the form of a ferryl iron species [Fe4+=0] and another as a cation free radical 

on the Trp-191 side chain (Sivaraja et a l, 1989; Huyett et a l, 1995). Compound I is 

subsequently re-reduced by two sequential electron transfer reactions from reduced 

(ferrous) CC. Kinetic analyses have shown that reduction of the Trp-191 radical occurs 

prior to reduction of the haem (Hahm et a l, 1992,1993,1994; Pappa et a l, 1996).

The cytochrome c peroxidase-cytochrome c electron transfer complex is one of 

the most studied and best understood model systems for interprotein electron transfer. 

The proteins fulfil the criteria outlined above for an ideal model system, and detailed 

molecular structures are available for both of the individual proteins (Takano and 

Dickerson, 1981; Ochi et al., 1983; 1990; Louie and Brayer, 1990; Finzel et a l, 1984; 

Wang et a l, 1990). Many different techniques have been utilised in an attempt to 

characterise the interactions of these two proteins, the most influential of which will be 

discussed below.

A computer model for the molecular interaction between CCP and CC was 

developed (Poulos & Kraut, 1980). The model postulated that the interacting surface

7
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between the two proteins comprised four salt bridges between the ring of positively 

charged residues surrounding the haem of CC and a patch of negatively charged residues 

on the surface of CCP. The distance between the haem of CCP and the haem of CC was 

calculated as 25 A. The model was calculated with the intention of maximising the 

interacting surface between the two proteins while minimising the distance between 

redox centres, but it is nonetheless a static interpretation of the complex. Northrup et al. 

(1988) used Brownian dynamics simulations to probe the possible interactions between 

CCP and CC. In these simulations, it was determined that there are three sites on the 

surface of CCP where the criteria for docking with CC are met. The electrostatic 

potential energy of the interaction between CCP and CC was calculated for a range of 

relative molecular orientations, and it was found that the electrostatic potential energy 

minima corresponded to the docking sites on the surface of CCP. These electrostatic 

potential energy minima for interaction were located adjacent to Asp-34, Asp-148 and 

Asp-217 of CCP. An analysis of the ionic contacts in over 200 potential complexes 

(formed at these three putative sites) concluded that no single complex structure was 

significantly more favourable than the others. More recently, Brownian dynamics 

simulations have been used to calculate theoretical rates of protein-protein association for 

a range of reacting proteins, including CC and CCP (Gabdoulline & Wade, 2001). 

Theoretical association rates were calculated with respect to diffusional encounter and 

electrostatic translational and orientational steering between the two proteins. The most 

favourable structure for each complex was derived from computation of Boltzmann 

factors of the protein interaction energies. The results of these simulations indicated that 

the theoretical association rate for the most energetically favourable CC/CCP complex is 

sufficiently high to accommodate a two-step electron transfer mechanism, in which the 

proteins first associate with the aid of electrostatic steering, and electron transfer then 

takes place via a short-range step. This supports the hypothesis that electron transfer 

takes place in a stable, specific electron transfer complex and is not the product of 

transient, non-specific associations.

In 1992 the structure for a complex formed by yeast CCP and CC was determined 

at 2.3 A resolution (Pelletier & Kraut, 1992); this is one of a very few structures available 

for a soluble, transiently-formed physiological electron transfer complex, and its

8
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determination allowed a direct comparison with the theoretical models for the complex. 

The crystal structure of the CCP:CC complex from yeast is shown in Figure 1.2. In 

contrast to the computer model developed by Poulos & Kraut (1980), the crystal structure 

of the complex revealed that the predominant forces that stabilise the complex are 

hydrophobic and van der Waals interactions. The closest approach distance at the 

interface of the two molecules is a weak intermolecular hydrogen bond (3.3 A) between 

Glu-290 of CCP and Asn-70 of CC. However, there was significant overlap between the 

intermolecular interaction surfaces suggested by computer modeling and that observed 

from the crystal structure, and there was a good agreement between the haem-haem 

distance calculated from the model and that calculated from the crystal structure (25 A 
and 26 A respectively). The crystal structure suggests that the electron transfer pathway 

between CCP and CC may consist of a short chain of residues, Trp-191, Gly-192, Ala- 

193 and Ala-194, in CCP. The indole ring of Trp-191 (the site of the cationic radical 

intermediate) is in van der Waals contact with the haem of CCP. Pelletier & Kraut also 

solved the crystal structure for a complex between CCP and horse CC. In this structure, 

horse CC is shown in complex with CCP in an orientation very similar to that of the yeast 

CC/CCP complex. The authors considered this as evidence of a unique binding site for 

CC on the surface of CCP, which is in direct contradiction to the results of the Brownian 

dynamics simulations.

More recently, crystallographic evidence has suggested that CCP might undergo a 

conformational change during electron transfer. Crystals structures have been 

determined for mutant (F202G) and wild-type CCP saturated with an exogenous ligand 

(Cao et al., 1998). The structure of F202G CCP saturated with 1,2-dimethylimidazole 

(DMI) shows displacement of a five amino acid loop (Pro-190 to Asn-195) which 

exposes Trp-191 to the protein surface. Similarly, from the structure of wild-type CCP 

saturated with 2-amino-5-methylthiazolium iodide (2a5mt) it was calculated that the 

fractional occupancies of the “closed” (no displacement) and “open” (Pro-190 to Asn-195 

displaced as in the F202G structure) conformers were approximately 0.8 and 0.2 

respectively. Using the above data in conjunction with solution kinetic data from the 

ligand binding reaction it was calculated that in the absence of ligand approximately 4% 

of the wild-type protein will exist in the open-loop conformer at any given time.
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Figure 1.2
A stereo a-carbon representation of the CCP:cc complex structure from yeast (Taken 
from Pelletier & Kraut, 1992). The exposed methyl group (CBC) on the cytochrome 
c haem and the two residues on CCP (Ala193 and Ala194) that serve as a docking site 
for CBC are labeled.
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However, as the half-life of loop opening was found to be vastly in excess of 100 s, it 

remains unclear whether or not this particular conformational change plays any 

significant role in propagating the electron transfer reaction. It should also be noted that 

we do not, as yet, possess any detailed structural information on the oxidised form 

(complex I) of CCP, and hence we cannot say with any degree of certainty whether or not 

the oxidation state of the enzyme affects its conformation.

Kinetic analyses have also been utilised to elucidate the mechanism of the 

CCP/CC interaction. Laser-flash photolysis has been used to investigate the effects of 

configurational gating on the rate of electron transfer from CC to CCP (Mei et al., 1999). 

Laser excitation of a rubipyridine-bound derivative of CC (Ru-39-CC) in complex with 

CCP results in extremely rapid electron transfer from the rubipyridine component to the 

haem of CC, and hence enabled measurement of electron transfer rates from the haem of 

CC to Trp-191 of CCP. The rate constant of the interprotein electron transfer step was 

measured as 2 x 106 s’1. This rate was independent of both temperature and viscosity of 

the medium, and hence it was concluded that the reaction was not gated by 

configurational fluctuations within the complex and that the measured rate constant for 

the interprotein electron transfer step represented the intrinsic electron transfer rate. 

Zhou and Hoffinan (1993,1994) used CC zinc-substituted haem to investigate the steady- 

state electron transfer reaction from the ferric haem of CCP to zinc-CC, thus 

circumventing the normal physiological reaction involving the Trp-191 radical. Their 

studies have shown that CCP possesses two CC binding sites, one of which has a much 

higher affinity for CC than the other and is presumed to be the site suggested by the 

crystal structure of the complex. Binding of CC at the low affinity site is increased at low 

ionic strength. Fluorescence quenching studies (Komblatt & English, 1987) and 

potentiometric studies (Mauk et a l, 1994) both support the contention that CCP can bind 

two molecules of CC. Subsequently, Hoffinan and coworkers attempted to examine the 

electron transfer reaction at the low affinity binding site by using redox inert copper- 

substituted CC as a competitive inhibitor (Zhou et a l, 1995). The results of these 

experiments seem to suggest that the electron transfer rate is approximately 1000-fold 

greater than that observed at the high affinity site. However, this conclusion has met with 

significant disagreement. In Miller et a l (1996), a bulky sulfhydryl reagent, 3-(N-
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maleimidylpropionyl)-biocytin (MPB) was introduced at residue 193, inside the high 

affinity binding site of CCP. The effect of this modification was to reduce the transient 

and steady-state electron transfer rates 20-100 fold. However, the low rate of catalysis of 

the modified enzyme was constant irrespective of ionic strength, which seemed to 

indicate that the low affinity complex formed between CCP and CC at low ionic strength 

is not electron transfer reactive. Following on from this result, Miller (1996) proposed a 

complete mechanism for the steady-state oxidation of CC by CCP. It was suggested 

that, at low ionic strength, the rate of catalysis at the high affinity binding site is limited 

by the rate of dissociation of CC, and that binding of CC to the low affinity site increases 

the rate of CC dissociation at the high affinity site. This “substrate assisted 

displacement” was consistent with the NMR studies of Yi et a l (1994). The location of 

the low affinity binding site on the surface of CCP was elucidated by site-directed 

mutagenesis (Leesch et a l, 2000). The second binding site was found to be focussed 

around residues 146-150 of CCP, which is the region where the haem of CCP is closest to 

the surface of the protein and which corresponds exactly to one of the electrostatic 

potential energy minima found in the Brownian dynamics studies of Northrup et a l 

(1988). As well as locating the second binding domain, Leesch et a l (2000) use their 

kinetic data to calculate kinetic and thermodynamic parameters for the binding of CC to 

CCP. In their interpretation of the results, they incorporate the negative cooperativity 

proposed by Miller (1996) into their kinetic scheme; binding of CC to one site on CCP 

decreases the affinity of the other site for CC approximately four-fold. However, they 

also conclude that the low affinity binding site is catalytically active and that it possesses 

a reactivity constant 10-fold greater than that of the high affinity binding site.

In conclusion, although kinetic analyses have helped to confirm the existence of a 

second CC binding domain on CCP and to highlight its importance in the catalytic 

process, there is still much disagreement concerning the precise role of the second 

binding domain. Despite a wealth of structural, computational and kinetic data we still 

do not have a complete mechanism for the steady-state electron transfer reaction between 

CC and CCP. However, recent developments, such as the purification of a highly 

deuterated recombinant CCP for use in NMR studies (Savenkova et a l, 2001) will 

undoubtedly continue to lead us towards a more complete understanding of the system.
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1.2.3. The Methylamine Dehydrogenase -  Amicyanin -  Cytochrome cssii System

Methylamine dehydrogenase (MADH) is an enzyme present in the soluble 

electron transfer pathways of several Gram-negative bacteria, where it enables these 

organisms to use methylamine as a source of carbon (Mclntire et a l, 1991; Davidson, 

1993). MADH from Paracoccus denitrificans is a 125 kDa heterotetramer with two sets 

of identical subunits. Each of the smaller subunits contains a tryptophan 

tryptophylquinone (TTQ) cofactor. MADH catalyses the oxidative deamination of 

methylamine to formaldehyde and water. The two electrons derived from the substrate 

are passed sequentially to amicyanin, a type I blue copper protein (Husain & Davidson, 

1985). In vitro studies have indicated that electrons are subsequently passed from 

amicyanin to cytochrome C55ii (Husain & Davidson, 1986). The terminal electron 

acceptor in the electron transfer pathway is a membrane bound oxidase (Davidson, 1993).

The methylamine dehydrogenase-amicyanin-cytochrome c55n system represents 

one of the best structurally characterised electron transfer complexes. The structures of 

MADH in isolation, of MADH in complex with amicyanin, and of the complex between 

MADH, amicyanin and cytochrome C55U have all been solved by X-ray crystallography 

(Chen et al., 1992. 1994). The crystal structure of the complex between MADH, 

amicyanin and cytochrome C55H is shown in Figure 1.3. The orientation of MADH with 

respect to amicyanin is identical in both the binary and the ternary complex. The crystal 

structure shows a concave region between the heavy (H) and light (L) subunits of MADH 

interacting with a convex region of amicyanin. The interacting surface between MADH 

and amicyanin is largely hydrophobic, and comprises 25 residues from MADH (8 

residues from the H subunit and 17 from the L subunit) and 20 residues from amicyanin 

which form an interacting surface of approximately 750 A2. In addition, the interface 

between MADH and amicyanin is stabilised by one strong salt bridge and one weak salt 

bridge, and three solvent molecules are present at the interface between the two proteins. 

The interface between amicyanin and cytochrome C55H is smaller (approximately 430 A2) 
and more hydrophilic than that between MADH and amicyanin. Amicyanin and 

cytochrome C5sn interact via one salt bridge, four hydrogen bonds, one Glu-Asp 

interaction and two solvent molecules.

12



Figure 1.3
The crystal structure of the ternary complex formed between methylamine 
dehydrogenase, amicyanin and cytochrome C5 5 U (Taken from Chen et al., 1994). This 
space-filling model depicts the (HLAQ2 octamer. The colour scheme is as follows: 
yellow and brown for the two H subunits, green for the L subunit, blue for amicyanin, 
purple for cytochrome, and red for TTQ and for the haem group of the cytochrome, 
which appears partially exposed.
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It has been demonstrated that the ternary complex is kinetically active in its 

crystalline state (Merli et a l, 1996). MADH can be oxidised by methylamine, and 

electrons are transferred from MADH to amicyanin and from amicyanin to cytochrome 

C55U. This observation supports the contention that the structure of the ternary complex in 

the crystalline state is an accurate representation of the structure of the ternary complex in 

solution. Also, cross-linking studies have indicated that amicyanin contacts both MADH 

subunits and that the complex is stabilised by hydrophobic interactions (Kumar & 

Davidson, 1990).

Site-directed mutagenesis has also been used to probe the binding interaction 

between MADH and amicyanin. Mutation of Phe-97 of amicyanin to Glu severely 

disrupts binding, establishing the importance of hydrophobic interactions involving this 

residue (Davidson et a l, 1997). Also, mutation of Arg-99 and Lys-6 8 , the two residues 

on the surface of amicyanin which respectively form the strong and weak salt bridges 

with MADH, affect the dissociation constant and the ionic strength dependence of 

complex formation. More recently, mutational studies where both MADH and amicyanin 

are mutated have confirmed the role of the strong salt bridge that forms between Arg-99 

of amicyanin and aAsp-180 of MADH in stabilising the complex (Zhu et a l, 2000). 

These studies have also enabled the formulation of a sequential model for the interaction 

of the two proteins that is consistent with thermodynamic and structural data. According 

to this model, an initial hydrophobic interaction between the two proteins is followed by 

a repositioning of Arg-99 and aAsp-180 to form the strong salt bridge that stabilises the 

complex.

The PATHWAYS II program has been used as a guide to predict the electron 

transfer pathways from MADH to amicyanin and from amicyanin to cytochrome C55n 

(Chen et a l, 1994). The program predicted two prominent paths from the TTQ of 

MADH to the copper cofactor of amicyanin, one involving Trp-108 of TQQ and another 

involving two main chain residues of the L subunit. Calculation of the relative 

efficiencies of these two pathways indicated that in the latter the coupling is about three­

fold more efficient than in the former, but this depends critically on the presence of a 

solvent molecule which may not be present in solution. Similarly, the program predicted 

two prominent paths from the copper of amicyanin to the iron of cytochrome C5sii, one
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involving Cys-92 of amicyanin and another involving Met-98. Both pathways were 

predicted to be of equal efficiency, but recent modifications in the Pathways algorithm to 

include contributions from the anisotropy of metal-ligand coupling result in the 

prediction that pathways via Cys-92 should be at least 100-fold more strongly coupled 

than the pathways via any of the other copper ligands (Davidson et a l , 2000). However, 

experimental studies involving site-directed mutagenesis of cytochrome cssii along the 

pathway involving Cys-92 have failed to confirm this prediction, leading to speculation 

about the usefulness of the Pathways algorithm in predicting electron transfer pathways 

for ET reactions of metalloproteins.

The molecular event that is responsible for gating the electron transfer reaction 

from MADH to amicyanin is the transfer of a solvent exchangeable proton (Bishop & 

Davidson, 1995). The rate of the proton transfer reaction is influenced by pH and by the 

concentration of monovalent cations (Bishop & Davidson, 1997). Prior kinetic studies 

have revealed that MADH binds monovalent cations, which results in an increase in the 

observed rate of electron transfer between MADH and amicyanin (Gorren et al., 1995). 

X-ray crystallography has been used to identify two putative monovalent cation-binding 

sites on the surface of MADH (Labesse et al., 1998); a proximal site which is stabilized 

by several oxygen ligands, and a distal site which requires cation-7c interactions involving 

residue aPhe-55. Studies involving site-directed mutagenesis have revealed that cation 

binding to the proximal site is responsible for the enhancement of the rate of gated 

electron transfer, and cation binding to the distal site is responsible for spectral 

perturbations in MADH (Sun & Davidson, 2001).

Interestingly, there is substantial kinetic evidence to indicate that cytochrome C55n 

cannot accept electrons from free amicyanin, and that cytochrome c55ii can only accept 

electrons from amicyanin in the presence of MADH (Husain & Davidson, 1986; Gray et 

al., 1986; Davidson & Jones 1995,1996). Potentiometric analysis revealed that binding 

of MADH to amicyanin decreases the redox potential of the copper cofactor of amicyanin 

by 73 mV, which facilitates the otherwise thermodynamically unfavourable transfer of 

electrons to cytochrome £5511 (Gray et al., 1988). Structural, mutagenesis and 

potentiometric studies have revealed the molecular basis for this complex dependent 

effect (Zhu et a l, 1998). In free solution, the midpoint potential (Em) of amicyanin is
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strongly dependent on pH. This pH dependence correlates with a single protonated 

ligand of the copper cofactor, His-95, which possesses a pK& of 7.5. Protonation of His- 

95 is associated with a conformational change of this residue. When amicyanin is bound 

to MADH the conformational “flipping” of His-95 is stearically hindered, which shifts 

the pATa of amicyanin to a much lower value. This eliminates the dependence of the Em 

on pH over physiologic ranges and hence facilitates electron transfer to cytochrome cssii- 

Although it is still not clear why the system should have evolved in this manner, these 

findings are significant because they demonstrate the means by which complex formation 

may alter the redox properties of the interacting proteins.

1.2.4 The TMADH/ETF system

There is still a significant lack of detailed structural information for many 

physiologically relevant electron transfer pathways because many electron transfer 

systems involve membrane-bound proteins and complexes, which are not amenable to 

conventional structural analyses. Therefore, although many advances have been made in 

the study of interprotein electron transfer, such studies are still dominated by a relatively 

small number of well-characterised systems. The limitations imposed upon the study of 

interprotein electron transfer create a requirement for the study of novel model systems 

for interprotein electron transfer. Discovery and investigation of such systems will 

hopefully eventuate in a broader, more holistic understanding of the molecular basis of 

interprotein electron transfer reactions and of the macromolecular processes involved in 

the assembly of electron transfer complexes. The TMADH-ETF complex from 

Methylophilus methylotrophus (sp. W3A1) is ideal for such investigations. The genes 

encoding both proteins have been cloned and sequenced, and the catalytically active 

proteins have been expressed (Boyd et al., 1992; Chen & Swenson, 1994). Both proteins 

are soluble, stable, and can be readily purified from both native and recombinant sources 

(Steenkamp & Mallinson, 1976; Steenkamp & Gallup, 1978; Scrutton etal, 1994; Chen 

& Swenson, 1994). The crystal structures for native and recombinant TMADH have 

been solved (Lim et a l, 1986; Trickey et al, 2000). Although attempts to obtain a 

crystal structure for free ETF have been unsuccessful (White et a l, 1994), the TMADH- 

ETF complex has been crystallised and a structure for the complex is awaited (Scrutton,
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NS -  personal communication). The kinetics of electron transfer within the TMADH- 

ETF have been the subject of extensive analysis (Huang et al, 1995; Wilson et al, 1995; 

Wilson et al, 1996; Wilson et al, 1997b; Basran et al, 2000). The macromolecular 

assembly of the TMADH-ETF complex has been investigated using analytical 

ultracentrifugation techniques (Wilson et al., 1997a) and molecular modelling (Chohan et 

al., 1998). In the two subsequent sections a more detailed examination of these proteins 

and of their interaction is presented.

1.3 TMADH

1.3.1 Structure and Function of TMADH

The enzyme trimethylamine dehydrogenase (TMADH) is an iron-sulphur 

flavoprotein that catalyses the oxidative demethylation of trimethylamine to form 

dimethylamine and formaldehyde (Steenkamp & Mallinson, 1976);

(CH3 )3N + H2 0  -► (CH3 )2 NH + CH20 + 2H+ + 2e'

The enzyme is found in methylotrophic bacteria where it enables the organism to 

subsist on trimethylamine as the sole carbon source. TMADH is a homodimer, and each 

subunit has a molecular mass of 83 kDa (Lim et al., 1986). Each subunit consists of three 

domains; a large, medium and small domain, which are composed of four segments of the 

amino acid chain. Segment 1 (380 residues) corresponds to the large N-terminal domain, 

segments 2 and 4 (115 and 50 residues, respectively) comprise the medium domain and 

segment 3 (55 residues) forms the small domain. Each TMADH subunit contains three 

cofactors; a flavin mononucleotide (FMN), a 4Fe-4S centre, and a molecule of ADP. The 

large domain of TMADH is an 8 -stranded parallel a/p barrel, which forms the active site 

of the enzyme and contains the covalently bound (6 -*S,-cysteinyl) FMN and the 4Fe-4S 

centre, which are located in close proximity to each other (the distance between the 

isoalloxazine ring of the FMN and the 4Fe-4S centre is approximately 6  A). The medium 

and small domains both consist of 5 - stranded parallel p sheets surrounded by a  helices 

and anti-parallel p sheets. The medium domain contains a molecule of ADP, but this is 

not thought to posses any catalytic or regulatory activity; the enzyme is not sensitive to
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ADP concentration, and the tightly bound ADP cofactor does not exchange with radio- 

labeled ADP in solution (Scrutton, 1994).

Following binding of substrate to TMADH, the two electrons derived from the 

demethylation reaction initially reduce the covalently bound FMN in the active site (the 

reductive half-reaction). The two electrons are then sequentially transferred to the 4Fe- 

4S centre (intraprotein electron transfer). Subsequently, interprotein eT occurs when 

TMADH binds to its physiological electron acceptor, electron transferring flavoprotein 

(ETF), and one electron is passed from the 4Fe-4S centre of TMADH to the flavin in 

ETF (the oxidative half-reaction). In vivo, substrate reduction of one subunit of TMADH 

reduces it to the 2-electron level (though 3-electron reduction of TMADH is possible 

using dithionite as a reducing agent). The distribution of the two electrons can be either 

a) fully reduced (dihydroquinone) FMN and oxidised 4Fe-4S centre, or b) semiquinone 

FMN and reduced 4Fe-4S centre.

13.2 Reaction Kinetics of TMADH

Much work has been carried out to unravel the kinetics of the reductive half­

reaction of TMADH (Steenkamp & Mallinson, 1976; Steenkamp & Beinert, 1982a,b; 

Rohlfs & Hille, 1991, 1994; Rohlfs et a l, 1995; Huang & Hille, 1995; Huang et al, 

1996; Falzon & Davidson 1996a,b; Jang et a l, 1999). Analyses of the reduction of 

TMADH using the non-physiological substrate diethylmethylamine (DEMA) have 

enabled the determination of a complete mechanism for the reduction of the FMN 

cofactor and the 4Fe-4S centre (Rohlfs & Hille, 1994). Substrate reduction of TMADH 

has also been investigated using stopped-flow kinetic spectroscopy (Steenkamp & 

Beinert, 1982a,b). These analyses revealed that reduction of the FMN cofactor is 

extremely rapid (ti/2 < 2 ms), and that the intramolecular electron transfer step (electron 

transfer between the FMN cofactor and the 4Fe-4S centre on TMADH) is the rate 

limiting step in the reductive half reaction (fan, = 100 s'1). It was also observed that rates 

of intramolecular electron transfer are dependent on the concentration of substrate. It was 

suggested that substrate binding might alter the redox potentials of the flavin and/or the 

4Fe-4S centre, thus rendering intramolecular electron transfer less favourable. 

Subsequent analyses revealed that the intramolecular electron transfer step exhibited
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multiphasic behaviour (Falzon & Davidson, 1996a,b). At low substrate concentrations 

transients were fast and monophasic, but as the concentration of substrate was increased 

the transients became biphasic, and an increasing proportion of the amplitude was 

contributed to by the slow phase. At very high substrate concentrations slow, 

monophasic transients were observed. It was suggested that there may be a second, 

inhibitory binding site for TMA on TMADH. However, there is no structural evidence 

for a second TMA binding site, and more recent kinetic evidence has suggested that 

discrete inhibitory substrate-binding site is not required to account for the effects of 

excess substrate inhibition (Jang et al., 1999). Finally, the steady-state reaction of 

trimethylamine dehydrogenase (TMADH) with the artificial electron acceptor 

ferricenium hexafluorophosphate (Fc) has been studied by stopped-flow spectroscopy, 

with particular reference to the mechanism of inhibition by TMA (Roberts et a l, 1999). 

It was established that substrate inhibition is attributable to partitioning between redox 

cycles in TMADH. In the steady state reaction of TMADH with TMA the enzyme 

undergoes two alternate redox cycles, termed the 0/2 and 1/3 cycles on the basis of the 

number of reducing equivalents present in the oxidized/reduced enzyme encountered in 

each cycle. Partitioning between these redox cycles is dependent on both TMA and 

electron acceptor concentration.

Rational engineering of the active site of TMADH has succeeded is selectively 

altering the specificity of TMADH in favour of the non-physiological substrate 

dimethylamine (DMA) (Basran et a l, 1997). A triple mutant of TMADH was generated 

(Y60Q-S74T-W105F) which exhibited increased specificity for DMA relative to TMA 

(h J K A quotients for reaction with the triple mutant were 7.42 s^M ' 1 and 1.85 s^M'1, 

respectively). The change in specificity was attributed to substantially reduced rates of 

flavin reduction with trimethylamine and poor binding of the substrate to the active site.

There has also been a considerable body of work concerning the oxidative half­

reaction of TMADH. However, before discussing the oxidative half-reaction of TMADH 

in any detail it is first necessary to introduce its physiological electron acceptor, ETF, and 

the family of proteins to which it belongs.

18



Chapter 1. Introduction

1.4 Electron Transferring Flavo protein

1.4.1 The ETF Superfamily

Electron transferring flavoproteins (ETFs) function as physiological electron 

carriers between degradative enzymes in bacteria and mitochondria and their respective 

membrane-bound electron transfer pathways (Thorpe, 1991). ETFs have been isolated 

from bacterial (Methylophilus methylotrophus (sp. W3A1), Megasphaera elsdenii and 

Paracoccus denitrificans) and mammalian (human, pig and rat) sources. Mammalian 

ETF has a very broad specificity, and is known to accept electrons from at least nine 

primary flavoprotein dehydrogenases. These include the four straight-chain-specific fatty 

acyl-CoA dehydrogenases (short, medium, long and very-long chain acyl-CoA 

dehydrogenase), as well as several dehydrogenases involved in amino acid and choline 

catabolism (Roberts et al., 1996). Reducing equivalents from these dehydrogenases are 

transferred to ETF, and are then transferred sequentially to ETF-ubiquinone 

oxidoreductase (ETF-QO) and finally to ubiquinol-cytochrome c oxidoreductase, 

complex HI (Ruzicka & Beinert, 1977). In contrast, ETF from M. methylotrophus is 

highly specific in terms of its electron donor. Thus far, the only electron donor for M. 

methylotrophus ETF that has been identified is TMADH (Steenkamp & Gallup, 1978; 

Davidson et al., 1986). M. methylotrophus ETF cannot be reduced by other 

dehydrogenases from M. methylotrophus, such as methylamine dehydrogenase or 

methanol dehydrogenase, or by dehydrogenases from other organisms.

All ETFs are heterodimeric. The molecular masses of the two subunits range 

from 31-42 kDa for the large (a) subunit and 25-38 kDa for the small (fi) subunit. All 

ETFs contain one non-covalently bound flavin adenine dinucleotide (FAD) redox centre 

with the exception of the M. elsdenii protein, which contains two equivalents of FAD 

(Whitfield & Mayhew, 1974). ETFs from human, pig, P. denitrificans and M. 

methylotrophus also contain one equivalent of AMP, which is thought to play a role in 

protein folding. It has been shown that AMP facilitates the reconstruction of holo-ETF 

from the guanidine-denatured protein (Griffin etal., 1997; Swenson & Chen, 1996).

The genes encoding ETFs have been cloned and sequenced from several different 

sources; human (Finocchiaro et a l, 1988), rat (Shinzawa et a l, 1988), P. denitrificans 

(Bedzyk et a l, 1993) andM  methylotrophus (Chen & Swenson, 1994), and three of these
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(human, rat and M. methylotrophus) have been expressed as the active protein. Of the 

ETFs for which sequences have been reported, human and P. denitrificans ETF share the 

highest degree of similarity (about 54%), whereas ETF from M. methylotrophus is only 

moderately conserved (about 30% identity with both human and P. denitrificans). 

Between all ETFs for which the amino acid sequence is known, one of the most highly 

conserved regions of polypeptide sequence is a region near the C-terminus of the large 

subunit (Chen & Swenson, 1994). This polypeptide sequence contains a highly 

conserved GXGXXG motif and an acidic residue at its C-terminus, and represents a 

consensus sequence for FAD binding.

The crystal structures for human and P. denitrificans ETF have been solved at 2.1 

A and 2 .6  A resolution, respectively (Roberts et a l, 1996; Roberts et al., 1999). The 

overall fold for both human and P. denitrificans forms of ETF is identical. The structure 

of human and P. denitrificans ETF consists of three distinct domains. Domains I and II 

comprise the N- and C-terminal regions of the a subunit, respectively, while domain HI 

consists entirely of the P subunit. The FAD cofactor resides in a cleft between the C- 

terminal half of the a subunit (domain II) and the P subunit (domain HI), while the AMP 

molecule is associated solely with the p subunit.

A molecular model has been generated for the complex formed between human 

ETF and one of its physiological electron donors, medium chain acyl-CoA 

dehydrogenase (MCAD) (Roberts et a l, 1996). This was achieved by manual inspection 

of the two structures, followed by rigid body energy minimization using the X-PLOR 

package. The model depicts a surface area of interaction between the two molecules of 

approximately 3400 A2, and a flavin-flavin distance of approximately 19.5 A. However, 

the authors suggest that conformational flexibility in one or both proteins may decrease 

the distance between the two flavins in the soluble complex by as much as 3-4 A.
There are only two notable structural differences between human and P. 

denitrificans ETF. Firstly, in human ETF the polypeptide chain between residues 90 and 

96 of the p subunit is folded into an a-helix, whereas in the P. denitrificans protein this 

sequence is in the form of a random coil. Secondly, when the structures of human and P. 

denitrificans ETF were superimposed it was found that domain I of human ETF is twisted 

by approximately 4° when compared to the orientation of domain I in P. denitrificans
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ETF. This difference in gross molecular structure is probably not related to donor and/or 

acceptor specificity, as the only region of these proteins which is known to influence 

reactions with primary dehydrogenases and ETF-QO is domain m, the N terminal region 

of the f$ subunit (Herrick et a l, 1994). On the basis of this observation it was suggested 

that these ETF proteins may be flexible in free solution, and that this flexibility may play 

a role in electron transfer reactions (Roberts et a l, 1999).

1.4.2 ETF from M. methylotrophus
ETF from M. methylotrophus (sp. W3A1) is a highly specific electron carrier that 

accepts electrons only from TMADH, and consists of two subunits with molecular 

masses of 34 kDa and 29 kDa (Chen & Swenson, 1994). In addition to its FAD cofactor, 

the protein also contains a tightly bound molecule of AMP associated with its |3 subunit 

(DuPleiss et a l, 1994). Although the function of this AMP molecule has not been 

determined, there is evidence to suggest that it is involved in the folding of the 

holoenzyme (Swenson & Chen, 1996; Griffin et a l, 1997). The genes encoding the 

subunits of W3A1 ETF have been cloned and sequenced, and the active protein has been 

expressed in E. coli (Chen & Swenson, 1994), but thus far a crystal structure for the 

protein has not been obtained, though extensive trials have been carried out (White et al,

1994). Both native and recombinant forms of W3A1 ETF are purified predominantly in 

the semiquinone (one electron-reduced) form (Steenkamp & Gallup, 1978; Chen & 

Swenson, 1994). W3A1 ETF has one of the most highly positive redox potentials (+ 

0.154 Volts) of any known flavoprotein (Byron et a l, 1989; Talfoumier et al, 2001). 

This is consistent with its need to accept electrons from the 4Fe-4S redox centre of 

TMADH, which has a redox potential of +0.102 Volts. With its FAD cofactor in its 

oxidised state, W3A1 ETF can accept one electron from TMADH and dissociate from its 

redox partner with the FAD reduced to the semiquinone level. Semiquinone ETF does 

not act as an electron acceptor for TMADH in steady state reactions, and further 

reduction of isolated W3A1 ETF to its dihydroquinone state can only be accomplished 

electrochemically (Byron et a l, 1989). However, it was recently discovered that ETF 

can be reduced fully to its dihydroquinone form, both enzymatically (by substrate 

reduction) and chemically (by dithionite reduction) when it forms a complex with
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TMADH (Jang et al, 2000). It was estimated that binding of ETF to TMADH shifts the 

redox potential of the FADsq/FADhq couple of ETF from -  0.197 Volts to about 0  Volts. 

Such a large change in redox potential is indicative of a substantial change in the 

environment of the flavin, which in turn suggests that ETF may undergo a large-scale 

conformational change when it binds to TMADH.

1.4.3 Electron Transfer between TMADH and ETF

The kinetics of electron transfer between TMADH and W3A1 ETF have been 

studied by stopped-flow spectroscopy (Huang et a l , 1995). These analyses used both 

native TMADH and TMADH that had been covalently modified to inactivate one or the 

other of its two redox centres. TMADH was treated with phenylhydrazine (which results 

in the addition of a phenyl moiety at the C-4a position of the flavin) to render its FMN 

cofactor redox inactive, and reduced with dithionite to load one electron onto the 4Fe-4S 

centre. Similarly, TMADH was treated with ferricenium hexafluorophosphate to render 

its 4Fe-4S centre inactive, and reduced with trimethylamine to transfer reducing 

equivalents onto the FMN cofactor. Analysis of the reaction rates between oxidised ETF 

and all three forms of reduced TMADH revealed that electrons are transferred from 

TMADH to ETF solely through the 4Fe-4S centre of TMADH. The results also yielded a 

value for the dissociation constant (£d) for electron transfer from TMADH to ETF of 10 

pM. The kinetics of this reaction are not affected by high salt concentrations, indicating 

that electrostatic forces do not influence the association or dissociation of the 

TMADH/ETF complex. The kinetics of electron transfer between substrate reduced 

TMADH and the inorganic electron acceptor ferricenium hexafluorophosphate have also 

been studied by stopped flow spectroscopy (Wilson et a l, 1995). These analyses, 

together with the previously determined crystallographic coordinates of TMADH, led to 

the suggestion of a putative electron tunneling pathway from the 4Fe-4S centre of 

TMADH to the FAD of ETF, which involves Tyr 442 of TMADH. This in turn led to the 

proposal of a putative ETF binding pocket on the surface of the enzyme; a large concave 

surface with approximate dimensions of 1 ,2 0 0  A2. Subsequent work investigated further 

the role of Tyr 442 in the electron transfer pathway by investigating the electron transfer 

reaction between ETF and either wild type or mutant TMADH (Wilson et a l, 1997).
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Mutation of Tyr 442 to either Phe or Leu resulted in modest reductions in the observed 

rates of electron transfer from TMADH to ETF (1.4-fold and 2.2-fold respectively). 

However, mutation of Tyr 442 to Gly resulted in a substantial decrease in the electron 

transfer rate (approx. 30-fold), and in an increased dissociation constant for the complex. 

There are several postulates to explain these observations; a) Tyr 442 may be located on 

the electron tunneling pathway between the 4Fe-4S centre of TMADH and the FAD of 

ETF, and hence mutation of this residue may decrease the extent of electronic coupling 

between electron donor and acceptor, b) Tyr 442 may be directly involved in stabilising 

the interaction between TMADH and ETF. c) Mutation of Tyr 442 to Gly may cause a 

change in the local protein structure in the putative binding pocket on the surface of 

TMADH, and hence indirectly affect the interaction between the two proteins. Evidence 

for the latter hypothesis includes the fact that Tyr-442 is known to be located within an a  

helix in the surface cavity of TMADH, and therefore mutation of this residue to Gly may 

destabilise the helix and alter the local protein structure. Examination of the crystal 

structure of TMADH suggested a possible electron transfer pathway to ETF involving 

Val 344. This residue is next to Cys-345, one of the cysteinyl ligands of the 4Fe-4S 

centre, and therefore Val 344 may provide a direct route for the transfer of electrons to 

the isoalloxazine ring of ETF.

However, recent results investigating the reactions of TMADH mutated at 

position 344 have indicated that this residue is not located on the electron transfer 

pathway from TMADH to ETF (Basran et a l , 2000). Mutation of Val 344 to Ala, Cys, 

Gly, lie or Tyr did not result in substantial changes in the rates of electron transfer from 

TMADH to ETF, although these mutations did result in changes in the electron transfer 

rate between TMADH and the inorganic electron acceptor ferricenium. One conclusion 

of this study was that, once again, Tyr 442 might be involved in coupling of TMADH to 

ETF and/or in transfer of electrons from the 4Fe-4S centre to the FAD. Also, this study 

revealed that the rate of electron transfer from wild-type TMADH to ETF increases 

linearly as a function of ETF concentration, with a second order rate constant of 1.44 x 

106 M 1 s'1. However, mutants altered at position 442 display a hyperbolic dependence on 

the concentration of ETF. Limiting rate constants (Mim) for electron transfer in the mutant 

complexes range from approximately 50 s' 1 (for the Y442F mutant) down to 6  s' 1 (for the
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Y442G mutant). This saturation behaviour with respect to ETF concentration was also 

observed in previous kinetic analyses of the Y442F, Y442L and Y442G TMADH 

mutants (Wilson et al, 1997). The linear relationship between the observed rates of 

electron transfer in the wild-type complex and the concentration of ETF suggest that 

complex formation is rate limiting, and that the intrinsic rate of electron transfer (and any 

conformational reorganisation within the complex) following complex formation is rapid. 

The appearance of saturation kinetic behaviour for mutants altered at residue 442 might 

be the result of a reduction of the intrinsic electron transfer rate constant (fcex). However, 

it is perhaps more likely (given the relatively slow limiting rates of electron transfer for 

the mutant complexes) that this behaviour represents a reduction of the rate constant for 

the structural reorganisation of TMADH and/or ETF to form the active electron transfer 

complex.

1.4.4 Domain Motion in W3 A1 ETF - The Model

As previously stated, there is no crystal structure currently available for W3A1 

ETF. However, the genes encoding the two subunits of W3A1 ETF have been cloned, 

sequenced and expressed (Chen & Swenson, 1994), and the structure of human ETF 

(which shares 31% sequence identity with W3A1 ETF) has been determined at 2.1 A 

resolution (Roberts et al, 1996). Using these data, together with the information 

regarding the ETF binding site on the concave surface of TMADH and the proposed role 

of Tyr 442 / Val 344 in the electron transfer pathway as described by Wilson et al (1997), 

a model has been built of the proposed molecular structure of W3 Ai ETF, both in free 

solution and in complex with TMADH (Chohan et al, 1998). The first step in this 

procedure was homology modeling of W3A1 ETF using the structure of human ETF as a 

template. According to this model, the two subunits of W3A1 ETF, a  (residues 1 - 321) 

and p  (residues 322 - 585), comprise three domains; domain I (the N-terminal region of 

the a  subunit), domain II (the C-terminus of the a  subunit and a small C-terminal region 

of the p subunit) and domain HI (the majority of the p subunit). The molecule is thought 

to be Y -  shaped, with domains I and HI forming a shallow "bowl" in which domain II 

rests. The isoalloxazine ring of FAD interacts solely with domain II (Figure 1.4). The 

second stage of the modeling procedure was to dock ETF onto the crystal structure of
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Figure 1.4
Model of domain motion in W 3 A 1 ETF. In the eT inactive complex with TMADH (panel 
A) the isoalloxazine ring of ETF is not adjacent to the residues thought to be on the 
electron transfer pathway between TMADH and ETF, and there is a large solvent filled 
cavity at the interface of the two proteins. Rotation of domain two by 50 degrees relative 
to domains one and three eliminates these difficulties (panel B). Panels C and D are a 
molecular graphics representation of the scheme shown in panels A and B respectively.
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TMADH. This proved problematic, however, because when W3A1 ETF is modeled in the 

conformation suggested by the crystal structure of human ETF, the isoalloxazine ring of 

FAD could not be positioned close to Tyr-442 or Val-344 of TMADH. As the interacting 

surfaces of both molecules are thought to be concave, the model of the ETF/TMADH 

complex incorporated a large solvent-filled cavity at the interface of the two proteins. 

This difficulty was overcome by explicitly docking domain II of the W3A1 ETF model 

into the crystal structure of TMADH, and then repositioning domains I and III as a rigid 

body, rotating these domains by 50° relative to domain n, to remove stearic overlap with 

TMADH. Altering the conformation of the W3 Ai ETF model in this way eliminates the 

solvent filled cavity from the complex and positions the isoalloxazine ring directly 

adjacent to Tyr-442 / Val-344. Thus, W3A1 ETF was purported to exist in two distinct 

conformations; eT inactive (in free solution) and eT active (in complex with TMADH), 

as illustrated in Figure 1.4. The model of “eT active” W3A1 ETF shows the molecule 

with domain II rotated by 50° in the direction of domain I, which exposes the 

isoalloxazine ring of the FAD cofactor and suggests a patch of about ten amino acid 

sidechains on domain I interacting with a corresponding patch of ten amino acid 

sidechains on domain n.

There is further evidence to support the conformational flexibility model for W3A1 

ETF. Firstly, W3A1 ETF contains two putative "hinge" regions; a poly-glycine sequence 

(193GGG195) linking domains I and n, and a long loop (15 amino acids) linking domains 

II and ID, both of which are absent from the corresponding amino acid sequences of 

human and P. denitrificans ETF. Secondly, electrochemical evidence suggests that the 

conformation of ETF in solution might play a role in stabilising the semiquinone form of 

the protein, and hence in the function of ETF as an electron chaperone (Byron et al, 

1989). This is consistent with the requirement of the highly electropositive W3A1 ETF to 

transfer reducing equivalents to membrane-bound cytochromes. The model of W3A1 

ETF suggests that domain HI shields the isoalloxazine ring from oxidation in the eT 

inactive conformation, but in the eT active form this protection is lost. The proposed 

molecular structure of W3A1 ETF in the FAD binding cavity suggested that the 

guanidinium group of Arg-237, which is located over the si face of the flavin 

isoalloxazine ring, may play a role in the stabilization of the semiquinone form of the

25



Chapter 1. Introduction

protein. In subsequent studies, site directed mutagenesis was used to change Arg-237 to 

Ala (Talfoumier et a l, 2001). In contrast to the wild type protein, it was found that the 

R237A mutant of W3A1 ETF was purified predominantly in the fully oxidised form. The 

midpoint redox potentials of the FAD cofactor were determined by anaerobic redox 

titration. It was found that mutation of Arg-237 to Ala markedly destabilises the 

semiquinone form of W3Ai ETF, resulting in redox potentials for the FADox/FADSq and 

FADsq/FADhq couples of - 0.31 Volts and - 0.43 Volts, respectively. This mutant of 

W3A1 ETF was also readily susceptible to full reduction to the dihydroquinone form, 

indicating that the kinetic block to full reduction seen in wild type ETF is substantially 

removed in R237A ETF. These results confirm the role of Arg-237 in stabilising the 

semiquinone form of W3A1 ETF and provide further evidence in support of the molecular 

model of the protein.

1.5 Aims of this Thesis

The aims of the research described in this thesis were to investigate the physical, 

structural and dynamic parameters that govern complex assembly and electron transfer 

reactions in W3A1 ETF. This was achieved using a combined spectroscopic, structural 

and kinetic approach. The work involved analysis of wild-type W3A1 ETF with respect 

to reactions with its physiological redox partner, TMADH, and with inorganic electron 

acceptors. The work also involved the use of novel structural techniques to elucidate the 

characteristics of soluble ETF. Analyses were extended to include ETFs from sources 

other than M. methylotrophus.

The more general goal of the work was to develop the TMADH-ETF system as a 

model for the study of interprotein electron transfer, and to expand the body of 

knowledge and understanding concerning the mechanism of electron transfer in 

biologically relevant systems.
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CHAPTER 2 

MATERIALS AND METHODS

2.1 Materials

2.1.1 Chemicals and Reagents

All chemicals used were of AnalaR grade or of equivalent purity, with the 

exception of methanol and acetic acid used for polyacrylamide gel electrophoresis 

(PAGE) staining, which were of laboratory grade. "Timentin" (15:1 w/w ticarcillin 

sodium:potassium cavulanate) was from Beecham Research Laboratories. 

Trimethylamine hydrochloride (TMA), phenylmethylsulphonyl fluoride (PMSF), flavin 

mononucleotide (FMN), 2-mercaptoethanol, bromophenol blue, Coomassie brilliant blue, 

N,N,N,'N'-tetramethylethylenediamine (TEMED), tris (hydroxymethyl) aminomethane 

(tris), sodium azide and ampicillin were from Sigma Chemical Company. Ammonium 

persulphate, potassium ferricyanide and sodium dodecyl sulphate (SDS) were from BDH 

Chemicals. Sodium dithionite was from Virginia Chemicals, and phenylhydrazine was 

from Eastman Kodak. Ferricenium hexafluorophosphate was synthesised (by N S 

Scrutton) as described in Lehman et al (1990). The DC Protein Assay Kit was supplied 

by Bio-Rad, the QuikChange™ Site-Directed Mutagenesis Kit was supplied by 

Stratagene, the T7 Sequencing™ Kit was supplied by Pharmacia Biotech, the Wizard™ 

Plus Maxiprep DNA Purification System was supplied by Promega, and the Recovery™ 

Plasmid and Cosmid Prep Kit was supplied by Hybaid. Glass distilled, deionised water 

was used throughout.

2.1.2 Bacterial Strains and Media

Methylophilus methylotrophus (sp. W3A1) was a gift from Professor F. Scott 

Mathews (Dept, of Biochemistry, Washington University School of Medicine, St Louis, 

Missouri, U.S.A.). Escherichia coli strain TGI [K12, (rk", mk", rb", mb'), A (lac-pro),

sup E, thi, hsd D5/F' tra D36, pro A+ B+, lac I9, lac Z AMI 5] was purchased from 

Stratagene. Escherichia coli strain B ER2566 [FXJhuA2[Ion] omp T lacZ::T7 genel gal
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sulA ll A (mcrC-mrr) 144::isl0R(mcr-73::miniTnlO)2R(zgb-210::Tnl0)l (TetS) endAl 

[dcmj] was purchased from New England Biolabs.

M. methylotrophus was grown in the minimal medium described by Colby and 

Zatman (1973), which consisted of (per litre) 1.2 g K2HP04, 0.62 g KH2P 0 4, 0.05 g 

CaCl2.6H20 , 0.2 g MgS04.7H20, 0.1 g NaCl, 1.0 mg FeCl3.6HO, 0.5 pg (NH4)2S04, 5.0 

pg CuS04.5H20 , 10 pg MnS04.5H20, 10 pg Na2M o04, 10 pg H3B 03, 70 pg 

ZnS04.7H20 , and 5 pg CoC12.6H20. The pH of the medium was adjusted to pH 7.0 with 

HC1, and a filter sterilised stock solution of TMA was added to the medium to a final 

concentration of 0.3% (w/v).

E. coli strains TGI and B ER2566 were grown in 2xYT medium, which consisted 

of (per litre) 16 g tryptone, 1 0  g yeast extract and 5 g NaCl. Solid medium was produced 

by the addition of 1.5% (w/v) bactoagar to the liquid medium. Transformed bacteria 

were grown on plates supplemented with 50 pg/ml ampicillin, and in 2xYT medium 

supplemented with 50 pg/ml "timentin" (the stock solutions of ampicillin and "timentin" 

were filter sterilised before use). Glycerol stocks were made by adding 1 .0  ml of 

bacterial culture to 0.5 ml of sterile glycerol, and stored at -70 °C. All media were 

autoclaved before use.

2.1.3. Restriction/DNA Modification Enzymes and Plasmid DNA

Restriction enzymes Sap I and Dpn I were purchased from New England Biolabs 

Inc., and Eco RI, Kpn I and Nco I were purchased from Amersham Life Science. Cloned 

Pfu DNA polymerase was from Stratagene. DNAsel was from BDH Biomedical Inc. T4 

DNA ligase was from Amersham Life Science. The expression plasmid pKK-GEM was 

previously constructed (by J Basran) as described by Chen and Swenson (1996). The 

expression plasmid pTYBl 1 was purchased from New England Biolabs.

2.1.4. Chromatographic Media and Membranes

Pre-swollen diethylaminoethyl cellulose (DE52) anion exchange resin was 

purchased from Whatman Biosystems Ltd. Phenyl Sepharose high performance 

hydrophobic interaction resin was from Pharmacia, and Hydroxyapatite Bio-Gel HT was
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from Bio-Rad. Ultrafiltration membranes and centricons were from The Amicon 

Corporation, and dialysis membranes were from Medicell International Ltd. Chitin beads 

(50 - 100pm) were purchased from New England Biolabs. Sephacryl 2000HR was 

purchased from Pharmacia.

2.2 Recombinant DNA Techniques

2.2.1 Mini-Preparation of Plasmid DNA

For plasmid DNA isolation, a single transformed colony of E. coli was picked 

from an agar plate and used to inoculate 5 ml of 2xYT medium containing 50 pg/ml 

timentin. Cultures were grown overnight at 30 °C with vigorous shaking. Preparation of 

the plasmid DNA from these cultures was carried out with the Hybaid Recovery Plasmid 

and Cosmid Prep Kit, using the supplied reagents and following the manufacturer's 

instructions throughout, with the exception that the volume of cells microcentrifuged in 

the initial stage of the preparation was 5 ml, and the cell pellet obtained from this 

centrifugation step was resuspended in 100 pi of Cell Resuspension Buffer. Plasmid 

DNA was eluted with 50 pi of sterile distilled water. The concentration of plasmid DNA 

obtained by this method was determined by measuring the absorbance at 260 nm (1 

pg/ml of DNA has an absorbance of 0.03 at 260 nm).

2.2.2. Large-Scale Preparation of Plasmid DNA

As before, a single transformed bacterial colony was selected to inoculate 5 ml of 

2xYT medium containing 50 pg/ml timentin, and grown overnight at 37 °C with shaking. 

This culture was used to inoculate 200 ml of 2xYT medium containing 50 pg/ml 

timentin, and grown at 25 °C for 36-48 hours with shaking. Preparation of the plasmid 

DNA was carried out using the Wizard™ Plus Maxiprep DNA Purification System, 

using the supplied reagents and following the manufacturer's instructions throughout. 

Plasmid DNA was eluted with 1.5 ml of sterile distilled water and the concentration was 

determined by measuring the absorbance at 260 nm.
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2.2.3. Production of Transformation Competent Cells

One loop of cells taken from a frozen stock of TGI (or B ER2566) cells was used 

to inoculate 5 ml of 2xYT medium and grown overnight at 37 °C. This culture was used 

to inoculate 200 ml of 2xYT medium containing 20 mM MgS04, and grown at 37 °C 

until the optical density at 600 nm was 0.48-0.5. Cells were chilled on ice for 5 min and 

then centrifuged (in pre-chilled centrifuge tubes) at 5,000g for 5 min at 4 °C. Following 

this step, all operations were performed on ice to avoid loss of competence. Cells were 

resuspended in 100 ml of Transformation Buffer I (30 mM K acetate, 100 mM RbCl2 , 10 

mM CaCl2 , 50 mMMnCl2,15% (v/v) glycerol, adjusted to pH 5.8 with dilute acetic acid 

and sterilised by filtration), left on ice for 5 min and centrifuged at 5,000g for 5 min at 4 

°C. The cells were resuspended in 10 ml of Transformation Buffer II (10 mM MOPS, 75 

mM CaCl2 , 10 mM RbCl2 , 15% (v/v) glycerol, adjusted to pH 6.5 with 1 M NaOH and 

sterilised by filtration) and left on ice for 15 min. The cells were then aliquoted into 

Eppendorf tubes precooled in dry ice, snap frozen in dry ice and stored at -80 °C.

2.2.4. Transformation of Competent Cells

50 pi of competent TGI cells (or 150 pi of competent B ER2566 cells) were 

thawed at room temperature and incubated on ice for 10 min. Plasmid DNA 

(approximately 50 ng in 10 pi) was added to the cell suspension, and the cells left on ice 

for 30 minutes. The cells were then heat shocked at 42 °C for 90 seconds exactly, and 

returned to ice for 2 min. 250 pi of 2xYT medium was added to the cells, which were 

then incubated at 37 °C for 1 hour with gentle shaking. These cultures were spread on 

2xYT agar plates supplemented with 50 pg/ml ampicillin. The plates were inverted and 

incubated at 37 °C overnight.

2.2.5. Agarose Gel Electrophoresis

Agarose gels containing 0 .8% (w/v) agarose and 0.6 pg/ml ethidium bromide 

(EtBR) were made up in lxTAE buffer (40 mM Tris-acetate, 2mM EDTA) and cast in 11 

cm x 12 cm trays, and electrophoresis was performed in lxTAE buffer. Aliquots of 

sample DNA (10 pi) had added to them 2 pi of 6 x loading buffer (10 mM Tris-HCl at pH
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7.5, 50 mM EDTA, 10% (w/v) glycerol, 0.25% (v/v) bromophenol blue) prior to being 

loaded onto the gel. The DNA markers used were a 1 kilobase (kb) ladder (with marker 

sizes ranging from 0.5 kb to 10 kb) purchased form MBI Fermentas. Gels were run at 

130 V for 90 min and visualised by ultraviolet illumination.

2.2.6. Design of Primers for Site Directed Mutagenesis

Design of mutagenic primers took into account codon usage in M. 

methylotrophus, as described in Boyd et a l (1992) (i.e. the most frequently used codons 

for the amino acids tyrosine, lysine, serine and alanine were used in the mutagenic 

oligonucleotide sequence). At least 10 base pairs were included on either side of the 

mutation site to ensure effective annealing. Also, primers were examined to ensure the 

absence of palindromic sequences and a lack of restriction sites for the Dpn I restriction 

enzyme. Mutagenic primers were synthesised in the Protein and Nucleic Acid Chemistry 

Laboratory at Leicester University. The sequence (5’-3’) of the mutagenic primer is 

given below, with the mutant codon highlighted in bold:

For the aR237A mutant:

5’ CTT TGC TGC TCA GCT CCG ATT GCGGAT 3’

2.2.7. Site Directed Mutagenesis

Site directed mutagenesis was carried out (by J Basran) on the ETF or-subunit 

gene cloned into the pKK-GEM expression plasmid. Mutations were generated using the 

QuikChange™ Site-Directed Mutagenesis Kit sold by Stratagene, and the manufacturer’s 

instructions were followed throughout, with the only amendment being the addition of a 

ligation step to the manufacturer’s protocol. After being subjected to digestion with Dpn 

I, 20 pi of the mutagenised DNA was added to 5 pi of 1 Ox ligation buffer and 24 pi of 

sterile distilled water, and 1 pi of T4 DNA ligase was added to start the reaction. The 

reaction mixture was then incubated at 16 °C overnight, and the remainder of the protocol 

was carried out according to the manufacturer’s instructions.
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2.3 Methods for Protein Analysis

2.3.1 SDS Polyacrylamide Gel Electrophoresis

SDS polyacrylamide gel electrophoresis (SDS PAGE) was carried out according 

to the method described by Leammli (1970) using 12 % acrylamide gels in a slab gel 

system. The compositions of the gels were as follows: for the 12 % separating gel, 4.8 ml 

30 % acrylamide, 3.0 ml of 1.5 M Tris-HCl buffer at pH 8 .8 , 4.04 ml water, 100 pi of 10 

% (w/v) SDS, 50 pi of 10 % (v/v) ammonium persulphate and 10 pi TEMED; for the 

stacking gel, 1.33 ml 30 % acrylamide, 1.25 ml of 1.5 M Tris-HCl buffer at pH 6 .8 , 7.26 

ml water, 100 pi of 10 % SDS, 50 pi of 10 % ammonium persulphate, and 10 pi 

TEMED. Protein samples (typically 5-50 pg) were added to an equal volume of "loading 

buffer" (0.77 g DTT, 10 ml of 10 % SDS, 1.25 ml of 1.25 M Tris-HCl at pH 6 .8 , 5 ml 

glycerol and 0.5 % bromophemol blue in ethanol diluted to 50 ml with water) and 

incubated at 1 0 0  °C for 5 min before being loaded onto the gel. Gels were run at a 

constant current of 40 mA until the dye reached the base of the gel (approximately one 

hour). The composition of the running buffer used was 57.6 g glycine, 110 g tris, and 20 

g SDS diluted to a final volume of two litres with water. Gels were stained using 

Coomassie Brilliant Blue R250 (0.25 % in a 5:1:5 v/v solution of methanol: acetic acid: 

water) for 30 min and destained in a 5:1:5 solution of methanol: acetic acid: water.

2.3.2 Purification of TMADH and ETF from M. methylotrophus ( W 3 A 1 )

Small-scale seed cultures were prepared by inoculating three one-litre flasks of

Colby & Zatman medium with approximately 3 ml of a suspension of W3 Ai (stored as 

glycerol stocks at -80 °C). These were grown for 48 hours at 30 °C with vigorous 

shaking. These seed cultures were used to inoculate three 2 0  litre tanks of Colby & 

Zatman medium. The tanks were aerated by connecting perforated plastic tubing to 

bench top air lines and suspending them in the medium. These cultures were grown at 

room temperature until the optical density at 595 nm reached 0.7 or above (approximately 

three days). Bacteria were harvested by centrifugation for 15 min at 5,000 rpm and 4 °C. 

Cells were resuspended in 50 mM potassium phosphate buffer, pH 7.5, and lysed by 

passing them through a French pressure cell at 80,000 psi internal pressure. To the 

resultant extract, MgCl2  was added to a final concentration of 15 mM, a small spatula
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(approx. 1 mg) of DNAse was added and the extract was incubated at 4 °C for 10 min. 

The extract was then clarified by centrifugation in a Sorvall SS-34 rotor (15,000 rpm, 45 

min, 4 °C). The supernatant was brought to 50 % saturation with (NH4 )2 SC>4 by slow 

addition of the solid salt with gentle stirring for 10  min, and the extract was centrifuged 

in a Sorvall GSA rotor (10,000 rpm, 30 min, 4 °C) to remove unwanted precipitated 

proteins. Both TMADH and ETF were then precipitated by bringing the supernatant to 

80 % saturation with (NH4 )2 SC>4 and the precipitated proteins harvested by 

centrifugation in a GSA rotor (10,000 rpm, 30 min, 4 °C). The pellet was resuspended in 

50 ml 20 mM potassium phosphate buffer, pH 7.5, (Buffer A) and dialysed against 2 x 41 

of the same buffer for 16 hours to remove the salt.

The dialysed extract containing TMADH and ETF was applied to a DE-52 ion 

exchange column ( 4x 15  cm) which had been equilibrated with buffer A. The column 

was washed extensively (i.e. more than 5 column volumes were passed through it) to 

elute weakly bound proteins. Both TMADH and ETF were eluted from the column with 

a linear increasing salt gradient formed from 500 ml of buffer A and 500 ml of buffer A 

containing 0.5 M NaCl. The column was run at a flow rate of approx. 200 ml/hour and 8 

ml fractions were collected. TMADH eluted at about 0.18 M NaCl and ETF at about 

0.25 M NaCl. Fractions were identified by their characteristic colour; TMADH fractions 

were brown, and ETF fractions were deep yellow.

Fractions containing TMADH were pooled and solid (NH4 )2 S0 4  was added to 

50 % saturation. The resulting mixture was centrifuged in a GSA rotor (10,000 rpm, 20 

min, 4 °C) to remove any precipitated proteins, and was then applied to a phenyl 

Sepharose HP hydrophobic interaction column (1.5 x 10 cm), equilibrated with buffer A 

containing (NH4)2S04 to 50 % saturation. The column was washed extensively and 

TMADH was eluted using a descending linear gradient of (NH4)2S04 from 50 % 

saturation to 0 % saturation contained in buffer A; the total gradient volume was 600 ml. 

Fractions of 4 ml were collected and those containing TMADH were pooled and dialysed 

against buffer A (2 x 41) for 16 hours. The enzyme was judged homogeneous by SDS 

PAGE and was stored at -20 °C in the presence of 20 % (v/v) ethylene glycol.
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The ETF fractions were pooled and dialysed against 20 mM potassium phosphate 

buffer, pH 7.2 (Buffer B) (2 x 41) for 16 hours to remove the NaCl. The protein was 

applied to a hydroxyapatite Bio-Gel HT (1.5x10 cm) column equilibrated with buffer B. 

ETF was eluted using 50 mM potassium phosphate buffer, pH 7.2. Fractions of 4 ml 

were collected, and those containing ETF were pooled. The enzyme was judged near- 

homogeneous by SDS PAGE and was stored at -80 °C in the presence of 20 % (v/v) 

ethylene glycol.

2.3.3 Purification of Recombinant ETF

Single colonies of transformed TGI cells were used to inoculate 5 ml cultures of 

2xYT medium supplemented with 50 pg/ml timentin. These cultures were grown at 30 

°C for 16 hours with vigorous shaking, and samples from each culture were analysed by 

SDS PAGE. Cultures containing ETF were used to inoculate 200 ml of 2xYT medium 

supplemented with 50 pg/ml timentin, and grown at 25 °C for 48 hours with vigorous 

shaking. This culture was used to inoculate 10 litres of 2xYT medium supplemented 

with 50 pg/ml timentin, and grown at 25 °C for 72 hours with vigorous shaking. Bacteria 

were harvested by centrifugation 15 min at 5G and 4 °C. Cells were resuspended in a 

minimum volume of buffer B, and lysed by passing them through a French pressure cell 

at 80,000 psi internal pressure. To the resultant extract, MgCl2  was added to a final 

concentration of 15 mM, a small spatula (approx. 1 mg) of DNAse was added and the 

extract was incubated at 4 °C for 10 min. The extract was then clarified by centrifugation 

in a Sorvall SS-34 rotor (15,000 rpm, 45 min, 4 °C). The supernatant was brought to 50 

% saturation with (NH4 )2 S0 4  by slow addition of the solid salt with gentle stirring for 

10 min, and the extract was centrifuged in a Sorvall GSA rotor (10,000 rpm, 30 min, 4 

°C) to remove unwanted precipitated proteins. ETF was then precipitated by bringing the 

supernatant to 80 % saturation with (NH4)2 S0 4  and the precipitated protein harvested by 

centrifugation in a GSA rotor (10,000 rpm, 30 min, 4 °C). The pellet was resuspended in 

20 ml Buffer B and dialysed against 2 x 41 of the same buffer for 16 hours to remove the 

salt.
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The dialysed extract containing recombinant ETF was applied to a DE-52 ion 

exchange column ( 4x15  cm) which had been equilibrated with buffer B. The column 

was washed extensively (i.e. more than 5 column volumes) to elute weakly bound 

proteins. ETF was eluted from the column with a linear increasing salt gradient formed 

from 500 ml of buffer B and 500 ml of buffer A containing 0.5 M NaCl. The column 

was run at a flow rate of approx. 200 ml/hour and 8 ml fractions were collected. ETF 

eluted at approximately 0.25 M NaCl. Fractions containing ETF were identified by their 

characteristic deep yellow colour.

The ETF fractions were pooled and dialysed against buffer B (2 x 41) for 16 hours 

to remove the NaCl. The protein was applied to a second DE-52 column (1.5x10 cm) 

equilibrated with buffer B. ETF was eluted using a linear increasing salt gradient formed 

from 200 ml of buffer B and 200 ml of buffer A containing 0.5 M NaCl. Fractions of 4 

ml were collected, and those containing ETF were pooled. For SAXS, the protein was 

loaded onto a 1 x 50 ml Sephacryl 200 HR column, and protein eluted in 2 ml fractions. 

The enzyme was judged homogeneous by SDS PAGE and was stored at -80 °C in the 

presence of 2 0  % (v/v) ethylene glycol.

2.3.4 Purification of Mutant TMADH Proteins

Single colonies of TGI cells (transformed with expression plasmid pSV2tmdveg 

encoding the mutant enzyme) were used to inoculate 5 ml cultures of 2xYT medium 

supplemented with 50 pg/ml timentin. These cultures were grown at 37 °C for 16 hours 

with vigorous shaking, and samples from each culture were analysed by SDS PAGE. 

Cultures containing TMADH were used to inoculate 200 ml of 2xYT medium 

supplemented with 50 pg/ml timentin, and grown at 37 °C for 24 hours with vigorous 

shaking. This culture was used to inoculate 10 litres of 2xYT medium supplemented 

with 50 pg/ml timentin, 0.1 g/1 riboflavin and 0 .2  g/1 ferrous sulphate, and grown at 37 °C 

for 36 hours with vigorous shaking. Bacteria were harvested by centrifugation 15 min at 

5000 g and 4 °C. Cells were resuspended in a minimum volume of buffer A, and lysed 

by passing them through a French pressure cell at 80,000 psi internal pressure. To the 

resultant extract, MgCl2  was added to a final concentration of 15 mM, a small spatula of

DNAse was added and the extract was incubated at 4 °C for 10  min. The extract was
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then clarified by centrifugation in a Sorval SS-34 rotor (15,000 rpm, 45 min, 4 °C), and 

approximately 10 mg of FMN was added. The supernatant was brought to 50 % 

saturation with (NH4 )2 SC>4 by slow addition of the solid salt with gentle stirring for 10

min, and the extract was centrifuged in a Sorval GSA rotor (10,000 rpm, 30 min, 4 °C) to 

remove unwanted precipitated proteins. TMADH was then precipitated by bringing the 

supernatant to 80 % saturation with (NH4 )2 SC>4 and the precipitated protein harvested by 

centrifugation in a GSA rotor (10,000 rpm, 30 min, 4 °C). The pellet was resuspended in 

20 Buffer A and dialysed against 2 x 41 of the same buffer for 16 hours to remove the 

salt.

The dialysed extract containing mutant TMADH was applied to a DE-52 ion 

exchange column ( 4x15  cm) which had been equilibrated with buffer A. The column 

was washed extensively (i.e. more than 5 column volumes were passed through it) to 

elute weakly bound proteins. TMADH was eluted from the column with a linear 

increasing salt gradient formed from 500 ml of buffer B and 500 ml of buffer A 

containing 0.5 M NaCl. The column was run at a flow rate of approx. 2 0 0  ml/hour and 8 

ml fractions were collected. TMADH eluted at about 0.18 M NaCl. TMADH fractions 

were identified by their characteristic brown colour.

Fractions containing TMADH were pooled and solid (NH4 )2 SC>4 was added to 

50 % saturation. The resulting mixture was centrifuged in a GSA rotor (10,000 rpm, 20 

min, 4 °C) to remove any precipitated proteins, and was then applied to a phenyl 

Sepharose HP hydrophobic interaction column (1.5x10 cm), equilibrated with buffer A 

containing (NH4)2S04 to 50 % saturation. The column was washed extensively and 

TMADH was eluted using a descending linear gradient of (NH4 )2 SC>4 from 50 % 

saturation to 0 % saturation contained in buffer A; the total gradient volume was 600 ml. 

Fractions of 4 ml were collected and those containing TMADH were pooled and dialysed 

against buffer A (2 x 41) for 16 hours. The enzyme was judged homogeneous by SDS 

PAGE and was stored at -20 °C in the presence of 20 % (v/v) ethylene glycol.

All recombinant forms of TMADH studied are under-flavinylated (Scrutton eta/., 

1994; Packman et a/., 1995; Mewies et a/., 1996). The flavin content of the mutant
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enzymes was determined using the spectrophotometric method described by Scrutton et 

a l (1994).

2.3.5 Analytical Gel Filtration

Separation of proteins from homogeneous reaction mixtures was achieved by gel 

filtration chromatography, using a Superose™ 6  HR 10/30 column with a bed volume of 

24 ml. The column was equilibrated with 50 mM potassium phosphate buffer, pH 7.0, at 

4 °C, and a flow rate of 0.3 ml per minute was used. No more than 240 pi of sample (i.e. 

1 % of the column bed volume) was loaded onto the column at any one time. Elution of 

protein fractions was monitored at 280 nm with a spectrophotometric unit, and eluate 

fractions of 0.5 ml were collected. The column was calibrated using proteins with 

molecular masses of 13,700 kDa (Ribonulease A), 25,000 kDa (Chymotrypsinogen A), 

43,000 kDa (Ovalbumin), and 67,000 kDa (Albumin), and Blue Dextran 2000.

2.3.6 Determination of Protein Concentration

Concentration of pure TMADH was calculated using an extinction coefficient of

27,300 M’lcm’l at 442 nm (Kasprzak et al., 1983), which indicates the concentration of 

TMADH subunits (i.e. active sites). Concentration of mutant forms of TMADH was 

determined using an extinction coefficient of 20,000 M'1cm*1 at 280 nm (E.K.Wilson, 

PhD thesis).

Native ETF purifies as a mixture of oxidised and (predominantly) semiquinone 

enzyme (Steenkamp & Gallup, 1978) and is stable to air oxidation in this form. The 

enzyme was fully oxidised by treatment with potassium ferricyanide, and excess oxidant 

was removed using a Sephadex G-25 gel filtration column equilibrated in the appropriate 

buffer. The concentration of the oxidised enzyme was determined using an extinction

coefficient of 11,300 M'^cm"^ at 438 nm (Steenkamp & Gallup, 1978). The 

concentration of oxidised recombinant ETF was determined by the same method. All 

spectrophotometric measurements were made using a Hewlet-Packard 8452A single 

beam diode array spectrophotometer.

For HPLC, the concentration of ETF (native and recombinant) was determined 

using the DC Protein Assay Kit purchased from Bio-Rad, following the manufacturer's
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instructions throughout. Bovine serum albumin was used as the standard protein; the 

concentrations of the standards used were 0.171 mg/ml, 0.343 mg/ml, 0.685 mg/ml and 

1.37 mg/ml, made up in 50 mM potassium phosphate buffer, pH 6 .8 . A calibration curve 

was plotted over this range.

2.3.7 Fluorimetric Analyses

All spectrofluorimetric analyses were performed using an SLM Instruments 

48000 spectrofluorimeter attached to a 450W Xe lamp (except for lifetime measurements, 

where a 200W Hg-Xe lamp was used). All analyses were carried out at 20 °C in 50 mM 

potassium phosphate buffer, pH 7.0, in quartz cuvettes with a light path of 5 mm. Static 

emission spectra were measured from 460 nm to 700 nm, exciting at 450 nm. Static 

excitation spectra were measured from 300 nm to 520 nm, measuring emission at 530 

nm. All static spectra were measured at a protein concentration of 10 pM. Kinetic 

measurements of ETF fluorescence were carried out using an excitation wavelength of 

450 nm and measuring emission at 530 nm. The concentration of ETF used in all kinetic 

experiments was 5 pM, and the concentration of TMADH varied from 0.25 pM to 15 

pM. To minimize the effects of photobleaching on the observed fluorescence signal, 

measurements were taken at timed intervals commensurate with the time scale of the 

experiment, and the sample was only exposed to the excitation beam for a maximum of 

10  seconds per measurement.

Glan-Thompson polarisers were used for anisotropy measurements, both to 

polarize the excitation light and to polarize the emitted light at both emission 

photomultipliers. For lifetime measurements, a 200W Hg-Xe lamp and an excitation 

wavelength of 436 nm (corresponding to a peak in the arc lamp emission intensity) were 

used. Modulation frequencies were generated using an SLM PTS 500 frequency 

synthesizer. Nanosecond fluorescence lifetimes were calculated from frequency 

modulation data.

2.3.8 HPLC

Reverse phase high performance liquid chromatography (HPLC) was performed 

on a Waters Spherisorb S5 OD52 reverse phase column, with a flow rate of 0.2 ml/min.
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All samples were boiled for 5 min prior to column application. The column was 

equilibrated with a solution consisting of 80 % 50 mM potassium phosphate buffer, pH

6.5 (Buffer C) and 2 0  % methanol, and samples were eluted using an ascending linear 

gradient of methanol from 20 % to 100 % in buffer C. Elution of the cofactors was 

monitored at 436 nm with a diode array unit.

2.3.9 Circular Dichroism Spectropolarimetry

Circular dichroism (CD) spectra were measured using a Jasco J-715 

spectrapolarimeter. Samples were held in a cylindrical quartz cuvette with a path length 

of 10 mm. All spectra were measured at 20 °C in 50 mM potassium phosphate buffer, 

pH 7.0, and a protein concentration of 3 pM was used.

2.3.10 Difference Spectroscopy

Difference spectroscopy was performed using a Hellma quartz Suprasil Precision 

Cell, which is a split-cell cuvette containing two compartments, each with a light path of 

4.375 mm (total light path including divider was 1 cm). The contents of the separate 

compartments in the cuvette were mixed by inversion, and spectrophotometric analysis of 

the contents was made before and after mixing to obtain a difference spectrum.

2.3.11 Preparation of Anaerobic Samples

Anaerobic buffers were prepared by placing them in a sealed glass vessel covered 

with a rubber septa (which had a syringe needle piercing it to release the pressure) and 

bubbling oxygen-free argon through the buffer for at least 30 min. Protein samples were 

made anaerobic by eluting them through a Bio-Rad 10 DG gel filtration column under 

anaerobic conditions (<10 ppm in N2) in a glove box supplied by Belle Technology. 

Anaerobic dithionite solutions were prepared by adding solid sodium dithionite directly 

to anaerobic buffer and mixing under anaerobic conditions, as before.

2.3.12 Phenylhydrazine Inactivation of TMADH

Inactivation of the isoalloxazine ring of TMADH was achieved by incubating 25 

pM TMADH (contained in 50 mM sodium pyrophosphate, pH 7.7) with 2 mM
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phenylhydrazine, 70 pM DCPIP and 1 mM PMS for 3 hours at 30 °C for three hours. 

The mixture was subjected to gel filtration (using a Bio-Rad 10 DGgel filtration column) 

to remove phenylhydrazine, and the inactivated TMADH was dialysed against 50 mM 

phosphate buffer, pH 7 (2 x 2L). The concentration of phenylhydrazine inactivated 

TMADH was determined using an extinction coefficient of 202,000 M'1cm‘1 at 280 nm 

(Wilson et al, 1997).

2.3.13 Rapid Kinetic Analysis

Single wavelength rapid reaction kinetic experiments were carried out using an 

Applied Photophysics stopped-flow apparatus (SF.17MV), and data were collected and 

analysed using an Acorn A5000 computer and Spectrakinetics software (Applied 

Photophysics). Monophasic transients (single exponential) were fitted to equation 2.1;

where At is the absorbance at time t, Ao is the initial absorbance and b is a floating end 

point to account for a non-zero baseline. Biphasic transients (double exponential) were 

fitted to equation 2 .2 ;

Stopped flow transients were fitted to single or double exponential expression 

depending on the experiment (see Chapter 3 for details). When working with sodium 

dithionite as a reactant, all stopped flow work was performed under anaerobic conditions 

(<10 ppm in N2) in a glove box supplied by Belle Technology.

2.3.14 X-ray scattering data collection

Oxidised W3A1 ETF for X-ray scattering studies was obtained by treatment with 

potassium ferricyanide, followed by rapid gel filtration (Sephadex 25) to remove excess 

oxidant. Oxidised protein was used immediately in scattering experiments after gel

A, = A0e *' + b (Eq. 2.1)

(Eq. 2.2)
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filtration and dilution (for concentration dependent scattering experiments). UV/Vis 

absorption spectra were recorded before and after X-ray exposure for samples in both 

oxidation states to ensure that no X-ray dependent redox change occurred. This also 

allowed the concentration of ETF samples to be determined using the absorption at 438 

nm. SAXS experiments were performed with protein concentrations between 0.3 and 15 

mg/ml. X-ray solution scattering data were collected in two sessions with the low-angle 

scattering camera on station 2.1 (Towns-Andrews et al., 1994) at the Synchotron 

Radiation Source, Daresbury, U.K. using a position-sensitive multiwire proportional 

counter (Lewis, 1994). At the sample-to-detector distance of 2.4 m and the X-ray 

wavelength of X = 1.54 A, a momentum transfer interval of 0 .0 0 2  A = s = 0.050 A ' l  

was covered. The modulus of the momentum transfer is defined as s = 2sin@/X, where 

2© is the scattering angle. The s-range was calibrated using an oriented specimen of wet 

rat tail collagen (based on a diffraction spacing of 670 A). Samples were contained in a 

brass cell holding a teflon ring sandwiched by two mica windows that defines the sample 

volume of 120 pi and a thickness of 1.5 mm. The brass cell was maintained at 4 °C 

during data acquisition. Buffer and sample were measured in alteration, each in a frame 

of 60 s (amounting to a total measuring time of up to 30 min depending on sample 

concentration and changes monitored on-line during experiments).

2.3.15 Interpretation of X-ray scattering data

Reduction and analysis of scattering data was performed as described in 

Grossmann et al (1998). Radius of gyration Rg, forward scattering intensity f  and the 

intraparticle distance distribution function p{r) were calculated from the experimental 

scattering data using the indirect Fourier Transform method as implemented in the 

program GNOM (Semenyuk and Svergun, 1991). Relative Tic values (c = sample 

concentration) give the relative molecular weight of the protein samples when referenced 

against a suitable standard (bovine serum albumin was used with a known molecular 

mass of 6 6  kDa). The maximum linear dimension Dmax of the particle can be evaluated 

owing to the characteristic of p(r). The volume V of the particle can be calculated from 

the Porod invariant (Porod, 1951) and a correction factor taking into account the limited 

experimental scattering range (Feigin and Svergun, 1987). The multipole expansion
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method proposed by Stuhrmann (1970) and developed by Svergun et al. (1997) was used 

to obtain the molecular shape of W3A1 ETF. The smoothed scattering profile of reduced 

W3A1 ETF was fitted ab initio by the scattering from an envelope function starting from 

an ellipsoidal initial approximation (consistent with the experimental Rg and Dmax values). 

The molecular shape was characterized with spherical harmonics using 19 free 

parameters (4th order harmonics), which is acceptable given the minor differences 

compared to the shape obtained for 3rd order harmonics (10 free parameters) and 

considering the information content in the data used.

2.3.16 Generation of Simulated X-ray Scattering Profiles

In order to take advantage of the already existing structural knowledge for these 

three-domain proteins, scattering data simulations were carried out using previously 

determined crystal structures and atomic models for the structures of M. methylotrophus 

ETF, Human ETF and P. denitrificans ETF. For W3A1 ETF, simulations were performed 

using molecular models of ETF in free solution and in the conformation expected when 

in complex with TMADH (Chohan et al, 1998). For Human and P. denitrificans ETF, 

simulations were performed using the crystal structures for the two proteins (Roberts et 

al, 1996 & 1999) and molecular models of these proteins in which domain II was rotated 

by 25 and 50 degrees relative to domains I and m  Parameters and scattering curves 

were computed from the model coordinates using the program CRYSOL (Svergun et al,

1995), which also considers the hydration shell of the solvated protein.
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CHAPTER 3

PURIFICATION OF TMADH AND ETF - PRELIMINARY 

CHARACTERISATION OF RECOMBINANT W3Ai ETF

3.1 Introduction

The availability of large quantities of pure protein is a prerequisite to any study of 

the interactions of those proteins in vitro. This chapter describes the protocols used for 

the purification of TMADH and ETF from both native and recombinant sources. 

Traditionally, studies of the molecular recognition and electron transfer kinetics between 

wild-type TMADH and ETF have been performed using proteins derived exclusively 

from the native source, Methylophilus methylotrophus. However, due to the poor yields 

of ETF from this source, and due to the large quantities of W3A1 ETF required for 

subsequent analyses, it was decided that recombinant W3A1 ETF should be used. The 

genes for the two subunits of W3A1 ETF have been cloned, sequenced and expressed, and 

the recombinant protein has been purified (Chen & Swenson, 1994). This chapter 

describes the optimisation of the purification protocol for large-scale production of 

recombinant W3A1 ETF. To confirm that information derived from analysis of 

recombinant W3A1 ETF can be extrapolated to the properties of native W3A1 ETF, it is 

first necessary to ensure that the physical and chemical properties of both forms of the 

protein are identical. This chapter describes the characterisation of both native and 

recombinant W3A1 ETF using spectroscopic and kinetic techniques. Finally, this chapter 

also describes the stopped-flow kinetic techniques used to probe the effects of 

hydrodynamic friction on rates of electron transfer between TMADH and native or 

recombinant ETF.

3.2 Results

3.2.1 Preparation of Plasmid DNA

Large-scale preparation of plasmid DNA was performed using the Wizard™ Plus 

Maxiprep DNA Purification System, as described in Section 2.1.4. Plasmid DNA 

purified from TGI cells incorporating the pKK-GEM ETF expression plasmid was
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Figure 3.1
Agarose gel showing pure pKK-GEM expression plasmid, incorporating genes for the 
subunits o f W 3 A 1 ETF. Lane M is a lkilobase DNA marker, Lane 1 is the purified 
pKK-GEM expression plasmid, and Lane 2 is the pKK-GEM expression plasmid 
digested with the Eco RI restriction enzyme.
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Figure 3.2
SDS PAGE gel showing purification o f  TMADH and ETF from M. methylotrophus. 
Lane M  contains protein markers with molecular masses o f 106 kDa, 43 kDa, 26 kDa 
and 15 kDa. Lane 1 contains the cell free extract; Lane 2 contains the 50% /80%  
ammonium sulphate fraction; Lane 3 contains TMADH eluted from the DE-52 
chromatography step; Lane 4 contains TMADH eluted from the phenyl sepharose 
chromatography step; Lane 5 contains ETF eluted from the DE-52 chromatography 
step; Lane 6  contains ETF eluted from the hydroxyapatite chromatography step.
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Figure 3.3
UV-visible absorption spectrum for oxidised TMADH. Sample was contained in 20 
mM phosphate buffer, pH 7.5. An extinction coefficient of 27,300 M '1 cm'1 at 443 
nm was used to calculate the concentration of oxidised TMADH.
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obtained at a concentration of approximately 200 pg/ml. The purity of the plasmid DNA 

was determined by calculating the ratio of absorbance of the pure sample at 260 nm 

against its absorbance at 280 nm (A260/A28o). The value of A260/A280 for the purified 

plasmid was calculated as 1.84, which is sufficient for subsequent work (the minimum 

acceptable A260/A280 for DNA work is 1.8), and an aliquot of the purified plasmid was 

run on an agarose gel (Figure 3.1).

3.2.2 Purification of T M A D H  from Methylophilus methylotrophus

Purification of native TMADH was performed as described in Section 2.3.1. A 

yield of approximately 2 mg of protein per litre of bacterial culture was obtained. 

Samples at each stage of the purification procedure were analysed by SDS PAGE to 

elucidate the purity of TMADH following each chromatographic step (Figure 3.2). A 

sample of pure TMADH was analysed by UV-visible absorbance spectroscopy (Figure 

3.3). For oxidised, fully flavinylated TMADH, the ratio of the absorbance at 443 nm 

against the absorbance at 382 nm (A443/A382) has a value of 1.3. Hence, for the oxidised 

enzyme, this ratio can be used to calculate the flavin content of the enzyme.

3.2.3 Purification of E T F  from Methylophilus methylotrophus

Purification of native ETF was performed as described in Section 2.3.1. A yield of 

approximately 0.15 mg of protein per litre of bacterial culture was obtained. Samples at 

each stage of the purification procedure were analysed by SDS PAGE to elucidate the 

purity of native ETF following each chromatographic step (Figure 3.2). Based on this 

SDS-PAGE analysis, the apparent molecular masses of the small and large subunits of 

native ETF are 38 kDa and 42 kDa, respectively. This observation confirms previous 

analyses of the electrophoretic behaviour of ETF (Davidson et al, 1986). The abnormal 

migration of the small subunit (which has an apparent molecular mass of 42 kDa based 

on the migration in SDS-PAGE) is thought to be caused by unusually rigid secondary 

and/or tertiary structures, which lead to abnormal binding of SDS (Chen & Swenson, 

1994). Pure native ETF was obtained primarily in the semiquinone form. Fully oxidised 

ETF was obtained by the addition of several crystals of potassium ferricyanide to a 

sample of purified ETF, which was subjected to gel filtration on a Bio-Rad 10 DG
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disposable column to remove the oxidising agent. Semiquinone ETF was obtained by 

addition of 1 pg of TMADH to 1 mg of fully oxidised ETF in the presence of 10 mM 

TMA, and incubating at room temperature until reduction of ETF to the semiquinone 

form was complete. Samples of pure native ETF, in both oxidised and anionic 

semiquinone forms, were analysed by UV-visible absorbance spectroscopy (Figure 3.4).

3.2.4 Purification of Mutant TMADH

Purification of mutant TMADH was carried out as described in Section 2.3.3. 

Yields of approximately 10 mg of protein per litre of culture were obtained for Y442G 

TMADH, and similar yields were obtained for Y442L and Y442F mutants. Samples of 

pure Y442G, Y442L and Y442F TMADH were analysed by UV-visible spectroscopy 

(Figure 3.5). The flavin content of each enzyme was measured using the 

spectrophotometric method described in Scrutton et al, (1994). The percentage of flavin 

present in the mutant protein sample can be determined using the following relationship;

A I A -  0 89 
443 ~̂ 382 u .! 0 0  =  % flavinyla tio

0.48

The flavinylation levels in the mutant TMADH enzymes are given in tabular

form;

Sample % flavinylation (determined spectrophotometrically)

Y442F TMADH 38

Y442L TMADH 38

Y442G TMADH 21

3.2.5 Expression and Purification of Recombinant ETF

Transformation competent E.coli (strain TGI) were produced as described in 

Section 2.2.5, and transformed with pKK-GEM ETF expression plasmid as described in 

Section 2.2.6. Purification of recombinant ETF was performed as described in Section 

2.3.6. A yield of approximately 20 mg of protein per litre of culture was obtained.
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Figure 3.4
UV-visible absorption spectra for oxidised (dotted line) and semiquinone (solid line) 
W3A1 ETF. Samples were contained in 20 mM phosphate buffer, pH 7.5. An 
extinction coefficient of 11,300 M ' 1 cm ' 1 at 438 nm was used to calculate the 
concentration of oxidised ETF.
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Figure 3.5
UV-visible absorption spectrum for Y442F (solid line), Y442L (dashed line) and 
Y442G (dotted line) TMADH. Samples were contained in 20 mM phosphate buffer, 
pH 7.5. An extinction coefficient of 20,000 M '1 cm'1 at 280 nm was used to calculate 
the concentration of mutant TMADH.
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Samples of recombinant ETF at each stage of the purification procedure were analysed 

by SDS PAGE (Figure 3.6). The migration patterns of both subunits of recombinant ETF 

are identical to those of the native protein. Similarly to native ETF, recombinant ETF 

was obtained primarily in the semiquinone form. Fully oxidised recombinant ETF was 

obtained by the addition of several crystals of potassium ferricyanide to a sample of the 

pure protein, which was subjected to gel filtration on a Bio-Rad 10 DG disposable 

column to remove the oxidising agent. Semiquinone recombinant ETF was obtained by 

addition of 1 pg of TMADH to 1 mg of fully oxidised recombinant ETF in the presence 

of 10 mM TMA, and incubating at room temperature until reduction of ETF to the 

semiquinone form was complete. Samples of pure recombinant ETF, in both oxidised 

and anionic semiquinone forms, were analysed by UV-visible absorbance spectroscopy 

(Figure 3.7).

3.2.6 Comparison of Native and Recombinant ETF using UV-visible Spectroscopy

The absorbance spectra of native and recombinant ETF, in both their oxidised and 

semiquinone forms, were measured as described in Sections 3.2.3 and 3.2.5. Although 

there were very small differences in the absorbance spectra of native and recombinant 

ETF, the UV-visible spectral properties of native and recombinant ETF were essentially 

identical (Figure 3.8). For both forms of the protein, the A272/A438 ratio for pure ETF in 

its fully oxidised form is 7.0. Also, the semiquinone form of both proteins is remarkably 

stable in air.

3.2.7 Fluorescence Spectroscopy Studies of Native and Recombinant ETF

Fluorescence spectroscopy was carried out as described in Section 2.3.7. The 

assumption behind these analyses was that if there were differences in the flavin 

environment between native and recombinant forms of the protein, this would be 

reflected in the fluorescence properties of the enzyme. Following excitation at 450 nm, 

the emission spectra for both forms of the enzyme were identical (Figure 3.9a). The 

same was true for the excitation spectra for both forms of the enzyme, which were taken 

measuring emission at 530 nm (Figure 3.9b). However, fluorimetric analysis of ETF 

revealed that, at ambient temperature (approx. 25 °C), the fluorescence of ETF (exciting
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Figure 3.6
SDS PAGE gel showing purification o f  recombinant ETF from transformed TGI 
cells. Lane M contains protein markers with molecular masses o f  106 kDa, 43 kDa, 
26 kDa and 15 kDa. Lane 1 contains the cell free extract; Lane 2 contains the 
50%/80% ammonium sulphate fraction; Lane 3 contains ETF eluted from the DE-52 
chromatography step; Lane 4 contains ETF eluted from the gel filtration step (to 
obtain ETF o f sufficient purity for SAXS analysis).
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Figure 3.7
UV-visible absorption spectra for oxidised (dotted line) and semiquinone (solid line) 
recombinant ETF. Samples were contained in 20 mM phosphate buffer, pH 7.5. An 
extinction coefficient of 11,300 M '1 cm'1 at 438 nm was used to calculate the 
concentration of oxidised ETF.
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Figure 3.8
Panel A. UV-visible spectra of semiquinone native (solid line) and recombinant 
(dashed line) ETF. Samples were contained in 20 mM phosphate buffer, pH 7.2.

Panel B. UV-visible spectra of oxidised native (solid line) and recombinant (dashed 
line) ETF. Samples were contained in 20 mM phosphate buffer, pH 7.2. An 
extinction coefficient of 11,300 M'1 cm'1 at 438 nm was used to calculate the 
concentration of oxidised ETF.
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Figure 3.9
Panel A. Fluorescence emission spectra of oxidised native (dashed line) and 
recombinant (solid line) ETF. Samples were contained in 20 mM phosphate buffer, 
pH 7.2. Samples were subjected to excitation at 450 nm.

Panel B. Fluorescence excitation spectra of oxidised native (dashed line) and 
recombinant (solid line) ETF. Samples were contained in 20 mM phosphate buffer, 
pH 7.2. Emission was measured at 540 nm.
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at 450 nm and measuring emission at 530 nm) increases as a function of time. The rate 

of increase in fluorescence was not dependent on the source of the enzyme (i.e. 

recombinant or native), but was dependent on the oxidation state of the enzyme. It was 

observed that the fluorescence of a 10 pM sample of semiquinone ETF increases at a rate 

of 2.28 x 10"4 per second, whereas the fluorescence of a 10 pM sample of oxidised ETF 

increases at a rate of 12.67 x 1 O'4 per second (Figure 3.10). This increase in fluorescence 

is thought to be due to dissociation of FAD from the ETF molecule. It was found that 

when a 10 pM sample of ETF (in either oxidation state) is subjected to denaturation by 

boiling for 5 min, its fluorescence at 540 nm increases by a value of 3.8. This value 

represents the total increase in flavin fluorescence that occurs when ETF is entirely 

dissociated from its FAD cofactor. Using this information, it was calculated that a 10 pM 

sample of semiquinone ETF loses its flavin at a rate of 0.45 % per minute when at room 

temperature, whereas oxidised ETF loses its flavin at a rate of 2 % per minute. These 

data suggest an altered conformation in oxidised ETF relative to the semiquinone form of 

the protein, the latter having a higher affinity for FAD. These data also explain previous 

observations that the oxidised form of ETF is highly unstable, and loses its ability to 

accept electrons over a number of days (Steenkamp & Gallup, 1978).

3.2.8 HPLC Studies of Native and Recombinant ETF

Native and recombinant ETF were analysed by HPLC as described in Section 

2.3.8. These analyses were performed in order to confirm that both forms of the protein 

bind an equivalent amount of nucleotide cofactor. The concentrations of native and 

recombinant ETF were determined using the D c  protein assay supplied by Bio-Rad, and 

20 pM sample samples of each protein were boiled for 5 minutes prior to application to 

the column to denature protein and release any bound cofactors. The elution profiles for 

the cofactors of both forms of the protein were found to be identical (Figure 3.11). For 

both native and recombinant ETF, there are prominent absorption peaks at 436 nm after

6.4 minutes and 7.1 minutes. By comparison with nucleotide standards, these peaks were 

confirmed as representing FAD and FMN, respectively.
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Figure 3.10
Fluorescence of oxidised recombinant ETF against time, exciting at 450 nm and 
measuring emission at 540 nm. Region A shows the period during which incident 
light was blocked from the sample to eliminate the effects of photo-bleaching (which 
causes a decrease in the fluorescence of the sample with respect to time). Region A 
was used to calculate the rate of increasing fluorescence (12.67 xlO'4 per second for 
oxidised recombinant ETF). This rate was identical for oxidised native ETF, but the 
rate of fluorescence increase with semiquinone ETF (both recombinant and native) 
was 2.28 xlff4 per second (not shown).
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Figure 3.11
HPLC cofactor elution profiles for native {Panel A) and recombinant {Panel B) ETF. 
Cofactors were eluted with an increasing methanol gradient, and the eluate monitored 
at 436 nm. The identity o f  FAD and FMN in each elution profile was determined by 
comparison with the elution profile for a mixture o f standard solutions o f FAD and 
FMN (not shown). Peaks corresponding to FAD and FMN are marked (FMN is 
present due to degradation o f the FAD cofactor).
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3.2.9 Circular Dichroism Studies of Native and Recombinant ETF

Native and recombinant ETF were analysed by circular dichroism spectroscopy as 

described in Section 2.3.9. These analyses were performed in order to confirm that the 

overall proportions of secondary structure are identical for both forms of the protein. The 

far-UV spectra for the semiquinone forms of native and recombinant ETF were found to 

have identical characteristics (Figure 3.12). Significant features from the spectra of both 

proteins are the strong positive band at 192 nm and the negative bands at 208 nm and 220 

nm, which indicate a dominant contribution from cc-helix. This is consistent with 

structural data obtained from both human and P. denitrificans ETF, which shows that 

each of the three domains of ETF is chiefly composed of a parallel /?-sheet core flanked 

by solvent exposed a-helices (Roberts et al., 1996; Roberts et al., 1999).

3.2.10 Kinetic Analyses of ETF Reduction by TMADH

Stopped flow kinetic analyses were carried out as described in Section 2.3.13. 

The first stopped flow kinetic experiments performed involved reacting substrate reduced 

TMAC-inhibited TMADH with both native and recombinant oxidised ETF. Oxidised 

TMADH (at a concentration of 7 pM) was incubated with substrate (TMA at a 

concentration of 8 pM) to load two electrons onto (each subunit of) the enzyme. The 

substrate-reduced enzyme was then inhibited by addition of 3 mM tetramethylammonium 

chloride (TMAC), which reversibly binds to the active site of TMADH. Significantly, 

binding of TMAC to 2-electron reduced TMADH drives the equilibrium of the redox 

states of the two cofactors (i.e. FMN and the 4Fe-4S centre) in TMADH in favour of the 

FMN (semiquinone) - 4Fe-4S (reduced) state (Pace & Stankovich, 1991). This means 

that substrate-reduced, TMAC-inhibited TMADH is reduced at its 4Fe-4S centre. 

TMADH treated in this way was reacted with oxidised recombinant ETF in a ratio of 3.5 

pM : 45 pM (final concentration of reactants in the stopped flow reaction chamber) to 

ensure pseudo first-order kinetics. All reactions were carried out in 50 mM potassium 

phosphate buffer, pH 7.0, and the temperature in the reaction chamber was maintained at 

25 °C. An average of twelve transients for the reaction with recombinant ETF is shown 

in Figure 3.13a. Results were identical for both native (not shown) and recombinant 

ETF. Transients were biphasic, the fast phase being representative of the rate of electron
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Figure 3.12
Far-UV CD spectra of native (blue) and recombinant (red) ETF (CD = Circular 
Dichroism, [0]xlO ' 3 degree cm2). Spectra were recorded with a 10 mm path length at a 
protein concentration of 3 pM. Spectra were measured at 20 °C in 50 mM potassium 
phosphate buffer, pH 7.0. Ten scans were averaged for each protein sample
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Figure 3.13
Panel A : Kinetic transient showing reduction of fully oxidised ETF by substrate 
reduced, TMAC-inhibited TMADH. The reaction was performed in 50 mM 
phosphate buffer, pH 7.0, at a temperature of 25 °C. Data were fitted to Equation 2.2 
to obtain rates for the electron transfer reaction.
Panel B  : Kinetic transient showing reduction of fully oxidised ETF by substrate 
reduced, TMAC-inhibited TMADH in the presence of 40 % (w/v) glycerol. The 
reaction was performed in 50 mM phosphate buffer, pH 7.0, at a temperature of 25 
°C. Data were fitted to Equation 2.2 to obtain rates for the electron transfer reaction. 
Absorbance changes were measured at a wavelength of 438nm.
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transfer from the 4Fe-4S centre of TMADH to the FAD of ETF, and the slow phase 

reporting on the rate of electron transfer from the FMN of TMADH to the flavin of ETF 

via the 4Fe-4S centre. Data were fitted to equation 2.2, and rate constants for the fast and

slow rates of 168 s’* and 12 s'* respectively were obtained. The rate constant for 

electron transfer from the reduced 4Fe-4S centre of TMADH to the flavin of ETF (168 s"

1) is of the same order as previous analyses of the TMADH-ETF electron transfer 

reaction performed at similar protein concentrations and under identical buffer conditions 

(Huang et al., 1995).

This experiment was repeated in the presence of glycerol. This was performed in 

order to increase the hydrodynamic friction in the reactant mixture, and hence to 

determine if this altered the rate of electron transfer by decreasing the rate of transition to 

the eT active conformation of ETF, according to the kinetic complexity model (Section

1.1.4.). Concentrations of glycerol from 5 % (w/v) to 40 % were used in this 

investigation, and all other reaction conditions were as previously described. It was 

found, however, that the observed rate constant for the reaction was not affected by the 

presence of glycerol. Results are shown below in tabular form. An average of nine 

transients for the reaction in the presence of 40 % glycerol is shown in Figure 3.13b.

Glycerol Concentration Relative Viscosity Observed Rate Constant for eT
0 %  1.0 168 s'1
10% 1.3 150 s'1
20%  1.7 171s'1
30% 2.5 167 s'1
40%  3.8 179 s'1

In the second set of stopped flow kinetic experiments, phenylhydrazine 

inactivated, dithionite-reduced TMADH was reacted with native and recombinant 

oxidised ETF. Treatment of TMADH with phenylhydrazine renders the FMN cofactor 

redox inactive by addition of a phenyl group to the C4a position of the isoalloxazine ring 

(Nagy et al., 1979; Huang et al.,1995). Phenylhydrazine inactivation of TMADH was 

performed as described in Section 2.3.12. An aliquot of phenylhydrazine inactivated
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TMADH was made anaerobic by bubbling with oxygen-free argon and reduced to the 

one electron level by titration with sodium dithionite, which transfers one electron 

directly onto the 4Fe-4S centre. TMADH treated in this way was reacted with oxidised 

ETF in a ratio of 3.5 pM : 45 pM (final concentration of reactants in the stopped flow 

reaction chamber) to ensure pseudo first-order kinetics. All operations were carried out 

under anaerobic conditions, and the temperature in the reaction chamber was maintained 

at 25 °C. An average of ten transients for this reaction is shown in Figure 3.14a. Results 

were identical for both native (not shown) and recombinant ETF. Transients were 

biphasic, the fast phase being representative of the rate of electron transfer from the 

reduced 4Fe-4S centre of TMADH to the FAD of ETF. Data were fitted to equation 2.2,

and the rate constant for the fast rate of the reaction of 163 s'* was obtained. The 

observed rate constant for the rate of electron transfer from the 4Fe-4S centre of TMADH 

to the flavin of ETF obtained in this study is of the same order as that suggested by 

previous analyses of the TMADH-ETF electron transfer reaction performed at similar 

protein concentrations and under identical buffer conditions (Huang et al., 1995) and is 

almost identical to the value obtained using the TMAC/TMA system to investigate 

interprotein electron transfer rates (see above).

This experiment was repeated in the presence of glycerol. Concentrations of 

glycerol from 5 % (w/v) to 40 % were used in this investigation, and all other reaction 

conditions were as previously described. It was found that the observed rate constant for 

the reaction was not affected by the presence of glycerol, confirming the findings of the 

experiments using the TMAC/TMA system. Results are shown below in tabular form. 

An average of nine transients for the reaction in the presence of 40 % glycerol is shown 

in Figure 3.14b.

Glvcerol Concentration Relative Viscosity Observed Rate Constant for eT
0 %  1.0 163 s'
10% 1.3 178 s'
20% 1.7 152 s'
30% 2.5 159 s'
40% 3.8 162 s'

Although these results appear to indicate that the rate of electron transfer from 

TMADH to ETF is independent of the viscosity of the medium, the concentrations of
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Figure 3.14
Panel A : Kinetic transient showing reduction of fully oxidised ETF by
phenylhydrazine inactivated, dithionite reduced TMADH. The reaction was 
performed under anaerobic conditions in 50 mM phosphate buffer, pH 7.0, at a 
temperature of 25 °C. Data were fitted to Equation 2.2 to obtain rates for the electron 
transfer reaction.
Panel B  : Kinetic transient showing reduction of fully oxidised ETF by
phenylhydrazine inactivated, dithionite reduced TMADH in the presence of 40 %
(w/v) glycerol. The reaction was performed under anaerobic conditions in 50 mM 
phosphate buffer, pH 7.0, at a temperature of 25 °C. Data were fitted to Equation 2.2 
to obtain rates for the electron transfer reaction. Absorbance changes were measured 
at a wavelength of 438nm.
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glycerol used in these studies may be insufficient to induce a noticeable decrease in the 

observed reaction rate. The degree of hydrodynamic friction in the medium may have to 

be increased further to cause a transition to a gated electron transfer scheme in this 

system. This is impractical using conventional stopped-flow technology, as mixing 

artifacts are associated with concentrations of glycerol in excess of 40 %.

3.3 Discussion

The protocol established for expression and purification of recombinant ETF 

yielded protein of sufficient purity for subsequent kinetic and spectroscopic analyses. 

However, the presence of small quantities of foreign protein means that the protocol is 

inadequate for production of protein for structural analyses, such as X-ray 

crystallography and small angle X-ray scattering (SAXS). Additional purification steps 

need to be included to obtain protein of sufficient purity for structural analyses, and these 

will be discussed in later chapters.

The primary goal of this exercise (i.e. to obtain high yields of pure ETF for 

subsequent kinetic and spectroscopic analyses) appears to have been achieved. Yields of 

pure ETF from the recombinant source are more than 100 fold greater than corresponding 

yields from M. methylotrophus. These high yields are vital for ensuring that sufficient 

quantities of pure protein are available for the experimental procedures to be employed, 

which often require concerted repetition and/or high concentrations of protein.

The results in the spectroscopic comparisons of native and recombinant ETF, 

together with the data obtained on the kinetic behavior of recombinant ETF in its reaction 

with TMADH, would strongly suggest that native and recombinant ETF are identical. 

This therefore validates the use of recombinant ETF in subsequent spectroscopic, kinetic 

and structural analyses, and extrapolation of the results to the properties of native ETF.

The fluorescence data, which indicate that samples of oxidised ETF increase in 

fluorescence at a greater rate than semiquinone ETF are interesting because they imply 

that the flavin in oxidised ETF dissociates from the enzyme at a greater rate than that of 

the semiquinone form of the enzyme. It has been noted previously that oxidised ETF 

loses its activity in a period of several hours when at room temperature (Steenkamp & 

Gallup, 1978), and these data could provide an explanation for this phenomenon and,
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importantly, suggest that oxidised ETF has different physical, possibly conformational, 

properties to semiquinone ETF as regard the environment of its FAD cofactor.

The results of the initial kinetic analyses of oxidised ETF reacting with reduced 

TMADH are disappointing, as it was hoped that introduction of glycerol into the reaction 

mixture would limit the conformational flexibility of ETF and cause a transition from a 

true eT reaction to gated eT (according to kinetic complexity as described in Section

1.1.4.) causing a decrease in the observed rate constant for the reaction, and thus provide 

direct kinetic evidence for conformational gating in the TMADH/ETF interprotein 

electron transfer reaction. This did not seem to be the case. However, it has been 

determined in previous studies on a cytochrome electron transfer system (Qin & Kostic, 

1994) that in order to cause significant changes in the observed rate constant of a gated 

interprotein electron transfer system it may be necessary to increase the concentration of 

glycerol in the medium to up to 80 %. At a glycerol concentration of 80 % (w/v), the 

relative viscosity of the medium is approximately 60, whereas at a glycerol concentration 

of 40 % the relative viscosity of the medium has a value of 3.8. Performing kinetic 

analyses of interprotein electron transfer at glycerol concentrations in excess of 40 % is 

impractical using conventional stopped flow methods, as there are mixing artifacts 

associated with such highly viscous solutions. However, kinetic analysis of reactions at 

high concentrations of glycerol may be possible using techniques such as laser flash 

photolysis. Laser flash photolysis studies of protein electron transfer complexes have 

previously been performed on cytochrome systems (Qin & Kostic, 1994; Orii, 1993) and 

flavoprotein systems (Hazzard et al, 1986; Hazzard et al, 1991; Hazzard et al, 1997)), 

and it is hoped that a suitable system for analysing the TMADH/ETF electron transfer 

reaction by laser flash photolysis may be devised in the future.
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CHAPTER 4

ANALYSIS OF ELECTRON TRANSFERRING FLAVOPROTEIN 

USING SMALL ANGLE X-RAY SCATTERING

4.1 Introduction

In this chapter, the use of small angle X-ray scattering (SAXS) to investigate the 

solution structural characteristics of human, P. denitrificans and W3A1 ETF is described. 

SAXS has been used previously to determine the overall dimensions and volume of 

protein molecules, and also to provide information on the protein oligomerisation state, 

domain orientation and complex formation (Grossmann et al, 1993; Grossmann et al, 

1998; Chamberlain et al, 1998; Gallagher et al, 1999). SAXS has also been used to 

generate low resolution (~15 A), model-independent molecular envelope structures for 

proteins in solution (Grossmann & Hasnain, 1997). As previous attempts at the 

crystallisation of W3A1 ETF have been unsuccessful (White et al, 1994), it was thought 

that SAXS could be used to investigate the structural properties of this protein. This 

chapter describes the use of SAXS to determine the structural parameters of W3A1 ETF in 

solution, and to calculate a model-independent molecular envelope structure for the 

protein. This chapter also describes the use of SAXS to calculate structural parameters 

and molecular envelope structures for human and P. denitrificans ETF. Experimental 

scattering profiles from human, P. denitrificans and W3A1 ETF have been compared with 

simulated scattering profiles generated from molecular models.

4.1.1 The Utility of SAXS

X-ray solution scattering is a diffraction technique that can be used to gain 

information about the structural characteristics of a wide variety of biological molecules. 

The theoretical basis for this technique was developed in the 1950s (Guinier & Foumet, 

1955). Since that time it has been used, for example, to study the crystallisation 

behaviour of cocoa butter in chocolate manufacture and the structural characteristics of 

detergent molecules (van Gelder et al, 1995), as well as to study the structure of
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biological macromolecules in solution (e.g. Glatter & Kratky, 1982; Perkins, 1988; 

Chamberlain et al, 1997; Chamberlain et al., 1998; Grossmann et al, 1998; Gallagher et 

al, 1999). SAXS has been used to investigate conformational changes induced in 

proteins in solution, for example those induced in transferrin when it binds ferric iron 

(Grossmann et al, 1998) and those induced in the components of methane 

monooxygenase (MMO) on formation of the multicomponent enzyme complex 

(Gallagher et al., 1999). SAXS has also been used to investigate the factors affecting the 

folding and unfolding of proteins in solution (Semisotnov et al, 1996; Arai et al, 1998; 

Kojima et al, 2000). The chief advantage of using X-ray solution scattering is that it 

enables the characterisation of multiple parameters related to the gross structural features 

of biological macromolecules in an environment that approaches physiological 

conditions. Other advantages of the technique include its amenability to adjustments in 

sample conditions, such as temperature and pH (e.g. Kojima et al, 2000), and its utility 

in the study of molecules with a wide range of molecular masses (e.g. Gallagher et al, 

(1999), where the multicomponent MMO enzyme has a mass of over 300 kDa). 

Hydrodynamic techniques, by comparison, provide only one structural parameter derived 

from the sedimentation coefficient, which reports on the degree of structural elongation 

of the molecule. Electron microscopy requires that the sample is held in a vacuum and 

subjected to harsh preparatory techniques, both of which can give rise to artefacts. NMR 

spectroscopy requires complicated resonance assignment and is generally unsuitable for 

molecules larger than 30 kDa. Finally, X-ray crystallography provides no information on 

how biological macromolecules behave in solution, and the buffer conditions used in the 

crystallisation process are often very different from physiological conditions. The chief 

disadvantage of SAXS, in comparison to X-ray crystallography and NMR spectroscopy, 

is that the structural information yielded via this technique is of a very low resolution, 

typically around 15 A. Other disadvantages of this technique are the high protein 

concentrations (typically 5 to 15 mg/ml) that are required for the sample scattering curve 

to be distinguishable from the background scattering of the solvent, and the fact that the 

data yielded from SAXS does not represent a static, unique structure.
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4.1.2 The Theory of SAXS

In X-ray solution scattering, the incident X-ray beam is scattered by electrons 

from the solute molecules (and, to a lesser extent, by those from the solvent molecules), 

which are randomly oriented and dispersed in free solution. X-ray scattering profiles are 

expressed as a plot of intensity (/(s), measured in units relative to the mass and 

concentration of the measured particle) against the modulus of momentum transfer, s. 

The modulus of momentum transfer is a function of the scattering angle, and is defined 

as:

s = 2 sin 0 IX ,

where 20  is the scattering angle and X is the wavelength of the incident X-ray beam. It 

should be noted that s = 1/d, where d is the diffraction spacing specified by Bragg’s Law 

of Diffraction, X = 2 d sin 0. At very small scattering angles, in the so-called Guinier 

region, the curvature of the scattering profile provides information on the overall 

dimensions of the molecule. The radius of gyration (i?g), which is defined as the root 

mean square of the distance of scattering centers (atoms) from the electronic centre of 

gravity, can be estimated using the Guinier approximation (Guinier, 1939). The Guinier 

approximation is accurate for sufficiently small scattering angles, and when In I{s) is 

plotted versus s2, the radius of gyration (Rg) can be calculated from the slope m :

Rg = -3m  /  4ji2 ,

Another method to evaluate this structural parameter, and also to elucidate further 

structural information, involves determination of the distance distribution function, p(r). 

This function represents the distribution of all intramolecular distances between 

scattering centres (atoms) in the solute molecule. Determination of the p(r) function 

involves an indirect Fourier transform procedure (Svergun et al, 1988):
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D

|  r 2 p{r)dr

2j  p(r)dr
0

which utilises the entire experimental scattering profile and hence provides a more 

accurate approximation of Rg than is possible via the Guinier method. The p(r) function 

has a value of 0 for r > D, where D  is the maximum dimension (jDmax) of the molecule. 

Determination of values for Rg and Dmax via this approach assumes that the solute 

molecules are dilute, monodisperse and non-interacting. The features of the p{r) function 

can also provide information on the gross structural characteristics of the molecule.

Recently, the program GNOM has been developed to implement the indirect 

Fourier transform method and thus to calculate the p(r) function from experimental 

scattering data (Semenyuk & Svergun, 1991). This program enables the determination of 

values for Rg and Dmax. Also, the program also enables determination of the forward 

scattering intensity (70) by reverse transformation of the p{r) function. The relative 

molecular mass of the molecule can be calculated from IJc  (where c is the sample 

concentration) when referenced against the scattering profile of a sample of known 

molecular mass. The volume (V) of the solute molecule can be deduced form the 

scattering profile using the following relationship (Feigin & Svergun, 1987):

calculated from the normalized scattering intensity (I(s)/I0). All volume calculations 

incorporated a correction factor to account for the limited experimental scattering range.

where Q0 is the Porod invariant (Porod, 1951):

2 o = J  s 2 (I(s)/I0 )ds,
0
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Determination of the molecular envelope structure utilises the multipole 

expansion method proposed by Stuhrmann (1970) and developed by Svergun et a l 

(1997). Assuming that the X-ray scattering is caused by a globular molecule of uniform 

density, its molecular envelope can be defined by a two-dimensional angular function F  

(9, <p), which describes the envelope such that the particle density p(r) is unity inside the 

molecular boundary and vanishes elsewhere. The function F  (9, tp) can be expanded into 

a series of spherical harmonics Yim (9, (p) (Stuhrmann, 1970):

L I

F(0,p)  = R0Z ' £ f j r lmQ , 9 ),

where j m are the complex multipole coefficients and L represents the multipole order. Rq 

is a scale factor [~ (3 V / 47i)1/3], where V is the volume of the particle. The function 

Yim (9, tp) is defined as follows:

Ylm{0,<p) =
(2/+i)(/-/»)r1/2

47r (/ + /«)!
P™ (cos 9) exp {im(p) ,

where Pim (cos 9) are the associated Legendre functions (with argument cos 9) and / and 

m are integers with -/ < m < I. A computational procedure to evaluate the multipole 

coefficients from the experimental scattering profile was developed by Svergun and 

Stuhrmann (1991).

The range of the experimental scattering data typically allows the determination 

of 15-20 variables in the shape description (Svergun et al, 1996). This imposes an upper 

limit on the multipole order (L) of the expansion and hence on the resolution of the 

calculated molecular envelope, because the number of independent parameters derived 

from the spherical harmonics series is (L + l)2 -  6 (arbitrary rotations and translations of 

the molecule do not alter the scattering curve and hence lead to a reduction of six 

variables). Therefore, shape calculations for asymmetric molecules can be performed up 

to a multipole order of L = 4, which characterises the molecular envelope in terms of 19 

free parameters. However, the presence of molecular symmetry allows certain multipole
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coefficients to be omitted, which allows multipole expansions with L = 6 or L = 7 to be 

achieved. The higher the degree of symmetry, the more multipole coefficients may be 

omitted and hence the greater the resolution of the calculated molecular envelope.

The multipole expansion method has been used to generate model-independent 

molecular envelope structures for both symmetric (Grossman & Hasnain, 1997) and 

asymmetric (Grossmann et al., 1998) proteins in solution, which have provided excellent 

agreement with the corresponding crystal structures.

4.2 Results

4.2.1 Scattering Data for W3 A1 ETF

SAXS analysis was performed on both oxidised and semiquinone forms of W3A1 

ETF. The protein was purified as described in Section 2.3.4, and oxidised ETF was 

obtained using the method described in Section 2.3.6. SAXS analyses were carried out at 

a range of protein concentrations between 0.3 and 15 mg/ml to investigate any 

concentration dependent changes in the scattering profile. The solution scattering curves 

and intra-particle distance distributions for the oxidized and semiquinone forms of W3A1 

ETF are shown in Figure 4.1. The figure clearly demonstrates the very close similarity 

between the scattering profiles for oxidized and semiquinone forms of the protein. The 

concentration dependent low-angle scattering region (s < 0.01 A'1) and the calculated 

radii of gyration at different protein concentrations are emphasized in Figure 4.2. The 

intensity of the scattering profiles at low scattering angles was found to increase as a 

function of ETF concentration for both the oxidized and semiquinone forms of the 

protein, indicating that inter-particle interactions occur. Hence, low concentration (< 2 

mg/ml) measurements were crucial. By analysis of scattering data collected in different 

time frames during the experiment it was found that the intensity scattering profile in the 

low-angle region increases as a function of time for both forms of ETF. Calculation of IQ 

from the initial frames of the scattering profile (i.e. those taken during the first five 

minutes of X-ray exposure) was used to determine initial values of I0 for both forms of 

ETF over a range of protein concentrations. Hence, careful I0 analysis established that 

both forms of W3A1 ETF behaves as a free heterodimeric protein (-60 kDa) in solution. 

The interactions between ETF molecules in the X-ray beam may have been caused by
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Figure 4.1
Experimental SAXS results for solutions of oxidized and semiquinone (reduced) M. 
methylotrophus ETF. This graph shows a representation of the scattering curves for 
oxidized (squares) and reduced (circles) ETF using the combined low and high 
concentration data for the low angle and outermost scattering region, respectively. 
Error bars are based on counting statistics (only every third experimental data point is 
shown for each scattering profile). Calculated distance distribution functions are 
shown for both ETF forms (see inset). I(s) and p(r) functions for both protein states 
have been normalized so that 1(0) and the area under p(r) are scaled to unity. The fit 
(solid line) to the experimental SAXS curves represents the scattering from the 
restored molecular envelope.
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Figure 4.2
The effect of protein concentration on small angle scattering. The concentration 
effect at low angle is highlighted for scattering profiles shown for oxidized ETF at 
14.7 mg/ml and 0.5 mg/ml (solid lines) and for reduced ETF at 10 mg/ml and 0.3 
mg/ml (dotted lines). The concentration dependence of the radii of gyration and linear 
regression curves are shown as inset graph.
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aggregation effects and/or radiation damage induced during X-ray exposure (after 

examination of data collected in different time frames). The Rg (radius of gyration) 

values were obtained by extrapolation to zero concentration for oxidized and 

semiquinone ETF, and were found to be virtually identical (26.6 ± 0.4 A and 26.5 ± 0.4 

A, respectively). Furthermore, maximum dimension and volume of both forms of ETF 

revealed equivalent values within error limits (Z)max = 80 A ± 4%, V= 1 1 0  0 0 0  A3 ± 5%). 

This illustrated that no large conformational transformation had occurred as a result of 

changing the redox state of W3A1 ETF. Moreover, the features of the p(r) function (with 

a characteristic shoulder at ~ 40 A) indicate that W3A1 ETF in solution has a spread-out 

Y-shaped conformation with distinct domain features, as opposed to a compact, globular 

structure. The distance distribution function for globular structures typically resemble a 

skewed normal distribution, and do not posses distinctive features similar to those 

observed in the present study (Grossmann et al., 1998).

4.2.2 Simulated Scattering Profiles from Molecular Models of W 3 A 1  ETF

ETF has previously been modeled in two conformations (Chohan et al, 1998). 

The first (the so-called eT-inactive conformation, analogous to that of the crystal 

structure for human ETF) was obtained from modeling studies in which the structure of 

M  methylotrophus ETF was built by homology using the crystal coordinates of human 

ETF (Figure 4.3a). The second conformation (the eT-active conformation) is that 

obtained by rotating domain II by 50° with respect to domains I and ID, such that it 

produces a complementary fit with the ETF-binding site seen in the crystal structure of 

TMADH (Figure 4.3b). Using the molecular coordinates for these models, simulated x- 

ray scattering profiles were generated for each solvated ETF conformer and fitted against 

the experimental scattering data for W3A1 ETF (Figure 4.4). It can be seen that the 

experimental scattering profile for W3A1 ETF does not match agreeably with the 

simulated profile generated from the structural model for the eT-inactive conformation. 

The experimental SAXS profiles for both forms of ETF lack the pronounced shoulder in 

the intermediate-wide angle range (0 .0 2  A'*< s < 0.04 A’1) that is associated with the 

static lobed structure of the eT-inactive model. Significant differences in the low angle (s 

< 0 .0 1  A'1) and intermediate angle (0.017 A_1< s < 0.025 A'1) range result only in a fit
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Domain II
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Figure 4.3
(a) Molecular model o f “eT-inactive” M  methylotrophus ETF, showing the 
polypeptide backbone o f the a  (red) and p (green) subunits comprising domains I, II 
and III. Also shown is the FAD, which forms the redox center o f M  methylotrophus 
ETF. (b) Molecular model o f “eT-active” M. methylotrophus ETF, which 
corresponds to eT-inactive M  methylotrophus ETF with domain II rotated 50° 
relative to domains I and III.
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Figure 4.4
Simulated x-ray scattering profiles for molecular models o f eT-inactive ETF (green) 
and eT-active (red) M. methylotrophus ETF, i.e. with domain II rotated 50° in the 
direction o f domain I, fitted against the experimental scattering curve for M  
methylotrophus ETF (black circle with error bars, for clarity only every second 
experimental data point is displayed). The latter represents the combined scattering 
curve o f reduced ETF as illustrated in Figure 4.1. Also shown is the fit using the 
further molecular model o f eT-inactive M. methylotrophus ETF where domain II is 
rotated 50° in the direction o f domain III and thus burying the cofactor in the domain 
interface (blue). The radii o f gyration for the active, inactive and new inactive model 
are 26 .1 A, 24.9 A and 26.0 A, respectively.
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with % 2 eT-inactive =2.2 (Figure 4.4). In contrast, a far better fit (% 2 eT-active = 1.5) is 

obtained for the eT-active conformation of W3A1 ETF, which is also reflected in the 

agreement of calculated and experimental radius of gyration. A reasonably good fit 

(X new eT-inactive = 1.6 ) is also obtained for the simulated scattering profile of a model 

of W3A1 ETF in which domain II is rotated 50° towards domain m, i.e. the so-called new 

inactive model.

4.2.3 Model-Independent Shape Calculation from W 3 A 1  ETF Scattering Data

The smoothed experimental scattering profile for reduced W3A1 ETF was used to 

calculate an ab initio low-resolution, molecular envelope structure for the protein. 

Molecular shape calculations were carried out up to 4th order harmonics (L = 4, 

generating 19 free parameters in the shape description), assuming that the molecule 

incorporates no axes of symmetry.

In all calculations performed, the calculated protein envelope consists of three 

apparent “domains”, with two of these domains forming a lobed, globular structure on 

top of which the third, a flattened ellipsoid, sits. Figure 4.5 represents the average 

molecular envelope taking into account several calculations starting from different initial 

shapes. Manual fitting of the molecular models of W3A1 ETF into this molecular 

envelope structure resulted in an excellent fit between domains I and III of the model 

with the two globular “domains” forming the base of the molecular envelope. With 

domains I and HI of the model fitted to the envelope structure in this orientation, domain 

II of the model sits at the centre of the third “domain” of the envelope structure, with the 

latter forming a flattened “halo” around domain n.

4.2.4 Scattering Data for Human and P. denitrificans ETF

The solution scattering curves and intra-particle distance distributions for the 

oxidized forms of human, P. denitrificans and W3A1 ETF are shown in Figure 4.6. 

Human and P. denitrificans ETF were the kind gift of Prof. Frank E Frerman from the 

Department of Pediatrics at the University of Colorado School of Medicine, Denver, 

Colorado, and W3A1 ETF was purified as described in Section 2.3.4. The scattering 

profiles illustrate the very close similarity between the scattering profiles of the three
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Figure 4.5

Three orientations o f  the calculated molecular envelope structure for M  
methylotrophus ETF, superimposed over the molecular model o f M. methylotrophus 
ETF (based on homology with the crystal structure o f  human ETF; the a  and 
p subunits are red and green, respectively). This shows the excellent fit between the 
globular base o f the envelope structure and domains I and III o f the model, as well as 
the “halo” formed around domain II by the molecular envelope.
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Figure 4.6
Experimental SAXS results for solutions of oxidized human and P. denitrificans 
ETFs, and semiquinone M  methylotrophus ETF. The scattering curves of all three 
ETFs are represented by a combination of low and high concentration data for the low 
angle and outermost scattering region, respectively. Error bars are based on counting 
statistics (for clarity only a third of the experimental data points are displayed). 
Calculated distance distribution functions are shown for all three ETFs (see inset). 
I(s) and p(r) functions for the three proteins have been normalized so that 1(0 ) and the 
area under p(r) are scaled to unity. The fit (solid line) to the experimental SAXS 
curves represents the scattering from the restored shape of human ETF (Figure 4.8). 
Deviations between the fit representing the uniform molecular envelope and
experiment for high scattering angles (s > 0.045 A-l) are attributable to internal 
structural inhomogeneities, the effects of which become more pronounced at higher 
scattering angles.
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forms of ETF in the low (s < 0 .0 1  A'1) and intermediate (0.017 A'1 < s <0.025 A'1) 
scattering angle ranges. The experimental SAXS profiles for all three forms of ETF lack 

the pronounced shoulder in the intermediate-wide angle range (0 .0 2  A -1< s < 0.04 A'1) 
that is associated with the static lobed structure of the crystalline state (Figure 4.4). 

Unlike W3 Ai ETF, the intensity of the scattering profiles at low scattering angles was not 

dependent on the concentration of human/P. denitrificans ETF used in each experiment, 

indicating that human and P. denitrificans ETF are not affected by the inter-particle 

interactions that occur in W3A1 ETF. I0 analysis established that both forms of ETF 

behaved as a heterodimeric protein (-60 kDa) in solution. The R% (radius of gyration) 

values obtained for human and P. denitrificans ETF are 25.2 ± 0.4 A and 24.8 ± 0.4 A, 
respectively, slightly smaller than that obtained for W3A1 ETF (26.4 ± 0.4 A from data 

collected in this study). Furthermore, the maximum dimension and volume of all three 

forms of ETF are identical within experimental error limits (Z)max = 80 A ± 4%, V — 110 

0 0 0  A3 ± 5% for W3A1 ETF, 108 0 0 0  A3 ± 5% for human ETF and 1 1 0  0 0 0  A3 ± 5% for 

P. denitrificans ETF). As with W3A1 ETF, the p(r) function for each protein possesses a 

characteristic shoulder at 36 - 40 A, indicating rather a spread out, Y-shaped 

conformation (with distinct domain features) as opposed to a compact, globular structure. 

However, there are small differences between the p(r) function of W3Ai ETF and those 

of human and P. denitrificans ETF, particularly in the distribution of higher intraparticle 

distances (between 50 and 70 A).

4.2.5 Simulated Scattering Profiles from Molecular Models of Human and P.

denitrificans ETF

The crystal structures for both human and P. denitrificans ETF have been 

determined previously (Roberts et al., 1996; Roberts et al., 1999). Simulated X-ray 

scattering profiles were generated for each solvated ETF conformer and fitted against the 

experimental scattering data for the corresponding form of ETF (Figure 4.7). It was 

hypothesized that human and P. denitrificans ETF may, in solution, posses a static 

conformation that differs substantially from that suggested by their respective crystal 

structures. Both human and P. denitrificans ETF posses two polypeptide loop regions 

(between domains I and II and domains II and HI), analogous to those present in W3A1
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Figure 4.7
Simulated X-ray scattering profiles for molecular models o f human and P. 
denitrificans ETFs with domain II rotated 0° (red), 25° (green) and 50° (blue) towards 
domain I relative to the respective crystal structure. These have been fitted against 
the experimental scattering curve for the corresponding ETF (the two experimental 
curves are those from Figure 1, for the sake o f  clarity the curves for human ETF have 
been shifted by one order o f magnitude). The simulations for human (P. 
denitrificans) ETF resulted in Rg values o f  25.1 A (24.6 A), 25.2 A (24.8 A) and 25.5 
A (25.1 A) using the crystal structure, 25° and 50° domain rotation models, 
respectively.
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ETF (Chohan et al, 1998). Using the atomic coordinates of human and P. denitrificans 

ETF as templates, molecular models of each protein were generated (using the Insight II 

(Biosym/MSI) program) by manually repositioning domain II with respect to domains I 

and El. For each protein, models were generated in which domain II was rotated about 

its putative “hinge” by 25° or 50° in the direction of domain I. Hence, four 

conformational models were generated: human ETF with domain II rotated 25° in the 

direction of domain I, human ETF with domain II rotated 50° in the direction of domain I, 

P. denitrificans ETF with domain II rotated 25° in the direction of domain I, and P. 

denitrificans ETF with domain II rotated 50° in the direction of domain I. Using the 

molecular coordinates for these models, simulated X-ray scattering profiles were 

generated for each solvated ETF conformer and fitted against the experimental scattering 

data for the corresponding form of ETF (Figure 4.7). It can be seen that the experimental 

scattering profiles for human and P denitrificans ETF do not match agreeably with the 

simulated profiles generated from the published crystal structures for human and P 

denitrificans ETF. Significant differences between the experimental scattering profile 

and the simulation in the low angle (s < 0 .0 1  A *) and intermediate angle (0.017 A s 

< 0.025 A'1) ranges result in fits with only % 2 human =2.37 and % 2 P. denitrificans =2 . \ 1 . 

Furthermore, experimental scattering profiles for human and P denitrificans ETF do not 

match agreeably with the simulated profiles generated from the molecular models of the 

respective proteins. Although the fits to the experimental data are improved when 

compared to simulations from the crystallographic structure {% human_25° =2.16, 

%2 human_50° =2.19, % 2 P. denitrificans_25° =1.92 and %2 P. denitrificans_50° =1.98) 

they nonetheless do not adequately describe the scattering of either protein in solution.

4.2.6 Model-Independent Shape Calculation from Human ETF Scattering Data

The smoothed experimental scattering profile for human ETF was used to 

calculate an ab initio low-resolution, molecular envelope structure for the protein. 

Molecular shape calculations were carried out up to 4th order harmonics (L = 4, 

generating 19 free parameters in the shape description), assuming that the molecule 

incorporates no axes of symmetry.
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The calculated protein envelope consists of three apparent “domains”, with two of 

these domains forming a lobed, globular structure on top of which the third, a flattened, 

lobed ellipsoid, sits. Figure 4.8 represents the average molecular envelope taking into 

account several calculations starting from different initial shapes. Manual fitting of the 

crystal structure of human ETF into this molecular envelope structure resulted in an 

excellent fit between domains I and IH of the structure and the two globular “domains” 

forming the base of the molecular envelope. With domains I and ID of the model fitted to 

the envelope structure in this orientation, domain II of the model lies within of the third 

“domain” of the envelope structure. This region, in contrast to the envelope structure of 

W3A1 ETF, does not form a symmetrical “halo” around domain II of the protein but 

instead is biased towards one side of the molecule.

4.2.7 Molecular Modeling of the Human ETF-MCAD Complex

This work was carried out by Dr Michael Sutcliffe and Kamaldeep Chohan at the 

Department of Chemistry, Leicester University. It has been suggested previously that 

rotation in W3A1 ETF of domain II by ~ 50° (with respect to its position relative to 

domains I and 131 in the crystal structure of human ETF) was required for electron 

transfer from its redox partner TMADH (Chohan et al, 1998). The SAXS data presented 

above suggest that such large conformational changes could also occur in human ETF 

upon complex formation with MCAD. To test this hypothesis, it was assumed that the 

conformation of MCAD remains essentially unchanged during complex formation. This 

enabled the modeling of the MCAD-human ETF complex (Figure 4.9) and calculation of 

the intrinsic electron transfer rates (Table 4.1). The method used for calculating electron 

transfer rates (Page et al, 1999) considers the density of the protein packing between 

redox centers without regard to specific “pathways”.

These calculations suggest that domain II has to be rotated by ~ 50° towards 

domain I to maximize electronic coupling between the two redox centers. For a robust 

electron transfer system, the distance between the redox centers should be less than ~ 14 

A (Page et al, 1999). Therefore, a robust and productive electron transfer complex will 

likely be formed when domain II of human ETF is rotated by between -3 0 °  and ~ 60° 

(Table 4.1) towards domain I. However, a rotation of ~ 60 0 can be ruled out because this
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Figure 4.8
Three orientations o f  the calculated molecular envelope structure for human ETF, 
superimposed over its crystal structure. Since the scattering results for human and P. 
denitrificans ETF are virtually identical, the restored shape o f human ETF also 
represents a good approximation to the molecular envelope o f P. denitrificans ETF. 
The shape displays the excellent fit between the globular base o f the envelope 
structure and domains I and III, and highlights the conformational flexibility o f 
domain II. Since this envelope represents an average conformation, it appears that 
domain II occupies the space towards one side o f the molecule (shown here towards 
domain I) more frequently than the other, which agrees with the results o f the 
scattering pattern simulations (Figure 4.7).



MCAD

Figure 4.9
Dockings o f human ETF (brown) onto MCAD (blue). The backbone o f each protein 
is shown schematically, the positions o f  the FADs are shown in black CPK and the 
flavins used in calculating eT rates from MCAD to ETF are encircled in red (MCAD 
contains a pseudo 2-fold axis, therefore eT is equally likely to the FAD in either chain 
A or chain B; in all cases, the second flavin in MCAD, related by the pseudo 2-fold 
axis, is much further away than the flavin to which eT is indicated). Each panel 
illustrates the docking onto MCAD (the orientation o f MCAD is identical in all 
panels) of: (A) ETF with domain II rotated 0° towards domain I with respect to the 
crystal structure o f  human ETF, with the flavins in the four subunits o f the MCAD 
tetramer labelled, (B) ETF with domain II rotated 10° towards domain I, (C) ETF 
with domain II rotated 20° towards domain I, (D) ETF with domain II rotated 30° 
towards domain I, (E) ETF with domain II rotated 40° towards domain I, (F) ETF 
with domain II rotated 50° towards domain I, and (G) ETF with domain II rotated 60° 
towards domain I. In each model, ETF has been positioned such that the surface area 
o f interaction between the two proteins is maximised and the distance between their 
redox centres is minimised.



Table 4.1 Calculated Intrinsic Electron Transfer Rates and the Surface Area of 
Interaction Between Human ETF and MCAD

Rotation of 
domain 2  (of 

ETF) 1°

Edge-to-edge 
distance8 /A

Packing
density

,P

Intrinsic rate constant, 
kej  /s' 1 

ox/sq sq/hq

Surface area 
of interaction

/A2

0 18.4 0.72 2.83 ' 102 1.79 ' 102 2653

10 19.8 0.71 3.62 ' 101 2.28 ' 1 0 1 2534

2 0 18.7 0 .6 6 3.93 ' 101 2.48 ' 101 - 2466

30 13.4 0.72 3.46 ' 105 2.18 ' 105 2830

40 1 2 .2 0.71 1.75 ' 106 1 .1 1  ' 106 2690

50 1 1 .6 0.74 7.13 ' 106

oo

2653

60 12.4 0.81 7.66 ' 106 4.83 ' 106 2306

a The edge-to-edge distance is the “shortest” distance between the FAD in MCAD and 
the FAD in human ETF (Calculated by ET RATES; Page etal., 1999). 

b The packing density, p, is the fraction of the volume between redox centers that is 
within the united atom van der Waals radius of intervening atoms. When the protein 
medium is fully packed, p = 1. In principle, the packing density can vary from 0 to 1 
(Calculated by ET RATES; Page et al., 1999).
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results in severe steric overlap between domains I and n, suggesting that rotations of 

between ~ 30° and ~ 50° are required for a productive eT complex. Implicit in the above 

discussion is the concept of a two step “collision plus electron transfer” process. 

However, it is likely that electron transfer occurs not from a single bound conformation 

of ETF, but from an “ensemble” of thermodynamically metastable complexes (i.e. this 

comprises both a range of conformations of ETF and a range of orientations of each 

conformation in the eT complex). Within the ensemble of MCAD-ETF structures, a 

range of intrinsic electron transfer rates (e.g. Table 4.1) will be present, most of which 

will likely be much faster than the observed rates of electron transfer in stopped-flow 

experiments. By utilizing an ensemble of structures where the intrinsic electron transfer 

rate far exceeds the observed rate, the system is not reliant on adopting a unique 

geometry for the productive electron transfer complex, and all the conformational 

sampling and thermodynamic restrictions that this imposes. Most experimentally
2 3observed and physiological interprotein electron transfer rates are in the range 1 0  to 10  

s'1, i.e. much slower than the values calculated when domain II is rotated by between ~ 

30° and 50° with respect to domains I and El (Table 4.1). In this regime where the 

intrinsic rate of electron transfer is much greater than the observed rate, given the 

efficient coupling between redox centers, the observed electron transfer rate can be 

maintained from a number of different electron transfer complex geometries. This is yet 

another example of a ‘robust engineering principle’, and builds on the idea that naturally 

occurring mutations can be accommodated in a redox protein without affecting 

significantly the electron transfer rate (Page et al., 1999).

4.3 Discussion

It was initially considered, on the basis of the fluorescence spectroscopy data 

described in Section 3.2.7, that the oxidation state of W3A1 ETF may play a role in the 

predisposition of the protein to favour either the eT-active or the eT-inactive 

conformation. As oxidised ETF appears to dissociate from its flavin cofactor more 

rapidly than semiquinone ETF it was argued that the oxidation state of the protein could 

act as a “switch” between different conformational states. However, the scattering data 

indicate that this is not the case, as the SAXS profiles for both oxidised and semiquinone
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ETF are practically indistinguishable, indicating that both forms have an essentially 

identical molecular conformation in solution.

The experimental SAXS profiles for W3A1 ETF closely resembled the simulated 

profile for the eT-active conformation, as opposed to the eT-inactive conformation. This 

initially led to the belief that the conformation of W3A1 ETF in solution resembles that of 

the postulated eT-active form. With regard to protein function, however, it would be 

surprising if the protein existed predominantly in its active conformation in free solution, 

as this would render the isoalloxazine ring susceptible to oxidative attack by molecular 

oxygen. Significantly, because of the pseudo-symmetry of the W3A1 ETF molecule 

about the interface between domains I and HI, the simulated scattering profile for the 

“new inactive” model (where domain II is rotated 50° in the direction of domain m) is 

very similar to that for the eT-active model. Consequently, in terms of the low resolution 

molecular shape it is difficult to distinguish between a conformation of W3A1 ETF which 

resembles the model for eT-active ETF and one which resembles the “new inactive” 

model. Indeed, the simulated scattering profile for the “new inactive” model of ETF is as 

good a fit to the experimental data (%2 new-inactive = 1 .6 ) as the simulated profile for the 

eT-active model (x eT-active = 1.5). However, it is difficult to imagine that the 

oxidation state of the protein acts as a conformational “switch” between the eT-active 

conformation and the “new inactive” conformation, even though the scattering profiles 

alone cannot exclude this possibility. It is more likely that the W3A1 ETF molecule is 

continuously sampling both conformations in solution, and in so doing also populates a 

range of other conformations between these two extremes. Such flexibility could account 

for the difficulties faced when attempting to crystallize W3A1 ETF. Hence, the fact that 

oxidised and semiquinone ETF share an identical scattering profile would suggest that 

this conformational flexibility is independent of the oxidation state of the protein.

The continuous sampling of a range of conformations between the extremes 

discussed above is consistent with the structure of the W3A1 ETF envelope, as calculated 

from the experimental scattering data. If there was a significant energy barrier between 

the two extreme conformations (leading to a “flipping” between the eT-active 

conformation and the “new inactive” conformation, and vice versa) one would expect to 

observe a more lobed, triangular envelope structure. However, the calculated molecular
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envelope forms a flattened “halo” around the locus of domain H Examining the 

dimensions of domain II of the W3A1 ETF model it is apparent that domain II cannot 

occupy all areas of its corresponding “halo” simultaneously. As is the case with all 

scattering measurements, the deduced molecular envelope structure represents an average 

over time. Combining these factors, it seems reasonable to deduce that W3A1 ETF is 

sampling a range of conformations in solution, corresponding to a rotation of domain II 

about the axis formed by the two polypeptide hinge regions connecting it with domains I 

and HI. Also, because the “halo” surrounding domain II is flattened in the direction of 

the rotation, one can conclude that rotation of domain II with respect to domains I and ID 

occurs mainly in one dimension, with very little “side to side” movement.

The experimental SAXS data can hence be used to refine the original model for 

domain motion in W3A1 ETF (Chohan et al., 1998). Rather than activation of the ETF- 

TMADH electron transfer complex being associated with a simple 50° rotation of domain 

II of ETF (i.e. a discrete transition from an eT-inactive to an eT-active conformation) as 

originally proposed, complex formation stabilises the eT-active conformation of ETF. 

During complex formation, the highly dynamic nature of W3A1 ETF is transiently 

“frozen” when forming the eT-active conformation. This suppression of ETF dynamics 

is achieved via an induced fit mechanism for the interaction of ETF with TMADH.

The fact that the experimental scattering profiles for human and P. denitrificans 

ETF are almost identical to the experimental scattering profile for W3A1 ETF in the 

intermediate angle range suggests that all three forms of ETF possess very similar 

molecular dimensions, and that all three proteins possess a similar domain arrangement in 

solution. A corollary of this is that human and P. denitrificans ETF are likely to sample a 

range of conformations in solution corresponding to a rotation of domain II relative to 

domains I and ID, as discussed above in the case of W3A1 ETF. The slightly larger 

apparent size of W3A1 ETF (V=  1 1 0  000 A3± 5% for W3A1 ETF, 108 000 A3 ± 5% for 

human ETF and 110 000 A3 ± 5% for P. denitrificans ETF) may be due to the intrinsic 

structural characteristics of the protein, or alternatively it arise from a greater degree of 

flexibility in W3A1 ETF. As discussed in Chohan et al. (1998) and in Section 1.4.4, 

increased flexibility in W3A1 ETF may be contributed to by the two putative “hinge” 

regions within the W3A1 ETF molecule: i) the intrinsically flexible domain I-domain II
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linker (amino acid sequence al93GGG“195, c.f a205TKS 01207 and al83AES a185 in human 

and P. denitrificans ETFs, respectively), and ii) the much longer loop section in the C- 

terminal part of the /^-subunit (residues 022Z-0245, c .f 0229-0236 and 0226-0233 in 

human and P. denitrificans ETFs, respectively). Additionally, differences in domain- 

domain interactions between the three forms of ETF may be present due to the 31 % and 

33 % sequence identities between W3A1 and human and P. denitrificans ETFs, 

respectively. The small differences between the p(r) function of W3A1 ETF and those of 

human and P. denitrificans ETF at higher intraparticle distances (between 50 and 70 A) 

reflect the increased flexibility of W3A1 ETF relative to human and P. denitrificans ETF.

The observation that the experimental scattering profiles for human and P 

denitrificans ETF do not correspond well to the simulated profiles generated from the 

published crystal structures for human and P denitrificans ETF demonstrates that in both 

cases the crystallographic structures do not adequately describe the molecular structures 

of these proteins in solution. A close inspection of the molecular arrangements in the 

crystalline lattice of both ETF structures reveals that, in both cases, there are several close 

contacts of domain II with domains from neighboring molecules. Low-energy, non- 

covalent interactions can effectively influence protein conformation, particularly in the 

case of multidomain proteins. Consequently, the crystal packing forces arising from non- 

covalent interactions are likely to alter or stabilise specific domain orientations. 

Furthermore, the fact that none of the simulated scattering profiles for the static 

molecular models of human and P. denitrificans ETF can be unambiguously fitted to the 

experimental scattering data for these proteins suggests that neither the structure for 

human ETF nor the structure for P. denitrificans ETF can be represented by a static 

conformational model. Structural flexibility would certainly be advantageous in terms of 

the physiological function of human ETF, as the protein has to recognise a wide range of 

different redox partners.

The calculated molecular envelope structure for human ETF confirms that the 

protein samples a range of different conformations in solution. The calculated envelope 

structure exhibits an excellent fit with domains I and ID of the corresponding crystal 

structure, and modeled in this orientation domain II of the molecule lies in a large 

“domain” of the envelope structure. As was the case for W3A1 ETF, domain II of human
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ETF cannot occupy all areas of its corresponding molecular envelope “domain” 

simultaneously. However, the fact that the region of the human ETF molecular envelope 

that corresponds to domain II of ETF is predominantly located toward one side of the 

structure indicates that domain II of human ETF occupies one side of the molecule more 

frequently than the other. Because human ETF possesses a pseudo two-fold axis of 

symmetry about the interface of domains I and ID, a conformation of ETF in which 

domain II is rotated in the direction of domain I would possess an essentially identical 

scattering profile to a conformation of ETF in which domain II is rotated to an equivalent 

degree in the direction of domain IE. Consequently, one cannot determine from the 

calculated envelope structure whether, in free solution, domain II of human ETF 

predominantly occupies the region adjacent to domain I or that adjacent to domain ID.

However, the data obtained by molecular modeling of the structure of human ETF 

in complex with one of its physiological redox partners, MCAD, strongly suggest that 

rotation of domain II in the direction of domain I would enhance the degree of electronic 

coupling between the two proteins. The modeling studies suggest that rotation of domain 

II of human ETF by 30° - 50° in the direction of domain I would increase intrinsic 

electron transfer rates between the two proteins by more than three orders of magnitude. 

Hence it seems more probable that domain II of human ETF is biased toward occupation 

of the region adjacent to domain I in free solution. The molecular modeling studies 

suggest that a significant change in the conformation of ETF creates a regime in which 

the intrinsic electron transfer rate is elevated well above typical values observed in 

physiological electron transfer complexes (102 to 103 s'1). This regime introduces a 

‘robust engineering principle’, relaxing the specificity required between MCAD and ETF 

without compromising the observed electron transfer rates.

The present study is an excellent illustration of how static molecular models and 

crystal structures may be compared with structures investigated under close physiological 

conditions (i.e. in solution) using the small-angle x-ray scattering technique. 

Furthermore, this study demonstrates how SAXS analyses may be used to elucidate the 

dynamic properties of proteins in solution.
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CHAPTER 5

SPECTROSCOPIC ANALYSIS OF THE DYNAMIC INTERACTION

BETWEEN ETF AND TMADH

5.1 Introduction

This chapter describes the use of fluorescence and absorption spectroscopies to 

study the assembly of the TMADH-ETF complex. Previous studies using difference 

spectroscopy have established that small spectral changes in the flavin absorption region 

(~ 350 -  550 nm) are associated with the interaction of oxidised wild-type ETF with 

wild-type TMADH (Jang et al., 2000). This chapter describes the extension of those 

studies to investigate the interactions of ETF in both redox states (oxidised and anionic 

semiquinone) with wild-type and mutant TMADH. This chapter also describes the use of 

steady-state and lifetime fluorescence spectroscopy to investigate changes in the 

fluorescence properties of ETF associated with its interaction with TMADH. 

Fluorescence spectroscopy is commonly used to provide information on the size, shape, 

flexibility and molecular environment of fluorescent moieties within proteins (Dewey, 

1991; Lakowicz, 1998). Furthermore, this chapter describes the use of stopped-flow 

spectroscopy to characterise the reaction of semiquinone ETF with inorganic electron 

acceptors. These experiments were performed using semiquinone ETF both prior to and 

after incubation with TMADH. The results of the fluorescence and stopped-flow 

spectroscopic analyses indicate that ETF undergoes a stable conformational change as a 

result of its transient interaction with TMADH. This conformational change is termed 

molecular imprinting, or structural imprinting.

5.1.1 The Definition of Molecular Imprinting

5.1.1.1 Molecularly Imprinted Polymers (MIPs)

The terms “molecular memory” and “molecular imprinting” are used to describe 

several phenomena in biochemistry. One of the most topical applications of molecular 

imprinting is in the development of synthetic compounds with specific molecular 

recognition properties. One such technique is the synthesis of molecularly imprinted
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polymers, or MIPs (Ansell et ah, 1996). The concept ofMIPs has been in existence since 

the 1940s (Pauling, 1942). In practical terms, there are two approaches to the synthesis 

ofMIPs: the self-assembly approach (Lindsey, 1991) and the pre-organised approach 

(Mosbach & Ramstrom, 1996), which differ in terms of the pre-polymerisation 

interaction of the monomer precursors with the template molecule. The self-assembly 

molecular imprinting approach involves the formation of precursor-target complexes 

stabilised by weak intermolecular interactions, such as hydrogen bonding, hydrophobic 

interactions and ionic interactions. These complexes are established spontaneously in the 

liquid phase and then sterically fixed by polymerisation with a high degree of cross- 

linking. Elimination of the target molecules results in a macroporous matrix containing 

multiple recognition sites for the molecule of interest. The pre-organised molecular 

imprinting approach involves formation of reversible covalent compounds (e.g. imines, 

ketals and boronate esters) of the monomer precursors with the target molecules. The 

target molecules must be derivatized with the monomer precursors prior to the 

polymerisation reaction. After polymerisation of the monomer precursors, cleavage of 

the covalent bonds that attach the target molecules to the polymer once again results in a 

macroporous matrix containing multiple recognition sites for the molecule of interest.

Thus for, MIPs have been prepared using a wide variety of molecular templates, 

such as proteins, nucleotides, amino acids, vitamins and pharmaceuticals (Mosbach, 

1994; Mosbach & Ramstrom, 1996). For example, polymeric hydrogels have been 

prepared from enzymically-generated sugar acrylates for the chiral separation of Z-Asp 

(Liu and Dordick, 1999). These MDPs were able to achieve a separation factor of almost 

2.5. Also, MIPs prepared against morphine using methacrylic acid-ethylene glycol 

copolymers have been used to mimic the binding sites of opioid receptors (Anderson et 

al., 1995). These MIPs expressed a high binding affinity for morphine (K& = 1 O'7 M), and 

their specificity was similar to that of monoclonal antibodies. The chief advantage of 

using MIPs is that they can be developed for species against which it is difficult to raise 

monoclonal antibodies. Other advantages include their long-term chemical stability and 

their resistance to harsh chemical environments (Kriz & Mosbach, 1995).
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5.1.1 . 2  Imprinting Enzymes for Use in Organic Media

Another topical use of the term “molecular imprinting” derives from the 

preparation of enzymes for use in organic media. The availability of enzyme catalysis in 

organic solvents can be invaluable to synthetic organic chemists (Khmelnitsky & Rich, 

1999). However, most enzymes have a very low activity in organic solvents compared to 

their activity in aqueous media (Dordick, 1992). This may be due in part to the fact that 

enzymes suspended in organic media are more rigid than when they are suspended in 

aqueous media (Affleck et al., 1992; Klibanov, 1995). This phenomenon is probably due 

to increases in electrostatic interactions and hydrogen bonding between surface residues 

(Hartsough & Merz, 1992). Fortunately, because of this increased rigidity it is possible 

to modify the activity of enzymes in organic media in a stable manner by pre-incubation 

with substrate or substrate analogues (Russell & Klibanov, 1988; Stahl eta l, 1990; Stahl 

et al, 1991; Rich & Dordick, 1997). Addition of an appropriate ligand to the enzyme 

prior to lyophilisation is thought to stabilise a conformation of the enzyme that is 

favourable for catalysis. This process has been termed molecular imprinting.

It was found that the activity of subtilisin for the transesterification of N-acetyl-L- 

amino acid with n-propanol in octane could be enhanced up to 1 0 0  fold by lyophilising 

the enzyme in the presence of a competitive inhibitor, iV-Ac-L-Tyr-NH2 (Russell & 

Klibanov, 1988). The activity of the enzyme in the organic solvent increased in 

proportion to the concentration of inhibitor present in the pre-lyophilisation aqueous 

solution. The stereo-specificity of enzymes can be enhanced or reversed via the process 

of molecular imprinting. For example, a-chymotrypsin incubated with iV-Ac-D-Trp and 

precipitated from aqueous buffer by cooling in 1-propanol has been used to catalyse the 

synthesis ofD-amino acid esters (Stahl e ta l,  1990). Furthermore, molecular imprinting 

can alter the substrate specificity of enzymes in organic media. For example, the 

specificity of a-chymotrypsin was altered in favour of Phe or Tyr by incubation with the 

appropriate TV-acetylated substrates in the aqueous buffer (Stahl et al, 1991). More 

recently, it has been shown that the activity and substrate specificity of subtilisin in 

catalysing the acylation of nucleosides in organic media can be controlled by lyophilizing 

the enzyme from an aqueous solution containing the appropriate substrate (Rich & 

Dordick, 1997). Kinetic data revealed that the increased activity of the imprinted enzyme
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in organic media is largely the result of changes in the catalytic components of enzyme 

activity as opposed to binding components; large increases in k0at were accompanied by 

only modest changes in Km. Molecular modeling studies and molecular dynamics 

simulations revealed that the residues which form the catalytic “triad” of subtilisin 

undergo a structural change during imprinting (Rich & Dordick, 1997). However, the 

precise mechanism of this form of molecular imprinting is still not fully understood. 

Studies using FTIR spectroscopy have revealed that changes in the secondary structure of 

enzymes can occur during imprinting (Griebenow & Klibanov, 1995). Other studies have 

revealed that non-specific lyoprotectants can also enhance enzyme activity in organic 

solvents (Dabulis & Klibanov, 1993). The increases in enzyme activity caused by non­

specific lyoprotectants and those caused by substrate analogues are not additive, 

indicating that both processes may operate via the same mechanism. It has been 

postulated that this form of molecular imprinting may operate by limiting reversible 

denaturation during lyophilisation.

5.1.1.3 Imprinting of Enzymes in Multi-Enzyme Complexes

Finally, one of the more recent applications of the term “imprinting” in 

biochemistry concerns the observation that certain enzymes can retain transient catalytic 

properties on dissociation from their corresponding multi-enzyme complexes. These 

transient kinetic properties can differ from the properties of the stable enzyme in solution 

and from the properties of the enzyme in the multi-enzyme complex. The most extensive 

studies of this phenomenon have been carried out on the glyceraldehyde-3-phosphate 

dehydrogenase -  phosphoribulokinase (GAPDH-PRK) complex from Chlamydomonas 

reinhardtii (Lebreton et al., 1997a; Lebreton et al, 1997b; Avilan et al., 1997; Lebreton 

& Gontero, 1999). Kinetic studies of the GAPDH-PRK complex have revealed that the 

complex dissociates to give a metastable reduced form of PRK, the catalytic activity of 

which is increased approximately 10-fold relative to free, stable PRK and to the enzyme 

in complex with GAPDH (Lebreton & Gontero, 1999). Analysis of the thermodynamic 

parameters of ligand binding for stable and metastable PRK indicated that the energy 

barrier for catalysis might be decreased by stabilisation energy (-6  kJ/mol) derived from a 

conformational change in PRK within the complex. This stabilisation energy, stored

72



C hapter 5. Spectroscopic Analysis o f  the Dynamic Interaction between ETF and TMADH

during complex association, corresponds to a transfer of energy from GAPDH to PRK. 

Site-directed mutagenesis has suggested that Arg-64 of PRK may be significant in 

stabilisation of the GAPDH-PRK complex and in the transfer of energy to PRK (Avilan 

eta l, 1997).

There is much evidence to suggest that macromolecules are very closely packed 

within living cells (Srere, 1982; Goodsell, 1991). Therefore, the effects of protein- 

protein interactions on the catalytic activity of metabolic enzymes are of great 

significance to the role of those enzymes in vivo. In this context, elucidation of the 

mechanisms and effects of phenomena such as molecular imprinting may result in a more 

complete understanding of the biochemistry of metabolism.

5.2 Results

5.2.1 Difference Spectroscopy and Kinetic Studies of Complex Assembly

Difference spectroscopy was carried out as described in Section 2.3.10. The 

primary goal of these experiments was to examine changes in the spectral properties of 

ETF when it forms a complex with TMADH. Previous studies using difference 

spectroscopy have established that there are small spectral changes associated with the 

mixing of oxidised ETF with TMADH (Jang et a l, 2000). These spectral changes, 

coupled with the ability to reduce ETF to the 2-electron (dihydroquinone) level when in 

complex with TMADH have been interpreted as evidence of a structural reorganisation of 

ETF during complex assembly.

In the present study, initial experiments involved mixing oxidised TMADH with 

wild-type recombinant ETF in both the oxidised and semiquinone states. ETF was 

reacted with TMADH at ambient temperature (-25 °C) in a ratio of 15pM : lOpM (final 

concentration of reactants after mixing in the split-cell cuvette). The pre-mixing and 

post-mixing absorbance spectra for each experiment, together with the corresponding 

difference spectra (post mixing - pre mixing) for these experiments, are shown in Figure 

5.1. There were small spectral changes associated with the mixing of oxidised TMADH 

and oxidised ETF, which confirm the findings of Jang et al (2000). Furthermore, mixing 

of semiquinone ETF with oxidised TMADH gives rise to a large spectral change in the
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Figure 5.1
Spectral changes associated with the formation of the TMADH-ETF electron transfer 
complex. Panel A\ Absorption spectrum of TMADH and semiquinone ETF before 
(solid line) and after (dashed line) mixing. Inset. Difference absorption spectrum 
(after mixing minus before mixing). Panel B : Absorption spectrum of TMADH and 
oxidised ETF before (solid line) and after (dashed line) mixing. Inset Difference 
absorption spectrum (after mixing minus before mixing). Conditions: 15 pM ETF, 10 
pM TMADH, 50 mM potassium phosphate buffer, pH 7.0, 25 °C.
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region of 400 - 500 nm. These spectral changes are thought to be indicative of a change 

in the environment of the flavin in ETF when it forms a complex with TMADH.

As a continuation of these investigations, experiments were carried out to 

investigate the interaction of wild-type ETF with mutant forms of the TMADH enzyme. 

Three mutant species of the TMADH enzyme were used in these investigations; Y442F 

TAMDH, Y442L TMADH and Y442G TMADH. Significantly, these are the same 

species that were used to investigate the kinetics of electron transfer between wild-type 

ETF and mutant TMADH (Wilson et al., 1997; Basran et al, 2000). Purification of 

mutant forms of TMADH was performed as described in Section 2.3.4. It was found that 

the difference spectra for the mixing of oxidised ETF with mutant TMADH have almost 

identical features to the difference spectrum for the mixing of oxidised ETF with wild- 

type TMADH, regardless of which mutant of TMADH was used in the experiment. The 

difference spectrum for the mixing of oxidised ETF with Y442G TMADH is shown in 

Figure 5.2A. Similarly, the difference spectra for the mixing of semiquinone ETF with 

mutant TMADH are identical to the difference spectra for the mixing of semiquinone 

ETF with wild type TMADH. The difference spectrum for the mixing of semiquinone 

ETF with Y442G TMADH is shown in Figure 5.3 A. However, dependent on the mutant 

form of TMADH used in each experiment there was a great variation in the time taken 

for each reaction to proceed to completion. For example, whereas the spectral changes 

observed on the mixing of oxidised or semiquinone ETF with wild type TMADH occur 

apparently instantaneously upon manual mixing, the spectral change observed on the 

mixing of semiquinone ETF with Y442F TMADH takes approximately 10 minutes to 

fully evolve, and the spectral change observed on the mixing of oxidised ETF with 

Y442G TMADH takes more than one hour to reach the point where no further change in 

the difference spectrum can be observed. Therefore, it was deemed necessary to subject 

the binding reaction of ETF and TMADH to quantitative kinetic analysis using 

absorbance and stopped-flow spectroscopy. In all experiments, ETF was reacted with 

TMADH in a ratio of 15pM : lOpM (final concentration of reactants in the stopped flow 

chamber), i.e. the same ratio that was used in the difference spectroscopy experiments. 

All reactions were carried out in 50 mM phosphate buffer, pH 7.0, and the temperature in 

the reaction chamber was maintained at 25 °C. For reactions of oxidised ETF with
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TMADH, the reaction was monitored by measuring the absorbance change at 482 nm, 

and for reactions of semiquinone ETF with TMADH, the reaction was monitored by 

measuring the absorbance change at 460 nm. Results for all of these experiments are 

shown below in tabular form;

Table 5.1; Observed Rate Constants for ETF/TMADH Binding

TMADH; ETFox ETF*,

Wild Type ND (fast) 9.27x10'' s'1

Y442F ND (fast) 8.43x10'3 s'1

Y442L ND (fast) 3.06xl0'3 s'1

Y442G 3.63x1 O'4 s'1 2.75xl0'3 s'1

The rates of absorbance change were analysed by approximating first order fitting 

to the early parts of the reaction profiles, as all of the reactions are second order with 

respect to TMADH and ETF. Where no value is presented for an experiment, this 

indicates that the expected change in absorbance on reaction of ETF/TMADH was 

observed, but reaction rates could not be measured as the absorbance change occurred in 

the “dead time” (mixing phase) of the reaction, and was thus too rapid to be measurable 

by stopped flow spectroscopy. Formation of the Y442G-oxidised ETF complex occurs 

on a much longer time scale than the corresponding rate of electron transfer when 

normalized to the equivalent concentrations of the component proteins (Basran et al, 

2000), which suggests that electron transfer occurs in a thermodynamically metastable 

complex.

5.2.2 Fluorescence studies of ETF-TMADH Complex and its Components

Fluorimetric analyses were performed as described in Section 2.3.7, and 

fluorescence quantum yields were determined by A. Bobrov and N. Vekshin at the 

Institute of Cell Biophysics, Pushchino, Russia. Preliminary studies were carried out to 

investigate the fluorescence properties of ETF and TMADH. The excitation spectrum of 

FAD in oxidised ETF coincides with that of free FAD (Figure 3.9). Little, if any, Trp or
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Tyr contribution was observed at 280-nm in the excitation spectrum for ETF-bound FAD, 

revealing the absence of resonant energy transfer from Trp and Tyr to FAD. The 

quantum yield of FAD emission for semiquinone ETF is about of 5-10 % of that for free 

FAD. The slow increase in the intensity of the flavin emission over time, commensurate 

with the slow release of FAD from the protein (Figure 3.10), indicates that a quenching 

group reduces the FAD emission in ETF. The fluorescence lifetime of FAD in 

semiquinone ETF is relatively long (4.5 ±0.2 ns), and is about twice that for free FAD in 

water (2.5 ±0.3 ns). Dynamic deactivation of excited FAD by the adenosine moiety is 

well known for FAD in aqueous solution (Chen et al., 1994). The fluorescence data for 

ETF-bound FAD suggests the adenosine moiety does not contact the isoalloxazine ring, 

which is consistent with the X-ray data for human ETF (Roberts et al, 1996) and the 

model ofM  methylophilus ETF (Chohan et al., 1998). The fluorescence quantum yield 

of oxidised ETF is about 50% that of semiquinone ETF, and the lifetime of the 

fluorescence emission for ETFox is 2.9 ± 0.2 ns.

The quantum yield of fluorescence emission for the 6-S-cysteinyl FMN in 

TMADH is very small (~ 0.04 % of that for free FAD), and fluorescence from the 6-S- 

cysteinyl FMN is probably quenched as a result of the proximity of the flavin to the 4Fe- 

4S centre. The lifetime of fluorescence is ~ 6 ns, compared with 5 ns for free FMN in 

water. The very low quantum yield, and the long fluorescence lifetime, suggest that the 

emission at 540 nm may not be attributable to the 6-/S'-cysteinyl FMN in native TMADH. 

The origin of the fluorescence emission is uncertain, but possibilities include minor 

contaminating flavoproteins or a small population of non-native TMADH. The very low 

quantum yield of fluorescence emission for preparations of TMADH has allowed us to 

investigate flavin fluorescence changes associated solely with ETF on interaction with 

TMADH.

Incubation of ETF (in either redox state) with an equivalent concentration of 

TMADH at ambient temperature (-25 °C) leads to a gradual ~4-fold increase in ETF 

flavin fluorescence, which reaches a plateau after about 2 hours (Figure 5.4A). No 

similar change in the flavin fluorescence was observed for single preparations of either 

TMADH or ETF, other than those attributable to leaching of the FAD cofactor from free 

ETF (as described in Section 3.2.7). The rate at which fluorescence increases in a
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TMADH-induced flavin fluorescence emission in ETFox and ETFsq. Panel A: Time 
dependence of induced emission (540 nm) following excitation (450 nm) of the FAD 
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panel A. Similar enhancements in flavin fluorescence were also observed in 
imprinting reactions with ETFox and ETFsq purified from M  methylotrophus (not 
shown).
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mixture of ETF and TMADH is directly proportional to the concentration of TMADH 

present in the reaction mixture. The relationship between the rate of fluorescence 

increase and TMADH concentration is illustrated in Figure 5.4B. Rates of increase in 

fluorescence were analysed by approximating first order fitting to the early parts of the 

reaction curves (strictly speaking, the reaction is second order with respect to TMADH 

and ETF).

It was originally considered that this increase in fluorescence may be due to a 

slow release of FAD from ETF. To test this possibility, absorption spectra for 

semiquinone ETF were measured before and after incubation with sub-stoichiometric 

amounts (i.e. less than 5 %) of TMADH. It was found that the absorption spectrum of the 

reaction mixture following prolonged incubation (>48 h) with TMADH is characteristic 

of the anionic semiquinone form of FAD (Figure 5.5). If FAD were released from 

semiquinone ETF during incubation with TMADH it would rapidly oxidise (ti/2 of 

reduced FAD when free in solution is < 1 s). However, there is a small increase in the 

absorption at 450 nm and a small decrease at 360 nm, which could suggest partial 

oxidation of the FAD bound to ETF. The structurally altered ETF spectrum was, 

however, resistant to further reduction on addition of trimethylamine to the incubation 

mixture, suggesting that partial oxidation of the ETF-bound FAD had not occurred. The 

fact that the flavin moiety remains bound to ETF during incubation with TMADH led to 

the suggestion that ETF may undergo a stable structural change in the presence of 

TMADH, and that this structural change may give rise to the slow increase in 

fluorescence. This structural change was termed “imprinting”, and ETF that has been 

exposed to prolonged incubation with TMADH (i.e. such that its fluorescence emission 

reaches a plateau) will henceforth be termed “imprinted ETF”.

Following imprinting of oxidised ETF by incubation with TMADH, the ETF- 

bound FAD is readily reduced by addition of the TMADH substrate trimethylamine, thus 

indicating that imprinted oxidised ETF is catalytically active. The importance of 

complex formation with TMADH in facilitating the imprinting reaction is apparent in 

studies of ETF imprinting catalysed by mutant TMADH enzymes. Mutation of Tyr-442 

in TMADH leads to ~ 10-20-fold reduction in the rate of structural imprinting for 

semiquinone ETF (Figure 5.6), presumably as a result of the impaired interaction
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Figure 5.6
Kinetics of imprinting of ETFsq with mutant TMADH enzymes altered at residue 
position 442. Rates for reactions performed with wild-type, Y442F, Y442G and 
Y442L TMADH enzymes are represented by squares, triangles, circles and inverted 
triangles, respectively. Imprinting reactions performed with wild-type TMADH and 
aR237A were substantially compromised (not shown) as a result of the known very 
slow rate of complex assembly determined by difference spectroscopy ETF 
(Talfoumier et al., 2001). Conditions: 5pM ETF, 50 mM potassium phosphate buffer, 
pH 7.0; 25 °C.
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between ETF and the binding surface on TMADH. Similar results were obtained for 

imprinting reactions performed with oxidised ETF and the mutant TMADH enzymes (not 

shown). Previous studies have indicated that an interaction between Tyr-442 of TMADH 

and Arg-237 of ETF is implicated in the assembly of the wild-type complex (Chohan et 

al., 1998; Talfoumier et al., 2001).

5.2.3 Solution Structural and Dynamic Properties of Imprinted ETF

In order to examine the effects of imprinting on the gross molecular structure of 

ETF, both imprinted and non-imprinted (i.e. as purified) ETF were subjected to analysis 

by small angle X-ray scattering (SAXS). Non-imprinted ETF was purified as described 

in Section 2.3.3, and imprinted by incubation with a sub-stoichiometric (i.e. less than 5 

%) amount of TMADH. Scattering profiles for imprinted and non-imprinted ETF are 

shown in Figure 5.7. The two scattering curves are virtually identical (as indicated by 

their superimposition), which indicates that there are no significant changes in the global 

domain structure as a result of the imprinting reaction. Therefore, the calculated 

envelope model generated from SAXS data for non-imprinted semiquinone ETF (Section 

4.2.3) can adequately describe the gross structural features of both imprinted and non- 

imprinted ETF.

Fluorescence anisotropy and lifetime measurements for the FAD cofactor in both 

imprinted and non-imprinted ETF were performed in order to gain information on the 

mobility and environment of the fluorophore. Results of these analyses are presented in 

Table 5.2. Calculated values for the rotational correlation time (0) of the fluorophore 

were obtained from the Perrin equation,

r = r°
l + (r/0) ’

where r is the measured anisotropy, ro is the fundamental anisotropy and x is the 

fluorescence lifetime of the fluorophore. The data indicate that the anisotropy values for 

imprinted ETF (in both oxidised and semiquinone forms) are less than the corresponding 

values for non-imprinted ETF. The major effect in accounting for this reduction in
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Table 5.2. Fluorescence anisotropy and lifetime data for ETF and imprinted ETF

Sample Anisotropy, r Polarisation, P Lifetime,

(ns)

Rotation 
correlation time, 

0(ns)

ETFsq 0.162 ± 
0.0005

0.225 ± 0.0006 4.5 ± 0.2 3.1

ETFox 0.222 ± 
0.0005

0.299 ± 0.0006 2.9 ±0.2 3.6

s p r in te d
ETFsq 0.116 ± 

0.0003
0.165 ±0.0003 5.5 ± 0.3 2.2

imprinted
ETFox 0.163 ± 

0.0005
0.227 ± 0.0007 3.6 ±0.2 2.5

2Imprinted
ETFsq 0.113 ± 

0.0005
0.161 ±0.0006 ND ND

!ETF imprinted with TMADH in the following reaction: ETF (5 pM) + TMADH (5 pM), 
50 mM potassium phosphate buffer, pH 7.0; incubated at 20° C for 2 hours.

2ETF imprinted with TMADH in the following reaction: ETF (5 pM) + TMADH (0.25 
pM), 50 mM potassium phosphate buffer, pH 7.0, incubated at 20° C for 48 hours.
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anisotropy is a decrease in the rotational correlation time. Small increases in the lifetime 

of the fluorophore are also apparent, but the effect of these changes on the anisotropy of 

the fluorophore is small. Therefore, the FAD fluorophore in structurally imprinted ETF 

undergoes a larger angular displacement between absorption and emission of a photon 

than in non-imprinted ETF. This suggests that the FAD fluorophore is bound more 

loosely in imprinted ETF, and hence that the imprinting reaction involves a structural 

change in the local environment of the FAD moiety. Also, the data indicate that the 

anisotropy of imprinted ETF is not affected by the concentration of TMADH present in 

the imprinting reaction. This suggests that the nature of the structural change associated 

with the imprinting reaction is not affected by the concentration of ETF-TMADH 

complex in the imprinting mixture.

5.2.4 Purification of Imprinted ETF by Analytical Gel Filtration

Analytical gel filtration was carried out as described in Section 2.3.5. Imprinted 

ETF was obtained by incubation of non-imprinted semiquinone ETF with a sub- 

stoichiometric (i.e. less than 5 %) amount of TMADH. Analytical gel filtration was used 

in an attempt to purify imprinted ETF from a mixture of ETF and TMADH. Although 

this goal was achieved and samples of pure imprinted ETF were obtained by gel 

filtration, on examination of the eluate fractions by both spectrophotometric and 

spectrofluorimetric techniques it was found that imprinted ETF purified in this manner is 

almost exclusively in the apo form, and that the FAD cofactor of ETF is eluted in a 

separate fraction. As a control, a sample of pure (i.e. of a purity sufficient for SAXS 

analysis) non-imprinted ETF was subjected to gel filtration under the same conditions as 

those used in the purification of imprinted ETF, and the eluate fractions analysed by 

spectrofluorimetry. Figure 5.8 shows the fluorescence intensity (exciting at 450 nm and 

measuring emission at 530 nm) for fractions eluted during gel filtration of both imprinted 

and non-imprinted ETF. Although SDS-PAGE analysis of the eluate fractions revealed 

that both forms of the protein are eluted at identical volumes (results not shown), the 

results of the fluorescence analyses clearly show that, for non-imprinted ETF, the 

majority (-80%) of the flavin present in the initial sample remains bound to ETF in the 

/io/o-enzyme. These results indicate that non-imprinted ETF has a far greater affinity for
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Figure 5.8
Fluorescence elution profiles of imprinted {dotted line) and non-imprinted {solid line) 
ETFsq. Both panels show the same experiment, but in Panel B the Y-axis is 
magnified 10-fold relative to Panel A. Conditions: the analytical gel filtration column 
was equilibrated with 50 mM potassium phosphate buffer, pH 7.0, at 4 °C, and a flow 
rate of 0.3 ml per minute was used. 200 pi of a 2 mg/ml protein solution was loaded 
onto the column, and eluate fractions of 0.5 ml were collected. Eluate fractions were 
analysed using fluorescence spectroscopy (exciting at 450 nm and measuring 
emission at 530 nm). Fluorescence peaks at 17.5 ml and 21.5 ml represent protein- 
bound flavin and free flavin, respectively.
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its FAD cofactor than imprinted ETF under the conditions used in the gel filtration 

experiment, and are further evidence that there is a structural change associated with the 

ETF imprinting reaction.

5.2.5 The Electron Transfer Reactions of ETF with Inorganic Redox Partners

A great deal of work has been carried out to investigate the reactions of biological 

molecules with non-physiological, inorganic redox partners (for examples, see Dennison 

et al, 1994, Kyritsis et al, 1991, Kyritsis et al, 1994 and Zhang et al, 1992). It was 

thought that investigation of the interaction of imprinted and non-imprinted ETF with 

inorganic redox partners may provide useful information concerning the redox behavior 

of the ETF, and provide a valuable means for making kinetic comparison between the 

two forms of the protein.

The first inorganic redox partner used in these investigations was ferricenium 

hexafluorophosphate. The ferricenium ion is a potent oxidising agent (Em = +380 mV) 

which carries a positive charge (Figure 5.9);

+

p f 6

Figure 5.9 The Chemical Structure of Ferricenium

In stopped flow experiments, 15 pM semiquinone ETF was reacted with 

ferricenium hexafluorophosphate in 50 mM potassium phosphate buffer, pH 7.0. 

Concentrations of ferricenium from 0.2 mM to ImM were used, and the experiments 

performed over a temperature range from 5 °C to 35 °C. Results for these experiments 

are shown in figure 5.10. For imprinted ETF, all transients obtained were monophasic 

(an average of four transients for the reaction of imprinted semiquinone ETF with 0.25
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Figure 5.10
Electron transfer kinetics for reactions of imprinted and non-imprinted ETF with 
ferricenium. Panel A: plot of observed rate constant, kohs against ferricenium 
concentration for the oxidation of imprinted ETFsq. Reactions were performed at 
temperatures of 278 K {squares), 288 K {circles), 298 K {triangles) and 308 K 
{inverted triangles). For the imprinting reaction, ETFsq (40 pM) and TMADH (2 pM) 
were mixed; the progress of the imprinting reaction was monitored by fluorescence 
emission (540 nm) following excitation (450 nm). Conditions: ETF concentration 15 
pM; 50 mM phosphate buffer, pH 7.0. Panel B\ plot of observed rate constant (fast 
phase), &0bs against ferricenium concentration for the oxidation of ‘as-purified’ ETFsq. 
Reactions were performed at temperatures of 278 K {squares), 288 K {circles), 298 K 
{triangles) and 308 K {inverted triangles). Conditions as for panel A. Inset, plot of 
observed rate constant (slow phase), &0bs against ferricenium concentration for the 
oxidation of ‘as-purified’ ETFsq. In all cases, absorbance change was monitored at 
438 nm
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mM ferricenium at 25 °C is shown in figure 5.1 IB), and fitting to equation 1 provided 

rate constants for the reaction. However, for non-imprinted ETF, all transients obtained 

were biphasic (an average of four transients for the reaction of non-imprinted ETFsq with 

0.25 mM ferricenium at 25 °C is shown in figure 5.11 A), and fitting to equation 2 

provided rate constants for each phase of the reaction. The observed rate constants for 

the slow phase of the non-imprinted semiquinone ETF/ferricenium electron transfer 

reaction were approximately 10-fold lower than the rate constants for the fast phase of the 

reaction. All of the observed rate constants obtained in these experiments were 

considerably lower than expected for intrinsic rates of electron transfer, which indicates 

that rates are limited by a non-eT reaction step. Saturation kinetics were not observed; 

and reaction rates expressed a linear dependence on the concentration of ferricenium. 

The slope of this linear dependence is equivalent to the second order rate constant of the 

reaction. Fitting these data to the unimolecular rate equation to obtain a linear plot (as 

described in Craig et al, 1998) enabled the determination of the apparent enthalpy (A//*) 

and entropy (AS*) terms for the reactions of imprinted and non-imprinted ETF with 

ferricenium hexafluorophosphate (Figure 5.12). The altered kinetic and thermodynamic 

parameters for electron transfer between ETF and ferricenium provide additional 

evidence that a conformational change occurs in the environment of the redox cofactor 

during the imprinting reaction.

It was considered that, as ferricenium is a positively charged molecule, 

unfavourable electrostatic forces might be responsible for limiting the reaction rates 

between ferricenium and ETF. Therefore, the analysis of imprinted semiquinone ETF 

was repeated at a single temperature (25 °C) using ferricyanide, a negatively charged 

inorganic oxidising agent, as an electron acceptor. All other reaction conditions were 

identical to those described previously. All transients obtained were monophasic, and 

fitting to Equation 2.1 provided rate constants for the reaction. The reaction rates for this 

experiment were found to be comparable to those for the reaction of imprinted 

semiquinone ETF with ferricenium, as shown in Figure 5.13. This suggests that 

electrostatic interactions are not responsible for the low observed rates of electron 

transfer between semiquinone ETF and inorganic redox partners.
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Figure 5.11
Absorption transients for the reaction of imprinted and as-purified ETFsq with 
ferricenium ion. Panel A: reaction of 15 pM ETFsq (as-purified) with 500 pM 
ferricenium hexafluorophosphate, in 50 mM phosphate buffer, pH 7.0, 298 K. 
Transient measured over 10 s. Fitting to Equation 2.2 gave values for &fast and ks\ow of
6.0 s '1 and 0.4 s '1, respectively. Inset, the same transient shown in the main panel, but 
over a shorter time scale. Each phase contributes equally to the total absorption 
change. Panel B: reaction of 15pM ETFsq (imprinted) with 500 pM ferricenium 
hexafluorophosphate, in 50 mM phosphate buffer, pH 7.0, 298 K. Fitting to Equation
2.1 gave value for the rate of the absorption change, £0bs, of 14.9 s'1.
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Figure 5.12
Temperature dependence plot o f second-order rate constants for the reaction of 
imprinted and non-imprinted ETFsq with ferricenium (obtained from Figure 5.10) at 
temperatures from 278 to 308 K. Thermodynamic parameters obtained by fitting to 
the unimolecular rate equation are as follows: for imprinted ETF {squares), A//* = 43 
± 2.2 kJ mol'1, AS* = - 1 7 ± 7 . 5 J  mol'1 K '1; : for non-imprinted ETF (fast reaction - 
circles), A//* = 49 ± 1.8 kJ mol'1, AS* = -4 ± 4.1 J mol'1 K'1; for non-imprinted ETF 
(slow reaction - triangles), A//* = 49 ± 2.3 kJ mol"1, AS* = -26 ± 8.6 J mol'1 K'1.
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Electron transfer kinetics for reactions of imprinted ETFsq with ferricyanide. The 
concentration of ETFsq used was 15 pM and concentrations of ferricyanide used were 
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53  Discussion

53.1 Difference Spectroscopy Data

The spectral changes observed during ETF-TMADH complex formation are 

indicative of a change in the environment of the flavin in ETF. It was shown in the 

previous chapter that the SAXS profiles of oxidised and semiquinone ETF indicate that 

both redox forms of ETF have equivalent structural characteristics in solution. In 

combination, the difference spectroscopy data and the SAXS data strongly suggest that 

both redox forms of ETF undergo a localised conformational change during complex

Mutation of tyrosine 442 of TMADH does not alter the character of the spectral 

change observed on the interaction of TMADH with ETF, indicating that the physical 

nature of the conformational change that occurs in ETF on binding TMADH is 

unaffected. However, the fact that mutation of Tyr-442 causes a decrease in the rate of 

the spectral change observed on the binding of TMADH to ETF strongly supports the 

hypothesis put forward by Basran et a l  (2000) that Tyr-442 is responsible for coupling to 

ETF (specifically, to residue Arg-237) and formation of the active electron transfer 

complex. It has been postulated that the decrease in electron transfer rate that is observed 

when Tyr-442 is mutated is the product of an impaired rate of conformational change 

and/or structural realignment necessary for subsequent electron transfer (Basran et al, 

2000). According to this model, electron transfer between TMADH and ETF can be 

described using the following kinetic scheme;

assembly.

(AB)1^ ( A B ) 2- ^ ( A +B )
*r

A + B
+

SCHEME 1

where A is oxidised ETF, B is semiquinone TMADH, (AB)i is a non-productive electron 

transfer complex, (AB)2 is the productive electron transfer complex that forms following
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structural realignment of complex (AB)i, and (A4©’) is the product complex following 

electron transfer. An analytical rate equation for the observed electron transfer rate 

constant (fc0bs) measured in stopped-flow studies can be derived for such a scheme (Eq. 

5.1; Basran et al., 2000);

7 ______________ k  k k  [A]
k  (k T + k  ) + k k J + k ( k T + k  + k  )[A] (Eq-5-1)

-  a v eT -r '  r eT a v eT r -r 7 L J

In the regime where the intrinsic electron transfer rate (kej) is fast, and also where 

kr »  k.& + ka[A], Eq. 5.1 is approximated by a linear relationship between kQt* and [A], 

and this situation pertains for the wild-type complex (Basran et al., 2000). Saturation 

behaviour is observed for mutant complexes altered at residue 442, and this was 

previously inferred to represent a rate-limiting conformational change [conversion of 

(AB)i to (AB)2], rather than a rate-limiting intrinsic electron transfer rate [ket; (Basran et 

al., 2000)]. In the present study, the difference spectroscopy data concerning complexes 

formed between ETF and mutant TMADH enzymes provide substantial evidence for 

impaired structural realignment during mutant complex formation. Evolution of the 

spectral changes accompanying the assembly of complexes between semiquinone ETF 

and Y442F, Y442L and Y442G mutant TMADH enzymes occurs with rate constants ~ 2 

orders of magnitude lower than that for formation of the wild-type complex. The rate of 

spectral change observed on the interaction of oxidised ETF with Y442G TMADH is also 

substantially slower than that for the corresponding wild-type complex. The spectral 

changes accompanying the assembly of Y442F, Y442L mutant TMADH enzymes with 

oxidised ETF are too rapid to follow using stopped-flow methods. It is clearly not 

possible to perform interaction studies with 1 electron reduced TMADH and oxidised 

ETF in the absence of electron transfer. However, the difference spectroscopy studies 

with mutant oxidised TMADH- oxidised ETF and oxidised TMADH- semiquinone ETF 

combinations indicate that mutation of Tyr-442 in TMADH impairs complex assembly, 

and this is likely to translate to the assembly of the electron transfer competent complex 

involving 1-electron reduced TMADH and oxidised ETF. The molecular model of the 

electron transfer complex (Chohan et al, 1998) suggests a close interaction between Tyr-
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442 of TMADH and Arg-237 of ETF, and this interaction may be important in 

facilitating the structural reorganisation which forms the productive electron transfer 

complex. Difference spectroscopy studies with ETF mutated at Arg-237 (R237A), which 

also indicate impaired complex assembly, are consistent with this model (Talfoumier et 

al., 2001). Significantly, the experiments with mutant TMADH enzymes show slow rates 

of complex assembly (especially with the Y442G-ETF complex) in comparison to the 

rates of electron transfer within the corresponding electron transfer complex (Basran et 

al, 2000). This suggests that electron transfer in these mutant complexes does not occur 

in the most thermodynamically stable state, but that a metastable form of the complex is 

competent in transferring electrons from TMADH to ETF.

5.3.2 Fluorescence Analysis of the ETF Imprinting Reaction

The large, long time-scale changes in the fluorescence emission of the FAD 

cofactor of ETF indicate that interaction of with TMADH induces a conformational 

change in ETF, probably localised around the environment of the FAD moiety. It has 

been determined that the observed increase in fluorescence signal cannot be due to a 

release of flavin from ETF. The fact that the rate of the ETF imprinting reaction 

increases as a linear function of TMADH concentration indicates that TMADH is acting 

as a true catalyst for ETF imprinting. Mutation of Tyr-442 of TMADH causes significant 

reduction in rates of imprinting for both oxidised and semiquinone ETF which, in the 

light of previous conclusions about the importance of Tyr-442 in the formation of the 

active electron transfer complex, suggests that formation of the active complex is a vital 

precursor to the ETF imprinting reaction. The finding that rates for the imprinting 

reaction were faster when catalysed by Y442G TMADH than when catalysed by Y442L 

TMADH was unexpected, as rates for both interprotein electron transfer (Wilson et al, 

1997; Basran et al, 2000) and active-complex formation are more severely compromised 

in Y442G TMADH than in Y442L TMADH. As the imprinting reaction is likely to be a 

complex molecular dynamic interaction within the active complex, it is difficult to 

interpret this result. However, it may be related to the observation noted during kinetic 

analysis of the ETF/TMADH electron transfer reaction that the dissociation constant for 

the complex is significantly elevated for Y442G TMADH (Wilson et al, 1997).

84



C hapter 5. Spectroscopic Analysis o f  the Dynamic Interaction between ETF an d TMADH

5.3.3 Solution Structural Properties of Imprinted ETF

The results of the SAXS analyses of ETF (Chapter 4) reveal that domain II of 

ETF is conformationally mobile with respect to domains I and m. It was clear from the 

scattering profile simulations that restricted motion of domain II would have a 

pronounced effect on the scattering profile of ETF, most notably at the low scattering 

angles (j < 0.02 A*1). The experimental scattering data presented in this chapter hence 

confirm that no gross change in the domain structure or dynamics of ETF occurs during 

the imprinting reaction. However, because the resolution of the structural information 

obtainable by SAXS is very low (~ 15 A), local changes in conformation such as those 

resulting from side-chain reorientations cannot be excluded. This suggests that the 

structural change that occurs during imprinting of ETF consists of small side-chain 

reorientations localised around the FAD moiety. One possible candidate for the 

conformational change that occurs during imprinting can be deduced by examination of 

the time scale of the imprinting reaction. The half-life for imprinting of ETF, at 

approximately 30 minutes, is comparable to the time scale expected for a proline cis- 

trans isomerism. The suggestion that proline isomerism may be responsible for the 

imprinting reaction is further substantiated by analysis of the structure of ETF. There is a 

proline residue (Pro-238) immediately adjacent to Arg-237, the residue which has been 

implicated in stabilisation of the semiquinone form of ETF and in complex formation 

(Chohan etal., 1998; Talfoumier etal., 2001).

5.3.4 Dynamic Properties of the FAD Cofactor of ETF

Measurement of fluorescence anisotropy and lifetime of fluorescent moieties 

within protein molecules can provide valuable information on the structural and dynamic 

characteristics of the protein, or on the structure and flexibility of the fluorophore. The 

anisotropy/lifetime data reveal that the decreased values for anisotropy observed for 

imprinted ETF relative to those observed for non-imprinted ETF are largely the product 

of reduced rotational correlation times for the fluorescent moiety. This suggests that 

imprinted ETF binds its FAD cofactor more loosely than non-imprinted ETF. Loose 

binding of the FAD may facilitate electronic coupling between ETF and TMADH, as the
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molecular model of the ETF-TMADH complex predicts that the isoalloxazine ring of 

FAD might enter a small groove on the surface of TMADH adjacent to Tyr-442 (Chohan 

etal., 1998).

53.5 The Electron Transfer Reactions of ETF with Inorganic Redox Partners

The analyses of the reactions of imprinted and non-imprinted ETF with 

ferricenium confirm that the changes observed in the fluorescence properties of ETF 

when it interacts with TMADH are reflected in a change in the kinetic and 

thermodynamic properties of ETF. The stopped flow data thus provide further evidence 

that a conformational change occurs in the environment of the redox cofactor during the 

imprinting reaction. The observation that the rate constants for electron transfer from 

imprinted ETF to ferricenium are fester than the corresponding rate constants for electron 

transfer from non-imprinted ETF to ferricenium supports the hypothesis that the FAD 

cofector is more loosely bound in imprinted ETF. The fact that kinetic transients for 

electron transfer from ETF to ferricenium are biphasic for non-imprinted ETF and 

monophasic for imprinted ETF suggests a more conjugated mechanism for electron 

transfer from non-imprinted ETF. Although this result is difficult to interpret, the more 

complex kinetic scheme for electron transfer from non-imprinted ETF does suggest a 

change in the environment and/or orientation of the FAD cofactor in ETF. Analysis of 

the reaction between ETF and ferricyanide confirmed that electrostatic forces do not limit 

the observed electron transfer rates between ETF and inorganic molecules.

53.6 Implications for Study of Interprotein Electron Transfer Reactions in vivo

There are very few structures solved of soluble, physiological and transiently

formed electron transfer complexes. Examples include the methylamine dehydrogenase- 

amicyanin-cytochrome c (Chen et al., 1994) and cytochrome c peroxidase:cytochrome c 

(Pelletier & Kraut, 1992) complexes. In these cases, the structures of the protein 

components in the complex resemble those of the uncomplexed molecules, giving rise to 

a colliding “billiard ball” representation of complex assembly. These structural studies 

thus provide little insight into the extent and role of dynamics in electron transfer. 

However, kinetic studies have revealed that small-scale conformational changes occur in
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electron transfer from cytochrome c to ferricytochrome b5 (Qin & Kostic), from 

cytochrome c to plasticyanin (Zhou & Kostic, 1992; Zhou & Kostic, 1993) and from 

methanol dehydrogenase to cytochrome c551i (Harris et al, 1994). Also, X-ray studies 

have suggested that large-scale conformational change may be a prerequisite for efficient 

electron transfer; for example in the cytochrome bcl complex (Zhang et al, 1998), sulfite 

reductase (Gruez et a l, 2000) and, to a lesser extent, the components of the bovine 

adrenodoxin reductase-adrenodoxin electron transfer complex (Ziegler et al, 1999). The 

results presented in this chapter, together with the results of the SAXS analyses, have 

indicated that ETF also undergoes a large-scale conformational change on formation of 

the active electron transfer complex. Furthermore, comparison of kinetic data for the 

ETF-TMADH electron transfer reaction (Basran et al, 2000) with the kinetic data for the 

ETF-TMADH binding reaction have indicated that, for interactions of ETF with mutant 

TMADH, this rearrangement does not lead to the thermodynamically most stable state 

(which is formed too slowly), but to one or more rapidly-formed metastable states that 

are themselves productive electron transfer complexes.

Previous research conducted on the enzyme phosphoribulokinase has 

demonstrated that imprinting transiently alters the kinetic parameters of enzyme catalysis 

and the thermodynamic parameters of ligand binding on dissociation from the 

multienzyme complex (Lebreton et al, 1997a; Lebreton et al, 1997b; Avilan et al, 1997; 

Lebreton & Gontero, 1999). In this study it has been deduced that imprinting of an 

electron transfer protein by interaction with its physiological redox partner can give rise 

to alterations in the protein’s spectral, kinetic and thermodynamic characteristics. Taking 

into account previous conclusions about the importance of Tyr-442 in the formation of 

the active electron transfer complex, the slow rate of the imprinting reaction observed 

during complex formation with mutant TMADH indicates that formation of the active 

complex is an essential component of the ETF imprinting reaction. These results are 

consistent with previous analyses of the phosphoribulokinase system, which indicate that 

mutation of residues responsible for complex stabilization can affect information transfer 

between proteins in the complex (Avilan et al, 1997). The long-term effects on the 

properties of ETF via transient interaction with TMADH have important implications for 

our understanding of biological electron transfer reactions in vivo, since ETF encounters
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TMADH constantly in the cell. This suggests that the kinetic scheme proposed 

previously (Basran et al., 2000) for the oxidative half-reaction (Scheme 1) is applicable 

to the in vivo situation with the modification that the ETF is in the structurally imprinted, 

rather than non-imprinted, form. Thus, Scheme 1 becomes (Scheme 2 ):

Here, A is (imprinted) ETFox, B is TMADHsq, (/fB)i is a non-productive

vitro is somewhat more complex, as the ETF is initially in the non-imprinted form. 

However, as the reaction proceeds (some of) the ETF will become imprinted, leading to a 

more complex kinetic scheme (Scheme 3):

In Scheme 3, the reaction starts along the top path. However, as ETF interacts 

with TMADH, the ETF can undergo the imprinting reaction; once the ETF is structurally 

imprinted, the reaction can proceed along the bottom path, corresponding to the in vivo 

scheme. However, Scheme 3 does not suggest that formation of the productive electron 

transfer complex is necessarily a prerequisite for the ETF imprinting reaction. The

A + B

SCHEME 2

(imprinted) electron transfer complex, (AlB)2 is the (imprinted) productive electron 

transfer complex that forms following structural realignment of complex (/te)i, and 

(At^B') is the (imprinted) product complex following electron transfer. The situation in

/ f + B

A + B

SCHEME 3



C hapter 5. Spectroscopic Analysis o f  the Dynamic Interaction between ETF an d TMADH

kinetic data presented in this chapter are consistent with a scheme for the imprinting 

reaction that occurs independently of the productive complex formation and electron 

transfer steps.

The results presented in this chapter have significant implications not only for our 

understanding of the mechanism of interprotein electron transfer reactions in vivo, but 

also for how we interpret experimental data from kinetic analyses of electron transfer 

proteins in the presence and/or absence of their various physiological redox partners. If 

imprinting is an influential factor in other enzyme systems, then the methods used for 

purification of the individual enzymes and the sources from which they are obtained {i.e. 

native or recombinant) may be significant in any kinetic study performed on such 

systems.
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CHAPTER 6 

DISCUSSION

6.1 Discussion of Results

The work described in this thesis has provided a multi-parameter characterisation 

of the structural and dynamic processes involved in the assembly of physiological 

electron transferring flavoprotein complexes. The results of this work reveal that W3A1 

ETF undergoes a large-scale conformational change when it forms a complex with 

TMADH, which confirms the predictions of previous molecular modelling analyses 

(Chohan et a l, 1998). The results also reveal that W3A1 ETF, human ETF and 

Paracoccus denitrificans ETF are conformationally flexible in solution. Furthermore, the 

results show that the structure and catalytic activity of W3Ai ETF are altered in a stable 

manner by transient interaction with TMADH. Finally, the results demonstrate the 

importance of a specific residue of TMADH (Tyr-442) in the stabilisation and 

propagation of molecular interactions between TMADH and W3A1 ETF, which confirms 

the predictions of previous kinetic analyses (Basran et al, 2000).

As discussed in Chapter 3, high yields of W3A1 ETF have been purified from a 

recombinant source. The results of the spectroscopic comparisons of native and 

recombinant W3A1 ETF, together with the data obtained on the kinetic behaviour of 

W3A1 ETF in its reaction with TMADH, have indicated that the native and recombinant 

forms of W3A1 ETF are structurally and functionally identical.

Analysis of W3A1 ETF using small angle X-ray solution scattering (SAXS) has 

confirmed that both the oxidised and the anionic semiquinone forms of W3A1 ETF have 

an essentially identical molecular conformation in solution. SAXS analyses have also 

revealed that W3A1 ETF samples a range of conformations in free solution, 

corresponding to a large-scale rotation of domain II with respect to domains I and HI. 

These data, together with the proposed molecular model for the TMADH-ETF complex 

(Chohan et al, 1998), have suggested an “induced fit” mechanism for the assembly of the 

active electron transfer complex.

SAXS analyses of human and P. denitrificans ETF have revealed that, like W3A1 

ETF, both proteins sample a range of conformations in free solution. Molecular
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modeling of the human ETF-MCAD complex has indicated that a rotation of domain II of 

ETF by 30° to 50° towards domain I [relative to its position in the crystal structure of 

human ETF (Roberts et al., 1996)] is required to optimize electron transfer within the 

complex.

The difference spectroscopy analyses of the interaction between W3A1 ETF and 

TMADH have revealed that conformational changes occur during the assembly of the 

TMADH-ETF complex. Furthermore, difference spectroscopy and kinetic analyses using 

mutant TMADH have indicated that the presence of Tyr-442 in the interaction surface of 

TMADH plays an important role in the formation of the active electron transfer complex. 

These results have also revealed, in conjunction with previously determined data for 

electron transfer within mutant complexes (Basran et al., 2000), that electron transfer 

between ETF and mutant TMADH does not take place in the most thermodynamically 

stable state. Electron transfer in these complexes takes place in one or more metastable 

states, which are formed more rapidly than the most stable state.

The fluorescence spectroscopy studies of the TMADH-ETF complex have 

indicated that W3A1 ETF undergoes a stable structural change, termed structural 

imprinting, when it interacts transiently with TMADH. The rate of the imprinting 

reaction is severely compromised in the mutant complex, indicating that structural 

imprinting is dependent on native interactions that occur between ETF and the interaction 

surface of TMADH.

Imprinted W3A1 ETF exhibits an enhanced rate of electron transfer to the artificial 

electron acceptor ferricenium relative to non-imprinted ETF. Fluorescence spectroscopic 

analyses of imprinted and non-imprinted ETF have revealed that the rotation correlation 

times for the FAD cofactor are reduced in imprinted ETF. However, SAXS analyses 

have revealed that the overall molecular conformation of imprinted ETF is 

indistinguishable from that of non-imprinted ETF. Hence, these results suggest that 

changes that occur in the structure of ETF during the imprinting reaction are likely to 

involve small-scale structural rearrangements in the locus of the FAD moiety.
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6.2 General Discussion

The results presented in this thesis are of general significance for several reasons. 

Firstly, they provide information on the mechanism of complex assembly for a class of 

proteins (i.e. ETFs) that form a vital component of many electron transfer pathways in 

nature (Whitfield & Mayhew, 1974; Sato et al., 1993; Duplessis et al., 1994; Roberts et 

al., 1996; Roberts et al., 1999; fo r  a review, see Thorpe, 1991). Given that the ETFs 

from different organisms possess a high degree of sequence identity (Chen & Swenson, 

1996), it is highly likely that the structural information obtained for W3A1 ETF, human 

ETF and Paracoccus denitrificans ETF can be extrapolated to ETFs from other sources. 

The assumption that electron transferring flavoproteins have a propensity towards 

conformational flexibility may have implications in the study of the molecular 

interactions of these proteins with their physiological redox partners. The implications of 

conformational flexibility in human ETF with respect to its interaction with one of its 

physiological redox partners, MCAD, have been investigated using molecular modeling 

and are discussed in this thesis. In contrast to W3A1 ETF, most forms of ETF are capable 

of accepting electrons from more than one electron donor in vivo. For example, human 

ETF acts as an electron acceptor for nine different physiological redox partners (Ikeda & 

Tanaka, 1983). Hence, the results presented in this thesis are potentially relevant to a 

wide range of physiological electron transfer reactions, both in prokaryotes and 

eukaryotes.

Secondly, these results demonstrate clearly the importance of conformational 

flexibility in the assembly of electron transfer complexes. Previous crystallographic 

studies have indicated that large-scale conformational changes may occur during the 

assembly of active electron transfer complexes in the cytochrome bc\ complex (Zhang et 

al., 1998) and sulfite reductase (Gruez et al., 2000). Also, kinetic analyses have revealed 

that small-scale conformational changes are associated with the electron transfer reaction 

between cytochrome c and ferricytochrome (Qin & Kostic, 1994), and between methanol 

dehydrogenase and cytochrome cssii (Harris et al., 1994). The spectroscopic, kinetic and 

solution structural analyses described in this thesis demonstrate that W3A1 ETF 

undergoes a large-scale conformational change on formation of the physiological electron 

transfer complex with TMADH. Furthermore, these analyses have demonstrated that
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W3A1 ETF samples a range of conformations in free solution, and that the spectroscopic, 

kinetic and thermodynamic properties of W3A1 ETF can be altered by transient 

interaction with TMADH. These results illustrate the important role of molecular 

dynamics in propagating interprotein electron transfer reactions and suggest a combined 

spectroscopic, kinetic and structural approach to the characterisation of protein complex 

assembly.

Thirdly, this thesis describes the first time that small angle X-ray solution 

scattering has been used to draw inferences on the large-scale conformational flexibility 

of proteins in solution. Small angle X-ray solution scattering has been used previously to 

characterise large-scale alterations in the domain structure of proteins, e.g. 

conformational changes in transferrin caused by ligand binding (Grossmann eta l, 1998) 

and conformational changes in methane monooxygenase caused by the formation of the 

multi-enzyme complex (Gallagher et al., 1999). In these previous analyses, SAXS was 

used to obtain low-resolution structural information for proteins before and after the 

induction of a discrete conformational change, e.g. by incubation with an appropriate 

ligand. However, this thesis describes the use of SAXS to obtain information on the 

large-scale conformationalflexibility of a single, homogeneous population of W3A1 ETF. 

Not only did these analyses allow the identification of the mobile domain in W3A1 ETF, 

but they also enabled the determination of the boundaries of domain motion and the plane 

through which the domain rotates. The ability to determine such parameters represents a 

distinct advantage of this technique over other structural techniques, such as NMR, CD 

and X-ray crystallography. The work presented in this thesis represents a further 

demonstration of the utility of SAXS, and suggests a novel approach to the structural 

characterisation of highly flexible proteins in solution.

Finally, as discussed in Chapter 5, these results indicate that the properties of 

electron transfer proteins can be altered lastingly by transient interaction with their 

physiological redox partners. This finding might have significant implications for our 

understanding of biological electron transfer reactions in vivo, because the organisation of 

living cells is such that soluble proteins are in frequent contact with one another in the 

cellular matrix (Srere, 1982; Goodsell, 1991). The results presented in this thesis suggest
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that caution needs to be exercised when extrapolating the properties of in vitro electron 

transfer reactions to those occurring in vivo.

6.3 Future Work

In the future, it might be desirable to examine the kinetics of electron transfer 

between TMADH and imprinted ETF. Previous kinetic analyses of interprotein electron 

transfer within the TMADH-ETF complex have been performed using non-imprinted 

ETF (e.g. Basran et al., 2000). Repetition of these analyses using imprinted ETF would 

demonstrate whether or not the structural imprinting of ETF has any measurable effect on 

the kinetics of the electron transfer reaction.

A mutant of W3A1 ETF, modified in the putative hinge region, has been isolated 

by Dr F rancis Talfoumier at Leicester University (Nigel Scrutton, personal 

communication). The poly-glycine sequence (193GGG195) in the a-subunit of ETF has 

been substituted for the corresponding sequence in Paracoccus denitrificans ETF (Ala- 

Glu-Ser). Preliminary findings are that mutation of the “hinge” region of W3A1 ETF 

severely compromises the kinetics of the TMADH-ETF binding reaction. Furthermore, 

the kinetics of electron transfer between TMADH and ETF are compromised in the 

mutant complex. Small angle X-ray scattering analysis of the ETF mutant have revealed 

small differences between the scattering profiles of mutant and wild type ETF. These 

results support the hypothesis that mobility of domain II of ETF is required for assembly 

of the active complex. However, the results of the SAXS analysis indicate that motion of 

domain II is not completely inhibited in the mutant enzyme. In the future, an extension 

of these analyses might include cross-linking of residues in, for example, domains I and 

II of ETF, in order to “lock” ETF into the proposed “active” conformation.

Recently, the crystal structures for W3A1 ETF and the 2ETF-TMADH complex 

have been determined at 1.8 A and 2 .0  A, respectively, by Dr David Leys at the 

University of Leicester (Nigel Scrutton, personal communication). Crystallization of 

W3A1 ETF was achieved by limited proteolysis of the ETF molecule. Although there are 

small differences between the crystal structures of W3A1 ETF and human ETF, the 

overall polypeptide conformation for both proteins is almost identical. The most notable 

difference between the two structures is that the FAD moiety of W3A1 ETF is more
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tightly embedded in the protein structure than that of human protein. This observation 

might provide a further explanation for the stability of the semiquinone form of W3 Ai 
ETF.

The crystal structure for the 2ETF-TMADH complex is shown in Figure 6 .1. Due 

to the conformational flexibility of the ETF molecule, the structure of domain II of ETF 

could not be determined from crystallographic data. Domain II of ETF was positioned in 

the structure by molecular modeling. These results confirm that domain II of W3A1 ETF 

is highly mobile within the electron transfer complex. The crystal structure shows the 

extensive interaction between an exposed a-helix from domain HI of ETF and TMADH. 

Significantly, the distance between the redox centres of TMADH and ETF, as shown in 

the crystal structure, is far greater than was predicted in the molecular model of the 

TMADH-ETF complex (Chohan et al, 1998). This suggests that the orientation and/or 

conformation of ETF in the crystal structure does not accurately represent the structure of 

the active electron transfer complex.

As a complete molecular structure for the 2ETF-TMADH complex is not yet 

available, and as the optimum conformation of W3A1 ETF for efficient electron transfer 

within the complex is not known, it might be desirable to carry out molecular modeling 

analyses of the ETF-TMADH complex similar to those performed on the human ETF- 

MCAD complex. Such analyses would involve computational modeling of W3Ai ETF 

bound to TMADH in different orientations and/or conformations, based upon a rotation 

of domain II of ETF. Calculation of intrinsic electron transfer rates for each model of the 

complex will allow a more accurate determination of the active conformation of ETF in 

the electron transfer complex, and might possibly establish a “robust engineering” 

principle for electron transfer between TMADH and ETF.

In the future, cross-linking of residues within the interacting surfaces of TMADH 

and ETF may allow crystallization of a TMADH-ETF complex in which ETF is present 

in the “active” conformation, and hence may allow determination of the structure of 

domain II of ETF in the complex with TMADH. The residues Tyr-442 and Arg-237 on 

the interacting surfaces of TMADH and ETF, respectively, are possible candidates for 

mutation to cysteine. Formation of a disulphide bridge between the interacting surfaces
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Figure 6.1
Crystal structure o f the 2ETF-TMADH complex at 2.0 A. This structure was 
determined by D r David at the University o f  Leicester. This structure shows two 
molecules o f  ETF (left and right) bound to one TMADH homodimer (center). Due to 
the conformational flexibility o f  the ETF molecule, the structure o f domain II o f ETF 
could not be determined from crystallographic data. Domain II o f the right-hand 
m olecule o f  ETF (shown in purple), together with the FAD cofactor o f ETF, was 
positioned in the structure by m olecular modeling. The crystal structure shows the 
extensive interaction between an exposed a-helix  from domain III o f ETF and 
TMADH.
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of TMADH and ETF may lock ETF into the active conformation within the electron 

transfer complex.

Finally, members of the Scrutton lab have generated a further mutant of W3A1 

ETF in which Glu-37 is substituted with Gin (Nigel Scrutton, personal communication). 

It has been suggested that formation of an interdomain salt bridge between Arg-237 and 

Glu-37 might be partially responsible for the kinetic block to complete reduction of the 

FAD cofactor (Talfoumier et al, 2001). However, it has recently been determined that 

mutation of Glu-37 has no effect on the redox properties of W3A1 ETF. The recently 

determined crystal structure for W3A1 ETF has, however, suggested that Arg-237 might 

form a salt bridge with a different residue in domain I, Glu-163 (Nigel Scrutton, personal 

communication). In the future, it is hoped that mutation of this residue will allow an 

investigation of this hypothesis.

In conclusion, then, it is hoped that a combined approach, involving mutagenesis, 

spectroscopic analysis, kinetic analysis, protein engineering and structural techniques, 

will provide further information on the characteristics of this important family of proteins 

and increase our understanding of the mechanisms of biological electron transfer.
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