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Outline and scope of the thesis

Biological electron transfer (ET) is crucial for the running of the energy processes
of the cell. The transfer of electrons occurs stepwise and results in a transmembrane proton
gradient, which is coupled in the processes of oxidative phosphorylation and
photosynthesis to ATP synthesis. This transfer is mediated by chains of protein-bound
redox centres, where the proteins may be either membrane bound or soluble. In both cases,
ET occurs by tunnelling between redox centres via the overlapping wave functions of the
centres. In the case of soluble partners, the redox partners need not merely associate but
rather bind in an orientation suitable for ET to take place. The ET efficiency is then
determined both by the association constant of redox partners as well as the nature of the
protein matrix separating the redox centres. The extent to which the process of ET is
governed by the presence of pathways consisting of particular residues in the protein

remains a matter of contention in the literature.

To address this question in the present project, an array of redox-active model
systems has been created by combining various redox active molecules in both covalent
and non-covalent complexes. The ET properties of the resulting maquettes were tested and
characterised in terms of their structure, reactivity and ET rates. These systems are built
around the redox protein flavodoxin, combined with flavin-based molecules as well as the
blue copper protein azurin. Chapter 1 of this thesis introduces these building blocks,
focusing in particular on the structural and redox properties of flavodoxin, useful for later
interpretation of the results. The other components are also described in brief, outlining
the unique features that render them suitable for use in the constructs. In Chapter 2 the
Marcus theory that describes biological ET is summarized, describing the main factors that
contribute to reaction rate. There remains some dispute on the exact role of the protein
matrix in mediating electron transfer; the different theories on this are expanded upon.
Finally, this chapter also reviews the main experimental techniques available for initiating

and following ET within proteins.



Outline and scope of the thesis

Detailed structural information on the redox proteins is a prerequisite for
predicting and understanding distance and/or pathway dependencies of the rates of ET
between proteins. The structure of wild type azurin has been known for almost 25 years,
and the structures of six flavodoxins have been published over the years. However the
structure of the A. vinelandii flavodoxin was hitherto unknown. As such a crystallographic
study of the Cys69Ala mutant of this flavodoxin - the protein at the core of this thesis -
was undertaken, and its structure, reported in Chapter 3, determined to a resolution of
225 A. In addition to being a vital resource for the work performed, several unique
structural features close to the redox centre were revealed which could not have been
predicted on the basis of structure-based sequence alignment of this flavodoxin with
others. These features demonstrate how relatively conservative variations in amino acid
sequence can affect interactions between the apoprotein and the flavin cofactor, and in so

doing sensitively tune the redox potentials of the protein.

The characterisation of the initial ET reactions from external flavin electron
donors to several different forms of azurin in Chapter 4 is necessary groundwork for
interpretation of the redox reactions observed in the more complex system linking the
Hisll7Gly (H117G) mutant of azurin with flavodoxin, described in Chapter 5. HI17G is a
cavity mutant of azurin in which an aperture exposing the copper ion to the solution has
been created. Although reconstitution of this protein with imidazole restored wild type
spectral properties, differences were noted in the reactivity of the various azurin forms for
reduction, demonstrating the role of the native histidine ligand in efficient coupling and
rearrangement of the redox active copper site (Chapter 4). Similarly, apoflavodoxin can
bind external flavins, and the capacity of this and the HI17G azurin for reconstitution by
external ligands was exploited to form a heterodimeric non-covalent complex with
flavodoxin, by means of a bifunctional linker made up of an imidazole moiety connected
with an aminopropyl chain to a riboflavin group. The dissociation constants for the
formation of this ternary complex were determined before studying its ET characteristics
by laser flash photolysis. Direct reduction from the soluble donor could be distinguished
from further (and slower) protein based redox reactions, although the latter showed

complex behaviour, as detailed in Chapter 5.



Outline and scope of the thesis

The same two proteins, H117G azurin and flavodoxin, were also covalently linked
by a flexible peptide. The azurin gene was cloned in frame after the gene for flavodoxin,
separated by a region coding for a linker. Variants with three different linker lengths were
constructed. ET has been shown to occur free in solution from reduced flavodoxin to
oxidized azurin. As such, this peptide-linked construct was conceived with a view to
increase the local concentrations of the partner proteins and as such enhance the
probability for the formation of an encounter complex favourable for electron transfer. The
resulting fusion heterodimers were successfully expressed, purified and characterised for
reconstitution with imidazole and stability, and their ET behaviour was analysed by laser
flash photolysis. The results, detailed in Chapter 6, show the importance of orientation of

partners in a complex for electron transfer.

The last two experimental chapters, 7 and 8, focus on the ET behaviour of
flavodoxin, both intra- and intermolecularly. In Chapter 7, a total of four surface cysteine
mutants of flavodoxin were created and a method developed for the labelling of these
mutants by the photoactive compound TUPS with up to 80% efficiency. The reduction of
TUPS-labelled protein through a novel route involving the formation of the TUPS reduced
radical in the presence of ascorbate was identified and characterized by transient
spectroscopy. The resulting rates of intramolecular ET from the TUPS label at different
points around the flavodoxin were determined and compared. Finally, flavodoxin samples
at different reduction levels were studied by *'P NMR, where the phosphorus group of the
FMN cofactor acts as a probe for the rate of intermolecular ET between flavodoxin
molecules of different redox state. The results, described in Chapter 8, corroborate those
from the intramolecular study, and overall present a picture where the structural details of
the association complex plays a more vital role in controlling ET than the intrinsic rate
from the redox centre to the exterior of the protein. Finally, Chapter 9 discusses the main
conclusions of this thesis and places them in the broader context of current opinion in the

field of biological ET.






Chapter 1

Magquette building blocks

Abstract

This chapter introduces the three main players of this thesis, the flavin family of redox
cofactors, the FMN-containing flavodoxin protein and the blue copper protein azurin.
These molecules and their variants are used in different combinations to create maquettes
of redox proteins for the study of biological electron transfer. The main characteristics of
each of the components are described, and focus is given to the adaptability and
malleability of the molecules that makes them amenable to application in the construction
of such modular systems. Particular attention is paid to flavodoxin as it is the core element
around which the studies described in this thesis are built, where its redox properties and
reactions represent as a case study for the factors controlling protein-mediated electron

transfer.



Chapter1

1.1 Flavins

The flavins are a group of redox active compounds with the three-ringed isoalloxazine
group as the basis of their structure, where either natural or synthetic modifications at
various positions on their benzene, pyrazine or pyrimidine rings expands the range of this
family (see Fig. 1.1a). For example, lumiflavin and 5-deazariboflavin have a methyl and a
ribose group respectively for the substituent R, and 5-deazariboflavin additionally has the
nitrogen at position 5 replaced by a carbon, as its name suggests. The most abundant
natural flavins however are riboflavin (Fig. 11lb), or Vitamin B, and its two main
derivatives, which all have a linearized molecule of ribose covalently attached to the N10
atom of the isoalloxazine ring. The simpler of the two derivatives, flavin mononucleotide or
FMN, has a phosphate group attached to the 5 carbon atom of the ribose chain, and is
shown in Fig. 1.lc. The other, flavin adenine dinucleotide, or FAD, is further derived from

FMN, by addition of a diphospho adenosine moiety at the 5’ phosphate terminal.
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Fig. L1. (a) The general structure of flavins. (b) Riboflavin. (¢) Flavin mononucleotide (FMN), or riboflavin

5-phosphate. Numbers next to the atoms indicate their [TUPAC-based nomenclature.

Flavins are particularly interesting in that via the action of two separate redox couples,
they can exist in three different redox states, namely the oxidized quinone, the one-
electron reduced semiquinone and the two-electron reduced hydroquinone (see Fig. 1.2).
These states are spectroscopically distinct from each other, allowing the progression of

electron transfer between the different states to be followed over time. As will be later
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Maquette building blocks

elaborated upon, this fact as well as the low E, reduction potentials of lumiflavin and 5-
deazariboflavin has resulted in their wide application as external electron donors in the

study of redox proteins.

1.2 Flavodoxins in context

121 Distribution and Function

The flavoprotein superfamily is defined by its members bearing a flavin cofactor,
usually the FMN or FAD described above, either covalently or non-covalently bound to the
protein coat. Slightly modified versions of these cofactors, involving for example a
hydroxylation or a covalent link to an amino acid, have also been identified in
flavoproteins, albeit less commonly. Through the action of these redox-active cofactors,
flavoproteins carry out a myriad of reactions involving such molecules as glutathione,
pyruvate and trimethylamine. These activities form the basis upon which the flavoproteins
can be divided into groups according to their catalytic activity. These are the
dehydrogenases/oxidases, dehydrogenases/oxygenases, transhydrogenases,

dehydrogenases/electron transferases, and the pure electron transferases.

R +e ,H’ R +e
HsC N _N_© HaC NN 0 H3Cjij[N N-\(o
ST = SO0EY =00,
’ I E, * Nl E,
Ox 5q Hq

Iz
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Fig. 1.2. The general reaction scheme showing the two sequential one-electron reduction reactions of
oxidised (ox) flavin to the semiquinone (sq) with the redox potential E,, and its reduction to the two-

electron reduced hydroquinone (hq) flavin with the potential E,.

The flavodoxins are a subgroup of small (14 - 23 kDa) acidic proteins within this
superfamily which carry a single non-covalently bound FMN molecule, and act as pure

electron transferases. They have been identified in a variety of prokaryotic organisms,
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Chapter1

ranging from strict (Azotobacter vinelandii) to facultative anaerobes (Klebsiella pneumoniae),
photosynthetic bacteria (Anabaena), blue-green algae (Andacystis nidulans), while in
eukaryotes they have been found in both red (Chondrus crispus) and green (Chlorella fusca)
algae (see [1] for an extensive review). In higher plants and organisms flavodoxin tends to
be present as a domain of larger redox proteins, such as the flavorubredoxins [2] and
flavocytochrome P-450 BM3 [3]. Despite being capable of two-electron transfer, in vivo
flavodoxin acts as a one-electron carrier in low potential redox reactions, shuttling
between the one-electron reduced semiquinone and the two-electron reduced
hydroquinone states. Indeed there is evidence that the thermodynamics of flavodoxin
reduction may disfavour the accumulation of the oxidised state in the cell [4]. In many
organisms such as Anabaena and A. nidulans its expression is upregulated under low-iron
growth conditions in order to assist in maintaining the transfer of electrons from
Photosystem I to NADP" [5,6], with the reciprocal down regulation of ferredoxin
expression [7]. It has been implicated in a broad range of redox reactions, such as the

metabolism of pyruvate in Helicobacter pylori [8] and sulphate in Desulfovibrio vulgaris.

In several bacteria however flavodoxin is found constitutively expressed, for
example in Escherichia coli, where in conjunction with flavodoxin NADP" oxidoreductase it
provides reducing equivalents for a variety of metabolic pathways including glycolysis,
biotin, ribonucleotide and methionine synthesis [9]. In the nitrogen-fixing Azotobacter
vinelandii, the source of the flavodoxin used in this thesis, flavodoxin is also always present.
Initial studies showed this flavodoxin to have extremely low activity in ferredoxin-
dependent reactions, however it was eventually found to be one of the endogenous electron
donors to nitrogenase [10]. Despite not being the unique physiological electron donor,
flavodoxin is required for maximum in vivo nitrogenase activity [11]. In A. vinelandii strain
478, three distinct flavodoxins have been identified at different cellular concentrations
under different growth conditions, on the basis of their phosphorylation and proteolytic
digestion patterns. Purification showed that flavodoxin I and II were constitutively
expressed although at varying levels, while flavodoxin III was found exclusively in cells

that were grown on NH," [12]. The expression of flavodoxin II, used for the work in this
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Maquette building blocks

thesis, was found to be upregulated concurrently with nitrogenase upon transfer of cells to

N,-containing medium [13].

1.2.2 Sequence and structural features

By combining the known amino acid sequences of isolated flavodoxins with
information becoming available in the burgeoning field of genomics, a large number of
putative flavodoxins and proteins containing flavodoxin-like domains have been identified
in organisms which have had their genomes sequenced. Almost 3000 entries for flavodoxin
are found in the Entrez Protein Database at the National Centre for Biotechnology
Information (NCBI) as of early 2005. However, by far the largest part of the structural,
physiological and functional studies done on flavodoxins have focused on those isolated
over the last forty years from a select few organisms, most of which have been discussed in

Section L1.

The alignment of the amino acid sequences of the most extensively studied
flavodoxins is shown in Fig. 1.3, and shows the basis of the sub-classification of flavodoxins
into two groups, namely the short and the long chain flavodoxins. The short chain
flavodoxins include those from C. beijerinckii and D. vulgaris, and lack a loop of sixteen
residues (boxed in with a thin line in Fig. 1.3) compared to the long chain flavodoxins, all
the others shown in the alignment. There are indications that the short chain flavodoxins
in fact derive from long ones. In a recent experiment the excision of this loop in the long
chain Anabaena flavodoxin, effectively converting it into a short chain flavodoxin, had little

impact on its structural stability [14].

Flavodoxin II from A. vinelandii falls into the group of long chain flavodoxins, and
at 180 residues is along with the flavodoxin from Azotobacter chroococcum, the longest of the
best studied flavodoxins. Both these proteins have an additional 8-residue insertion (boxed
in with a bold line in Fig. 1.3) from residues 64 to 71 compared to the other prokaryotic
long chain flavodoxins. In the A. chroococcum flavodoxin this loop is alleged to play a role in
complex formation with its physiological partner, the Fe protein of nitrogenase [15].

Although the same has not been demonstrated for the A. vinelandii flavodoxin, as the two

15



Chapter1

Agzotobacter proteins show 949% identity, it is not unreasonable to assume a similar role for

the same loop in A. vinelandii.

The FMN cofactor is bound towards one end of the molecule, with its dimethyl
benzene edge solvent exposed, the pyrimidine ring more buried, and the ribityl chain
extended into the interior of the protein. The loop that distinguishes the short from the
long chain flavodoxins, coloured dark in Fig. 1.4, is located towards one side of the protein
at the flavin-binding end. It does not make any direct contacts to the FMN cofactor, but
appears to stabilize the FMN-binding 100’s loop. The loop has been postulated to be

primarily involved in partner protein recognition rather than fulfilling a structural role [16].

A. vinelandii 1 -MAKIGLFFGSNTGKTRKVAKSIKKRFDDE-TMSDALNVNRVS-AEDFAQYQFLILGTPTLGEGEL WEEFLPKIEGLDFSGKTVA
A. chroococcum 1 -MAKIGLFFGSNTGKTRKVAKSIKKREDDE-TMSDAVNVNRVS-AEDFAQYQFLILGTPTLGEGELHELSSDCENESWEEFLPKIEGLDFSGKTVA
C. crispus 1 ---KIGIFFSTSTGNTTEVADFIGKTLG-A-KADAPIDVDDVTDPQALKDYDLLFLGAPTWNTGADTERSGT ———SWDEFLYDKLPEVDMKDLPVA
A. nidulans 1 --AKIGLFYGTQTGVTQTIAESIQQEFGGE-SIVDLNDIANAD-ASDLNAYDYLIIGCPTHWNVGELQ--—-----SDWEGIYDDLDSVNFQGKKVA
Anabaena 7120 1 MSKKIGLFYGTQTGKTESVAEIIRDEFG-N-DVVTLHDVSQAE-VTDLNDYQYLIIGCPTWNIGELQ- -SDWEGLYSELDDVDENGKLVA
H. pylori 1 -MGKIGIFFGTDSGNAEAIAEKISKAIG----NAEVVDVAKAS-KEQFNSFTKVILVAPTAGAGDLQ -TDWEDFLGTLEASDFATKTIG
E. coli 1 -MAITGIFFGSDTGNTENIAKMIQKQLG-K-DVADVHDIAKSS-KEDLEAYDILLLGIPTWYYGEAQ- --CDWDDFFPTLEEIDENGKLVA
D. vulgaris 1 -MPKALIVYGSTTGNTEYTAETIARELADAGYEVDSRDAASVEAGGLFEGFDLVLLGCSTWGDDSIELS IP------ LFDSLEETGAQGRKVA
C. beijerinckii 1 ----MKIVYWSGTGNTEKMAELIAKGIIESGKDVNTINVSDVN-IDELLNEDILILGCSAMGDEVLEE-——---— SEFEPFIEETS-TKISGKKVA
Soi s oikos kL ks . . Sir s . ... L.
A. vinelandii LFGLGDQVGYPENYLDALGELYSFFKDRGHKIVGSWSTDGYEFESBEAVVDG-KFVGLALDLDNQSGKTDERVAAWLAQIAPEFGLSL---~ 180
A. chroococcum LFGLGDQVGYPENFLDAMGELHSFFTERGAKVVGAWSTDGYEFEGETAVVDG-KFVGLALDLDNQSGKTDERVAAWLAQTAPEFGLSL————
C. crispus IFGLGDAEGYPDNFCDATEEIHDCFAKQGAKPVGFSNPDDYDYEESKSVRDG-KFLGLPLDMVNDQI PMEKRVAGHVEAVVSETGV--- -
A. nidulans YFGAGDQVGYSDNFQDAMGILEEKISSLGYQTVGYWPIEGY DFNESKAVRNN-QFVGLAI DEDNQPDLTKNRIKTWVSQLKSEFGL~
Anabaena 7120 YFGTGDQIGYADNFQDATGILEEKISQRGAKTVGYWSTDGY DFNDEKALRNG-KFVGLALDEDNQSDLTDDRIKSWVAQLKSEFGL~
H. pylori LVGLGDQDTYSETFAEGIFHIYEKAK--AGKVVGQTPTDGYHFEABKAVEGG-KFVGLVIDEDNQDDLTDERI SKWVEQVKGSFA-—————-~
E. coli LFGCGDQEDYAEYFCDALGTIRDI IEPRGAT IVGHWPTAGYHFEABKGLADDDHFVGLAIDEDRQPELTAERVEKWVKQISEELHLDEILNA 176
D. vulgaris CFGCGDSS--YEYFCGAVDAIEEKLKNLG AEIVODG LRIDGDPRAARDDIVGWAHDVRGAI--—--—-- 148
c

. beijerinckii LFGS----- YGWGDGKWMRDFEERMNGYG: VVVETP LIVONEPDEAEQDCIEFGKKIANI------—--~— 138

Fig. 1.3. Sequence alignment of flavodoxins performed using CLUSTALW v3.2 [17], where “* denotes a single,

w

fully conserved residue, *’ the conservation of a single residue,

o

” conservation of a residue type and a space
denotes no consensus. A thin-lined box is drawn around the loop of 16 residues which distinguishes the long from
the short chain flavodoxins, while the thick-lined box indicates the eight-residue insertion in the Azotobacter

flavodoxins.

The FMN cofactor is additionally stabilized in the apoprotein by hydrophobic
stacking interactions, sandwiched as it is in most flavodoxins between two aromatic
residues. A tyrosine is normally found stacked above the FMN’s outer si face, while more
often than not a tryptophan is found on its inner re face, interacting with the FMN at more

of an angle (up to 45° out of plane for the D. vulgaris flavodoxin). Several variations on this
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Maquette building blocks

theme have been identified however, for example a methionine and an alanine have been
found at the re face of the FMN in the flavodoxins from C. beijerinckii and H. pylori
respectively, while from sequence alignments the A. vinelandii flavodoxin is expected to have
a leucine at this position. The C. beijerinckii flavodoxin is also the only one to have a

tryptophan instead of a tyrosine on its outer si face.

These hydrogen bonding and aromatic stacking interactions act in concert resulting in an
FMN-apoflavodoxin complex with dissociation constants in the low nM range. Despite
this tight association, methods have been developed whereby the FMN can not only be
removed from the flavodoxins, but also replaced with an external, non-native flavin (see
[18] for a summary) to form fully functional, reconstituted flavodoxin. The most common
technique involves precipitation of the holoprotein using cold trichloroacetic acid, during
which the FMN dissociates but remains in solution. The apoflavodoxin can be recovered
after removal of the FMN by dissolving the precipitated protein in a suitable high pH
buffer, after which simple incubation of the apoprotein with a flavin solution will result in
the reconstituted flavodoxin. The tightness of the new complex formed will depend not
only on the identity of the flavodoxin and flavin used, but also on conditions such as salt
and pH, and can be quantified by fluorescence quenching studies [19]. This method has
been applied with much success to introduce a variety of labelled and/or modified flavins
into flavodoxins to address particular issues about the protein, and will be discussed more

thoroughly in Chapter 2.2.2 (Cofactor reconstitution).

1.2.3 Redox properties

As previously touched upon, the FMN found in flavodoxins can exist in one of
three redox states, namely oxidised (0x), the one-electron reduced semiquinone (sq), and
the two-electron reduced hydroquinone (hq). Reducing equivalents can be provided by a
variety of means, chemically using sodium dithionite [20], electrochemically with the use
of either mediators [21] or poly-lysine linkers [4] to couple the protein to the metallic
electrode, photochemically using 5-deazariboflavin [22] (see Chapter 2), by pulse
radiolysis to generate the reducing CO," radical [23], or enzymatically using for example its

physiological partner in E. coli the FAD-containing protein NADPH:ferredoxin (flavodoxin)

17



Chapter1

oxidoreductase [24] or a hydrogen-hydrogenase system [7]. The extent to which
flavodoxin can be reduced depends on the relative redox potentials of the electron donors
and those of the flavodoxin. In general, dithionite and photoreduction using 5-
deazariboflavin, with redox potentials below 500 mV, are capable of reducing flavodoxin

to the hydroquinone state, while the other agents only reduce it to the semiquinone state.

100’s loop

50’s loop  FMN / Fig. 1.4. Cartoon representation of
o~ ‘ the three-dimensional fold of the

Anabaena flavodoxin, PDB Code

IRCF prepared using Pymol (http://
Long

chain ;
insertion cofactor is bound at one end of the

www.pymolorg).  The  FMN

loop protein, and is shown in stick form,
while the sixteen-residue insertion
that distinguishes long from short
chain flavodoxins is the dark-
coloured loop extending outwards

from the main core of the protein.

As with free flavins, the redox state of flavodoxin can be monitored by its visible
absorption spectrum (Fig. 1.5). One-electron reduction of the oxidised form of the protein
to the semiquinone causes an almost four-fold decrease in the extinction coefficient at 450
nm from 1.3 mM™ ecm™ to 3.0 mM ™ cm™, while a broad absorption band between 550 and
700 nm appears, with an extinction coefficient of 5.7 mM™ cm™ at its maximum of 580 nm.
Upon further reduction to the hydroquinone, this broad peak disappears again, while
absorption in the 450 nm region is also minimal (g450 = 1.5 mM™ cm™). The characteristic
spectra for the different redox states allow the determination of redox potentials for the
ox/sq and sq/hq couples, designated E, and F; respectively (see Fig. 12) by
spectrophotometric redox titrations (see [25] for a recent example). An alternative to this
would be an EPR-monitored redox titration, where the semiquinone radical has an EPR

signal but not the oxidised or hydroquinone forms (see [26] for an example).
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Maquette building blocks

Fig. 1.5. Absorption spectrum of 50
uM  C69A flavodoxin in the
oxidised (solid line), semiquinone
(dashed line) and hydroquinone
(dotted line) state, in 20 mM MES
buffer pH 6.0 and at 293 K. For the

Absorption

sake of clarity the intensity of the

peaks have been rescaled, and do

not represent equal concentrations r

of the three species. L L L I L L
300 400 500 600 700 800

Wavelength (nm)

Crucially, for FMN free in solution E, is higher than E,, such that the semiquinone
form is not usually observed, for example in redox titrations. When FMN is bound to the
apoflavodoxin however, these potentials are inverted with respect to each other, in
particular due to the specific stabilisation of the semiquinone state of the FMN by
interactions with the apoflavodoxin. This stabilisation also effects a large separation
between the two redox potentials; Table 1.1 summarizes E; and E, values known for various
flavodoxins, as well as for FMN for comparison. In general, E, potentials are lower for the
long chain than for the short chain flavodoxins, where several determinants have been

identified for the value of both of these redox potentials.

1231E,, the ox/sq redox potential

The structural basis for the stabilisation of the semiquinone form of FMN by
apoflavodoxin, as previously alluded to, was elucidated on the basis of three-dimensional
crystallographic structures of semiquinone flavodoxins from three different sources, C.
beijerinckii, D. vulgaris and more recently A. nidulans. The visible spectrum of the flavodoxin
semiquinone, in particular the broad band peaking at 580 nm, was an indication that the
FMN semiquinone when bound to flavodoxin existed as a neutral species, protonated at
the N5 position. This was confirmed by a number of structural studies of semiquinone and

hydroquinone flavodoxins, from a number of different species. In all known structures of
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Chapter1

oxidised flavodoxins, the two-residue 58-59 peptide (using the A. vinelandii numbering) is
oriented in what has been defined as the ‘O-down’ conformation, where the backbone
carbonyl oxygen of residue 58 points away from the flavin ring. In the three structures of
semiquinone flavodoxins however, this peptide was found to undergo a backbone flip such

that the 058 hydrogen bonds to the flavin N5H in the ‘O-up’ conformation [27,28,29].

This hydrogen bond is thought to be the main factor in preferential stabilisation of
the semiquinone form that leads to the inversion of the F; and E, redox potentials of FMN
bound to flavodoxin. The structure of the hydroquinone form was also determined for the
flavodoxins from C. beijerinckii, D. vulgaris and A. nidulans. For the first two flavodoxins,
reduction of the semiquinone to the hydroquinone form did not provoke any further
structural changes, with the 58-59 peptide persisting in the ‘O-up’ conformation. This was

different in the A. nidulans

Flavodoxin Source

. B, ox/sq, mV F,sq/hq, mV 3 .
Organism flavodoxin hydroquinone
Short chain flavodoxins structure, in which the peptide

Clostridium beijerinckii* -92 -399 was found to revert to the ‘O-
Clostridiumpastmrianum -132 -419 dOWI‘l’ pOSitiOI‘l characteristic Of
Desulfovibrio vulgaris* -143 -440 the oxidised structure [29] It
Megasphacra clsdenii -115 —372 remains a matter of contention as
to whether or not this last
Long chain flavodoxin; . .
g chaln Tavadoxins observation is an  artefact
Anabaena 7120* -196 -425 . .
resulting from the crystal packing
Anacystis nidulans* -221 -442 i
of the protein.
Agzotobacter chroococcum -103 =522
Azotobacter vinelandii -165 -458
Several other structural
Chondrus crispus* -222 -370
b factors have been found to
Escherichia coli* -244 -455 modulate the OX/Sq E, redox
Klebsiella pneumoniae 170 —4m potential, leading to the spread in

values observed in Table 1.1, and

Table 11. Redox potentials of flavodoxins at pH 7.0 in mV, in particular the lower values for

adapted from [28]. An asterisk (*) indicates that the three- . ;
P 28] *) long chain than short chain
dimensional structure of the flavodoxin has been determined.

flavodoxins. In all the structures
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of oxidised long chain flavodoxins, the backbone amide group of residue 59 was found in a
favourable orientation for hydrogen bonding to the N5 of FMN, although at distances that
were rather long, between 3.1 and 3.6 A. It has been suggested however that the apolar
environment of the FMN binding site may increase the relative strength of this interaction
[30], compelling evidence for which exists in the direct measurement of the hydrogen bond
strength [31,32]. The fact that this stabilizing interaction is completely absent in the
oxidised short chain flavodoxin structures helps explains the higher E, value for these
proteins, as without first having to break the hydrogen bond to the N5 in the oxidised form
their reduction is comparatively easier. Additionally, residue 58 (in A. vinelandii numbering)
in the peptide that undergoes the backbone flip upon reduction is also known to influence
the value of E,. This is most commonly a glycine in short chain and an asparagine in long
chain flavodoxins; however from sequence alignments the A. vinelandii flavodoxin is found
to have a glycine at this position. The lack of a side chain in glycine means that it can
optimally accommodate the O-up conformation at that position of the type II' turn found
in flavodoxin semiquinones [33], lowering the energy of the ‘O-up’ conformation found in
the semiquinone state, and making it easier to reduce. In contrast, the bulky side chain of
the asparagine found in the long chain flavodoxins induces very close contacts between the
asparagine Cp and the following amide group, raising the energy of the O-up conformation

[29], thus lowering the redox potentials.

This effect was investigated with a series of site directed mutants at this position
in various flavodoxins. Replacement of this asparagine residue by glycine in the A. nidulans
flavodoxin raised the ox/sq potential by 46 mV [29], while a series of mutants of the short
chain C. beijerinckii flavodoxin where the homologous Gly57 residue was replaced by
alanine, asparagine, aspartate and proline all had ox/sq potentials that were reduced by
approximately 60 mV and the Gly57Thr mutant with its bulkier B-branched side chain
showed an even stronger effect, with an E, that was lowered by 180 mV [27]. Further
support for the correlation between the size of the side chain at this position and E, comes
from the long chain E. coli flavodoxin: the protein has a bulky tyrosine residue here, and

displays the lowest the ox/sq potential of all those known [34] (see Table 1.1).
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1.23.2E,, the sq/hq redox potential

As with the ox/sq potential, site-directed mutants have been instrumental in
elucidating particular features of flavodoxin which determine the value of the sq/hq redox
potential. In general the effects of charge and flavin environment have much greater
influence on E; than E,, as the FMN hydroquinone exists as an anion in flavodoxin, as
shown by NMR experiments on the M. elsdenii flavodoxin [35]. This concept was reinforced
by an experiment which showed that steric hindrance prevents protonation of the NI
FMN atom in the C. beijerinckii flavodoxin [36]. The hydroquinone is destabilized in the
protein by a series of unfavourable flavin-apoprotein interactions, the extent of which

ultimately determines the value of E;.

Focusing on the anionic character of the FMN hydroquinone, Zhou and Swenson
identified a cluster of six acidic resides within 15 A of the charged N1 atom in the D. vulgaris
flavodoxin that were uncompensated for by other charged groups, where they postulated
that electrostatic repulsion between these residues and the anionic FMN lowers the F;
potential. This was borne out by a series of mutants in which each of the acidic residues
was neutralized in turn, the result of which was the increase in E, of approximately 15 mV
per residue [37]. The negatively charged FMN phosphate group can also conceivably
contribute to the charge repulsion effect, where mutants of the D. vulgaris flavodoxin which
neutralized this charge were found to have F;s that were slightly raised compared to wild
type [38]. The effect was however relatively small, indicating that the phosphate charges

do not dominate the sq/hq potential.

The overall polarity of the FMN binding site is also known to influence the sq/hq
potential. In most flavodoxins, the FMN is sandwiched between two aromatic residues,
shielding it from the solvent. In the oxidised and semiquinone form this arrangement
provides for favourable coplanar stacking interactions that stabilize the flavin-apoprotein
complex, however such an environment is much more unfavourable for the anionic

hydroquinone. Replacement of the outer face flanking tyrosine in the D. vulgaris flavodoxin

by an alanine raised the E; by 139 mV compared to wild type protein [39]. The
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corresponding mutation in the Anabaena flavodoxin also shifted E; by 137 mV to a more
positive value [40]. A similar situation exists in the flavodoxin for C. beijerinckii, where the
wild type protein is flanked by a tryptophan on the outer si face, and a much smaller
methionine residue on the inner re face of the FMN. As a result a solvent channel is formed
leading from the FMN to the surface of the protein, where the increased polarity may
stabilize the anionic hydroquinone, leading to this flavodoxin having the highest E; value of
all flavodoxins known [41] (see Table 1.1). Such variations have multiple physical effects
however, including elimination of the aromatic stacking interactions as well as increasing
the solvent accessibility of the FMN binding site, while it remains difficult to ascribe the
difference in E; observed solely to either one of these. In reality the factors described all act
in concert, with additive or counteracting effects depending on the variation in the

flavodoxin, leading to the spread of E; values observed.

1.24 Aspects of flavodoxin electron transfer

The ease of flavodoxin reduction, the relative stability of the semiquinone form in
the presence of oxygen as well as knowledge of the spectral changes that accompany
changes in redox state all make the study of the electron transfer reactions to and from
flavodoxin ideal for the understanding of flavodoxin and flavoprotein reactivity in
particular and redox proteins in general. The redox potential of the flavodoxin ox/sq
couple, between -100 and -250 mV depending on its source organism, is low enough to
reduce many other redox compounds, be they small inorganic molecules or other proteins.
As such the majority of studies performed on electron transfer reactions of flavodoxin
utilise this couple. At values of between -370 and —520 mV the sq/hq redox couple is even
lower as well as being the physiologically relevant reaction, and for both these reasons is
also of interest. However the fully reduced hq form of flavodoxin is more difficult to
achieve and maintain for kinetic studies; despite that several successful reports of electron

transfer studies involving the sq/hq couple of flavodoxin are found in the literature [5,42].
Facets of the electron transfer in flavodoxin that add to the general understanding
of biological electron transfer include tuning of the flavodoxin redox potential that

determines the driving force for electron transfer, as well the factors controlling productive
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complex formation between flavodoxin and its partners, including electrostatic and
hydrophobic interactions, the effects of ionic strength and pH, and the issues of orientation
and accessibility. Many of these can be investigated more thoroughly by making slight
modifications to the flavodoxin and the subsequent investigation of the effects of such
changes on rates of electron transfer. These modifications can be effected at the redox heart
of the protein by replacement of the FMN cofactor by a different or modified flavin group,
but also specifically at points on the protein surface or in its interior by site-directed
mutagenesis of particular residues. It is however vital to bear in mind that even the most
conservative changes in amino acid sequence or flavin structure can affect more than one
controlling aspect of the electron transfer reaction. As such any observed changes should
be evaluated with care to determine the true influence of a particular factor, as will be

demonstrated with recent examples from the literature.

1.24.1 Recognition and orientation of partner proteins

The electron transfer reaction between flavodoxins and its various different
physiological redox partners from different sources has been studied, where examples of
the partner proteins include Photosystem I (PS I) [43] in Anabaena and
ferredoxin/flavodoxin NADP+ reductase (FNR) in E. coli [25]. Flavodoxin has also been
shown to transfer electrons to a range of other, non-physiological protein partners. These
tend to be small and generally well characterised redox proteins such as the blue copper
protein azurin [44], the haem containing cytochrome ¢ [45], and flavodoxin has even
successfully been used to reconstitute an artificial redox chain by interaction with bovine
adrenodoxin reductase [46]. Structural information both on flavodoxin and the partner
proteins allows the modelling of interactions which may guide complex orientation and
formation, generally based on the surface features and charge distribution on the partner
proteins, and more recently further guided by NMR data on residues which are found at
the complex interface [47]. These interactions can be evaluated by changing the ionic
strength and measuring its effect on the kinetics of electron transfer. In one dramatic
example, two cytochromes with the same redox potential but different surface charge

distribution showed two orders of magnitude difference in rates of electron transfer to
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flavodoxin, yet this large effect could even be reversed at high salt concentrations that

shielded the repulsive charges on the partner proteins [48].

More subtle reorientation of flavodoxin with respect to its partner after the initial
encounter complex is formed as is known for other protein-protein complexes [49] has
also been documented. While an unresolved debate continues on the exact role of the
protein matrix immediately surrounding the redox centre in determining the rates of
reaction, in general electron transfer reactions have been shown to occur almost
exclusively via specific ports of entry and exit from the protein-bound redox centres.
Specific surface characteristics of charge, hydrophobicity and shape around these entry and
exit points add a level of control in restricting the occurrence of redox events to desirable
partners by limiting accessibility and orientation. For flavodoxin the electron transfer
patch was thought to be the solvent exposed dimethylbenzene ring of FMN [7]. Rates of
electron transfer from wild type flavodoxin and flavodoxins which had had the FMN
cofactor replaced by analogues that had been modified at positions 7 and 8 on the ring (see
Fig. 1.1) to cytochrome ¢ were determined using stopped flow and flash photolysis methods
[42,50]. The modifications were found to affect the rates dramatically, while the
association of the flavodoxin to the electron acceptor was unaffected. This unequivocally
demonstrated the role of these positions on the protein in the actual electron transfer

reaction, as opposed to the disruption of the electron transfer complex.

Comparing the kinetics of electron transfer of wild type with site-directed
mutants of flavodoxin with a variety of flavodoxin partner proteins also demonstrate the
importance of electrostatic as well as hydrophobic interactions for the formation of a
productive electron transfer complex [51,52]. Replacement of one or more of the negatively
charged residues on the surface of flavodoxin caused decreases in the rate of electron
transfer [53], while neutralization of a single charged group on the flavodoxin surface
caused a decrease of 40% in catalytic a27ctivity of a bovine cytochrome P450 dependent on
flavodoxin as its electron source [54]. Surface mutations of the partner proteins also affect
the observed rates, where reversing the positive charge of just a single residue on PS I to
negative reduced the rate of flavodoxin reduction 20-fold [55]. A general picture emerges

where the net protein charge (that give rise to both attractive and repulsive electrostatic
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interactions) plays a role in the initial recognition process for forming an encounter
complex, while local charge in the vicinity of the electron transfer site has much more

influence in the orientation of productive electron transfer complexes [44].

1.24.2 Redox potential, accessibility and reorganizational energy

One of the determinants of rate in biological electron transfer as given by the
Marcus theory is the difference in redox potential between two redox active groups (see
Chapter 2.). However a study of the second order rate constants of a flavodoxin
semiquinone reacting with 12 different c-type cytochromes did not reveal any simple
relationships on the basis of redox potential difference [48]. This indicated that the
reaction between flavodoxin and other redox proteins is very much dominated by steric
considerations instead, which manifest themselves in variations in the energy required to
rearrange the proteins such that electron transfer can occur. This effect is larger with
interactions between proteins than between proteins and small electron donors such as
free flavins, where the latter pair demonstrates rate constants that are orders of magnitude

larger, and more in tune with the difference in redox potential [56].

A more recent example also demonstrates the manifold effects that a single amino
acid change can have on the kinetics of electron transfer. The aromatic residues flanking
FMN in flavodoxin were mutated in turn to the much smaller alanine, which did not affect
complex formation between flavodoxin and PS T or FNR, all isolated from Anabacena [57].
Electron transfer to flavodoxin from the two partner proteins was accelerated, due to the
increased accessibility of FMN. However the reverse reaction of flavodoxin reoxidation
was retarded, due to the change in flavodoxin E,, which decreased the driving force for the

reaction.
1.24.3 Kinetics of the protonation event
The backbone flip occuring upon reduction of flavodoxin to the semiquinone state

that accompanies protonation of the FMN N5 (Chapter 1.3.1) has consequences for the

kinetics of electron transfer to and from flavodoxin. That the rate for electron transfer
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between the oxidised and semiquinone forms of flavodoxin is slower than between the
semiquinone and hydroquinone has been demonstrated by a number of different
experiments. The reduction rate of flavodoxin quinone using dithionite was found to be
much slower than for the semiquinone from both D. vulgaris [58] and M. elsdenii [59]. *'P
NMR experiments with mixtures of oxidised, semiquinone and hydroquinone M. elsdenii
flavodoxin estimated the electron self exchange rate between the oxidised and
semiquinone forms to be much lower than that for the semiquinone and hydroquinone
forms [60]. The rates were however quoted as first-order rate constants, while their
correlation with the second-order electron self exchange reaction was unclear. Only the
sq/hq couple of flavodoxin could be electrochemically observed, due to the slow ox/sq

kinetics which prevented its detection at a carbon electrode [21].

A pulse radiolysis-transient spectroscopic study of the flavodoxin from M. elsdenii

showed that the non-protonated semiquinone of flavodoxin was formed within 2 ps of the
reducing pulse, before being protonated at the slower first-order rate of 10’ s™ to the blue
neutral semiquinone form [23]. The observation of this protonation event was later
confirmed by the biphasic character of the Anabaena flavodoxin reduction by 5-
deazariboflavin. Reduction of the oxidised flavodoxin to the non-protonated semicuinone
occurred rapidly with a second-order rate constant, but the blue neutral semiquinone was

formed more slowly in a protein concentration independent manner [61].

From this it is clear that a slower step is involved in forming the neutral
flavodoxin semiquinone, and that this is likely to be the basis for the slow rates observed
for the ox/sq reaction. Electron transfer for this step is effectively coupled to protonation of
the FMN N5, which is itself accompanied by the conformational change of the backbone
peptide flip. The protonation and the conformational change are interrelated processes but
represent two distinct steps, where the conformational change is not directly observable.
This should be borne in mind when evaluating the spectrokinetic results of flavodoxin
electron transfer reactions. A recent electrochemical study of flavodoxin immobilised on
tin dioxide electrodes succeeded in characterising both redox couples of flavodoxin
individually, and showed that deprotonation of the semiquinone is the rate limiting step in

the overall equilibrium between the three redox states [4]. The authors propose that this
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mechanism provides thermodynamic control over the ox/sq equilibrium that prevents
cycling of the flavodoxin between these states while the sq/hq couple is the physiologically

relevant one.

1.3 Azurin

The small (14 kDa) well-characterised blue copper protein azurin from
Pseudomonas aceruginosa was chosen as a partner protein for flavodoxin in the construction of
heterodimers. Its true physiological role has yet to be ascertained, although recent in vivo
experiments have disproved its originally proposed role as electron donor to nitrite
reductase under stress situations [62]. Due to its ease of expression and stability however,
azurin has been used as a model protein for a large number of studies ranging from protein
folding [63,64,65] to the visualization and characterization of the physical and mechanical

properties of proteins on gold surfaces by electrochemistry and microscopy [66,67].

Fig. 1.6. Cartoon representation of
the three-dimensional fold of
azurin from P. aeruginosa, PDB Code
1AZU prepared using Pymol. The
copper atom is shown as a sphere at
the top of the molecule, and the
histidine 117 ligand that shields it

from the solvent is shown as sticks.

Structurally, azurin folds to form two B-sheets in a Greek key motif, with an a-
helix to one side of the main protein core. The single copper atom that gives azurin its
functionality as a redox protein is co-ordinated at the so-called ‘north’ end of the molecule

in a trigonal bipyramidal configuration by three co-planar ligands, the N° of histidines 46
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and 117, and the S' of cysteine 112, as well as two axial ligands, the $° of methionine 121 and

the carbonyl oxygen of glycine 45.

1.00
Fig. 1.7. Absorption spectrum

0.75 of 110 pM azurin in the
S oxidized (solid line) and
L
g‘ 0.50 reduced (dashed line) state
é in 20 mM MES butffer pH 6.0

0.25 and at 293 K.
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This absorption band is however absent in the Cu (I) reduced protein, as shown
in Fig. 1.7. This striking change in colour, as with flavodoxin, provides a highly responsive
sensor for the redox state of the protein, and has been used in the past in transient
absorption spectroscopy to determine the rate of azurin reduction by pulse radiolysis

[68,69], other reduced proteins [70] or azurin surface-attached electron donors [71].

1.3.1 The azurin cavity mutant Hisl17Gly

Mutation of the surface-exposed copper ligand histidine 117 to a glycine introduces a cavity
at the northern end of the protein that exposes the copper atom to the solvent. The
changed co-ordination sphere of this mutant, HI17G azurin, results in a green protein in
which a water molecule co-ordinates the copper instead [72,73]. In this species, the
absorption band at 630 nm is decreased five-fold in intensity (gss = 1.2 mM™ cm™) as
compared to the wild type protein, while a new absorption band appears at 420 nm with
an g4 of 22 mM™ cm™ [74] (see Fig. 1.8). Interestingly, the mutated site can be
reconstituted by a range of compounds, including anionic ligands such as Cl” and N3, as

well as imidazole- and histidine-based molecules [75].
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0.6 Fig. 1.8. Absorption spectrum
0.5 _ of 55 uM HI17G azurin in its
apo form (dashed line), after
0.4 reconstitution ~ with 11
E) equivalents of copper (dotted
é el line) and after reconstitution
é 02k with 11 equivalents each of
copper and imidazole (solid
0.1} line), in 20 mM MES buffer
pH 6.0 and at 293 K.
0.0 -
L 1 L 1 L 1

Reconstitution with imidazole was most successful in restoring the spectral
characteristics of the mutant, where with g5 of 5.3 mM™ cm™ the reconstituted protein
was spectrally virtually indistinguishable from the wild type (Fig. 1.8). The extent to which
functionality was restored to the mutant depended greatly on the reconstituting ligand, as
judged by the rate of reduction of HI17G reconstituted with different ligands by a
hydroxylase enzyme [76]. In general the presence of imidazole-like ligands increased the
rate of azurin reduction over water co-coordinating H117G azurin, however even the fastest
rate, observed for imidazole-reconstituted HII7G azurin was approximately an order of

magnitude lower than the comparable rate for the wild type protein.

It has also been shown that, once reduced, that H117G has very low affinity for the
external ligands; however under extremely high electrochemical scan rates the reduced
ligand-bound H117G form could be trapped, and a reversible redox couple established [74].
This last has implications for the application of the H117G mutant in the complexation of
the protein either with itself to form homodimers, or with other proteins to form
heterodimers, as will be elaborated upon in Chapter 2. In one example, the addition of an
alkane linker with imidazole at each end to copper-containing H117G azurin resulted in a
homodimer of the protein, with each copper site co-ordinating one imidazole end of the

linker [77]. While each of the reconstituted HI17G molecules remains functional for
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accepting electrons, upon reduction they dissociate from the imidazole ligand and hence

each other, and remain as reduced monomers in solution.
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Chapter 2

Protein engineering of redox proteins: Theory and methods

Abstract

This chapter first explains the theory of biological electron transfer, discussing in
particular the most pertinent factors that ultimately determine rate. In particular the role
played by the protein matrix remains a topic of discussion; the two main concepts
describing this role are compared and contrasted. The chapter then explores the main
experimental techniques available today for validation of the theory and further
understanding of this process. In particular the various modifications that can be made to a
protein, either by site-directed mutagenesis or (modified) cofactor replacement, are
discussed. In addition, an overview is given of the methods currently used to introduce
electrons into the system under study. A practical approach is taken to this with specific
examples of which and how electron transfer proteins have been studied, and the

conclusions can be drawn with regards to the theory from the results.
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2.1 Theory of biological electron transfer

The donor and acceptor redox centres in proteins which mediate biological
electron transfer (ET) are by nature relatively shielded from the solvent, so as to prevent
the occurrence of unwanted redox reactions. This also means, however, that the donors
and acceptors are electronically only very weakly coupled, where the product is only
formed in a small proportion of the cases where the transition state is formed. This is in
contrast to adiabatic reactions, where formation of the transition state by thermal collision
of the reactants almost always leads to the product. Marcus theory presents the framework
that describes the factors governing the rates of non-adiabatic biological ET [78], based
around Fermi’s golden rule:

2
ket :77Z-|

H,,| FC 1)

where the rate of ET, ke, is proportional to the product of the square of Hyg, the
electronic coupling between the donor and acceptor states A and B, and FC, the nuclear
Franck-Condon factor; with h as Planck’s constant. For non-adiabatic reactions Hyg is

smaller than kgT, where kg is the Boltzman constant and T the temperature.

The nuclear FC factor relates the free energy or driving force for the reaction AG®
with the reorganization energy A, that is required to distort the nuclear arrangement of the

reactant and its surroundings to that of the product, without the occurrence of ET:

Foo Ly 8G 2] o
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The sum of all the nuclear motions around the reactants R and products P can be
approximated by a simple harmonic motion along the reaction co-ordinate Q, and
represented graphically as a potential well (Fig. 2.1), with the equilibrium geometry at the

bottom of the well. The product curve is identical to that of the reactant, but is shifted
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along the reaction co-ordinate from Qg to Qp, and along the energy axis by AG®, the free
energy of the reaction. The activation energy of the reaction, AG", is dependent on the

balance between AG® and A

AG" =(AG° + 1)/ 44 (23)

The diagram on the right of Fig. 2.1 shows the three possibilities for this balance
that ultimately govern the rate of ET. The first so-called ‘normal region’ is defined by ~AG®°
< A, where an increase in driving force results in increased k. Alternatively, the region
where ~AG® > A is known as the Marcus inverted region, as increase in driving force results

in the decrease of k.

Fig. 21 Potential

/ energy diagram for

electron transfer, with
AGT< the nuclear motion of
-AG =12 the reactants R and
Energy -AG®> A the  products P
depicted as harmonic

oscillators. Right: The

relative values of AG®

and A determine the

activation energy for

Q Q Reaction co-ordinate, Q

the reaction.

Finally, when —~AG® = A, the reaction is activationless and the rate is maximal.
Under these conditions, k. approaches its maximum value, and is governed only by the
electronic coupling strength H,p. This electronic factor describes how the exponential

decay of electronic wave functions, B, affects rate over distance, R, as given by:

|HAB| oc exp(— IBR) (2.4)
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In effect, f describes the efficiency of the medium between two buried redox
centres in mediating ET. Describing this efficiency more mathematically for the prediction
of ET rates has however been and remains a matter of hot contention in the field. One
useful empirical approximation has been to treat protein as a homogenous matrix with a 3
value of 1.4 A™, in between what has been determined for covalent systems (0.9 A™) and

vacuum (3-5 A™) [79]. This allows the theoretical estimation of ET rates in s™ with
log,, k, =15-0.6(R ~-3.6)-3.1(AG+1)*/ A (2:5)

where R represents the edge-to-edge distance in A, and AG and A are the driving
force and reorganization energy of the reaction, both in eV [80]. The same authors have
further refined this model with known protein structures, allowing identification of the
difference in local packing densities associated with secondary structure elements. Their
extensive surveys of the structures of known redox proteins show that edge-to-edge
distances appear to be a vital factor in determining redox protein architecture, extending
from near van der Waals contact to approximately 13-14 A, with few proteins exhibiting
distances much beyond this limit. This was taken as an indication that this distance is the
natural threshold for electron tunnelling, without limiting the natural turnover of enzymes
(in the order of milliseconds) [81]. Electron conducting chains can then be built up of
multiple redox centres, arranged within this maximum distance from each other, thus

allowing for the transfer of electrons over large distances.

An alternative approach has been expounded based on the specific and discrete
connections or pathways between two redox centres. The electronic coupling could then
be conceived of as the product of the couplings of the individual components, namely
covalent bonds, hydrogen bonds and through-space jumps, with each assigned a coupling
decay value [82]. A number of programmes have been developed over the years that
calculate the strength of the coupling of various pathways based on the structure of the
protein. Results from a wide range of ET rate vs. distance measurements on redox proteins
modified on the surface with ruthenium-based photolabels showed good correlation and

strongly support this approach (see [83] and [84] for reviews of this work). Similar results
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have emerged from pulse radiolysis experiments which compared the rate of ET from the

native disulphide bridge in various mutants of azurin [69,85,86].

In their current states, neither model has managed to entirely describe the
relationship between rate and distance in biological electron transfer. The uniform barrier
model does not satisfactorily explain the scatter in ET rates for long-range coupling in
proteins. The simple pathways model does not however address the issue of the multiple
pathways (often in the order of > 10%) identified within a single protein, and how they may
interact and/or interfere. More recently attempts have been made to overcome this with
the concept of ‘tunnelling tubes’, or families of pathways, the interference between which
can be estimated [87]. In addition, tunnelling currents with which the probability of
electron density in the region between donor and acceptor is considered are being taken
into account in extending several models [88,89]. In general, uncertainty about whether
edge-to-edge or centre-to-centre distances are more appropriate in the measurement of
distances between donor and acceptor complicate the interpretation of experimental
protein ET rate data and the evaluation of which model describes the role of the protein

matrix more accurately.

2.2 Protein engineering of redox proteins

The engineering of redox proteins by the introduction of specific structural and/or
functional changes has greatly extended the possibilities for the investigation of the factors
controlling biological electron transfer as described above. Advances in molecular biology,
de novo design of proteins and chemical modifications of cofactors allow the creation of
redox proteins with characteristics absent in the native protein. Their study provides
unique insights into the mechanisms and factors controlling electron transfer in living
systems. This section provides an overview of the practical methods available for
manipulation of redox proteins, and illustrates their application by means of specific

examples.
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2.21De novo protein design and site-directed mutagenesis

As our understanding of protein folding and architecture broadens, de novo protein
design has emerged as a viable alternative for creating redox-active models of physiological
electron transfer systems. Simply put, this is the design of polypeptide sequences which
fold into stable tertiary structures, based on the principles learnt from the study of protein
assembly and structure. The first steps in this field were taken with the design of a self-
assembling 4-helix bundle towards the end of the 1980s [90], but has since been extended
to other secondary structures, globular proteins, as well as the introduction of specific
metal and substrate sites to give de novo redox proteins. The use of self-assembling 4-helix
bundles as a scaffold for such binding sites has been particularly successful, see [91] for an
example of a di-iron helical protein. Both [92] and [93] are excellent references here.
Rational design has also allowed the introduction of such sites into existing proteins, such

as the iron and oxygen binding sites introduced into thioredoxin [94].

In addition, present-day molecular biology and protein chemistry methods have
made it possible not only to rapidly introduce site-directed mutations into a protein of
choice, but also to overexpress and purify the mutant protein relatively quickly. In
combination with the rational design approach above, these methods have great potential
for effecting small yet specific changes in either existing or de novo designed proteins.
Within the context of redox proteins, the cofactor ligands are an obvious target for
mutagenesis, for modulation of the redox potentials and reactivity of the proteins. An
example was the exchange of the lysine haem ligand in cytochrome ¢-550 by a glutamate,
which resulted in enhanced peroxidase activity upon unfolding compared to wild type
protein [95]. A cavity mutant similar to Hisl17Gly of azurin (Chapter 1.3.1) was created in

nitrite reductase, resulting in a raised redox potential [96].

The possibility also exists of making bigger changes on the level of quaternary
structure level through the creation of or changes to larger redox units. These may consist
of multiple domains and redox centres as often found in nature, such as the haem and
molybdenum centres found on different domains of chicken liver sulphite oxidase [97], or

the iron-sulphur, molybdenum and FAD-containing milk xanthine oxidase [98]. The fatty
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acid hydroxylase cytochrome P450 BM-3, which has its P450 haem domain linked to its
FAD/FMN reductase domain [3], was subjected to such engineering. The FAD domain of
the enzyme was removed by truncation of the encoding gene and subsequent expression
and purification of the protein, thus eliminating the spectral and kinetic overlap of the
FAD cofactor with the FMN during characterization [99]. Intramolecular electron transfer
from the FMN to the haem group in the presence of carbon monoxide could be observed
and characterized directly, as well as the subsequent fatty acid turn over [100]. Similarly,
existing functional protein domains can also be fused on a genetic level with a linker
module then expressed as a single polypeptide, thus creating artificial redox chains by
what has been referred to by some authors as ‘molecular Lego’ [101]. Additional
modifications such as biotinylation or the site-specific introduction of cysteines help in
immobilization to solid supports or electrodes [102]. In this way the macromolecular

properties of the protein can be adapted to the requirements of the system under study.

22.2 Cofactor reconstitution

The essential but non-amino acid molecules which assist redox proteins in their
myriad functions are collectively known as cofactors. These relatively small molecules can
be covalently attached to or non-covalently associated with the polypeptide chain, and
include such atoms and molecules as metal ions (such as copper in azurin), flavins (FMN
in flavodoxin), haem groups and nucleotides. The technique of cofactor reconstitution can
be used to confer novel characteristics and activities onto existing proteins that carry such
cofactors. The principle of the method, illustrated in Fig. 2.2, is based on the replacement of
the protein’s original cofactor by a modified version of the same cofactor, and is dependent
first on the apoprotein remaining stable in the absence of cofactor, and its ability to then
bind the non-native cofactor, or be reconstituted. Modifications to cofactors can also
impart more global as well as activity-related traits upon the reconstituted proteins, where

the technique has most widely been applied to haemo- and flavoproteins.
Although the cofactor may be only slightly modified relative to its native form,

when bound to the apoprotein it may still have large effects on the macroscopic properties

of the protein. In two different examples, long hydrophobic chains were attached to one of
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the propionate ends of a haem group. In one case, the attached tail consisted of a simple
alkyl chain [103,104], while in the other this was made up of a polystyrene chain [105]. The
former was used to reconstitute apomyoglobin, upon which the semisynthetic protein was
found anchored in a lipid bilayer in a highly ordered and oriented fashion. Horseradish
peroxidase was reconstituted with the latter molecule, which then formed large

amphiphiles that took on vesicular structures in aqueous solution.

Modifications can also be introduced that impart new binding properties to the
protein. Boronic acid is known to bind particular sugar units in solution, thus a haem
group bearing such a phenylboronic acid moiety as a sugar receptor was conceived of and
synthesized. Myoglobin bearing the phenylboronic-appended haem was found to
specifically bind certain sugars [106], thus an artificial receptor was successfully grafted
onto the protein. This was further extended for certain phenylboronic acid derivatives,
which showed enhanced aniline hydroxylase activity upon sugar binding, thus a functional
semisynthetic enzyme could be created by modified cofactor reconstitution [107].
Myoglobin was also engineered to recognize both small and larger molecules by extending
the haem group at the propionate positions by up to eight carboxylate groups, thus
forming a novel negatively charged artificial binding face on the protein [108,109].
Reconstituted myoglobin was found to form complexes with the small electron acceptor
methyl viologen [108], as well as the macromolecular cytochrome ¢ [110]. In both cases
complex formation was shown to be driven by electrostatic interactions between the
binding face and the positively charged methyl viologen and the lysine rich patch on
cytochrome c. Conversely, replacing the carboxylate groups by alkylamino groups caused

the reconstituted myoglobin to bind anionic hexacyanoferrate instead [111].

Particular modifications of the haem group were also found to result in catalytic
activity that was previously absent in the native proteins. Efforts were made in parallel to
enhance the peroxidase activity of myoglobin, where eventually several approaches
succeeded. In one, the haem with eight carboxylates appended to the propionate groups
was used to reconstitute myoglobin, and the resulting molecule had increased specificity
towards guaiacol oxidation that was 13-fold higher compared to native myoglobin [112].

Similarly, addition of histidine or arginine-alanine at one of the propionates allowed the
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binding of and electron transfer to phenolic substrates in the presence of hydrogen

peroxide [113].

TP =
Bt T S

Fig. 2.2. The principle of cofactor reconstitution. In step (a) the native cofactor is removed from the protein,

leaving the apoprotein. In step (b) the apoprotein is presented with a range of cofactors modified for added
functionalities, where those illustrated here have characteristics ranging from a positively charged
electrostatic face, a receptor for small molecules and a long attached tail. Binding of these modified cofactors
by the apoprotein results in reconstituted proteins that carry the functionalities of both the protein with

bound cofactor as well as the characteristics of the modification.

The electrochemistry of redox proteins is a challenging field due in the main to
difficulties in establishing good and reproducible contacts between the redox site buried
within the insulating protein and the solid electrode surface. While a number of diffusional
mediators have been identified that can act to shuttle the electrons between the protein
and the electrode, finding a suitable combination of these molecules is still a matter of trial
and error, and may not even be possible for all redox proteins. Reconstitution of proteins
with modified cofactors can however provide a viable alternative to solving this problem.
Derivatizing cofactors with small electron transfer mediators was found to enhance the
electrochemical contact between the reconstituted proteins and electrodes, where a FAD
cofactor functionalized with ferrocene when bound to glucose oxidase was found to
significantly improve electrical communication between the protein and a gold electrode
compared to the protein when randomly functionalized with ferrocene [114]. In a series of
experiments carried out by Willner and Katz, the FAD cofactor from glucose oxidase was
replaced by a FAD-pyrroloquinolinoquinone (PQQ) dyad assembled on a gold electrode
[115]. With PQQ acting both as a spacer and a relay to the gold electrode, the enzyme was
successfully reconstituted such that it could efficiently turnover glucose with the electrode

at rates similar to those obtained with molecular oxygen [114].
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With particular reference to flavodoxins, the ease with which the FMN cofactor
can be removed and replaced with an external flavin has been instrumental in many
structural and functional studies of the protein. Modifications at particular positions of the
FMN cofactor and their incorporation into flavodoxin allowed hypotheses on the
importance of these positions in modulating the redox properties of the protein to be
tested [36,116,117]. Specific interactions between the FMN and apoflavodoxin could be
identified by NMR experiments with a flavodoxin reconstituted with "N-labelled flavins
[35], while the tightness of the interaction between the apoflavodoxin and various flavins
could be quantified by fluorescence quenching upon titration of the flavin with
apoflavodoxin [19,118]. The physical pathways along which flavodoxin transfers electrons
could also be probed by modifying the position on the FMN postulated to be involved, and
investigating the effect of the modification on the kinetics of electron transfer from the

reconstituted flavodoxin to an acceptor protein [50].

Although the ligands of an active site are not strictly speaking considered
cofactors of redox enzymes, instances do exist where these can also be replaced, or
reconstituted, affecting changes to the local and/or macromolecular of the protein, and as
such merit a mention here. As previously described in Chapter 1.3.1, the mutant Hisl17Gly
of azurin could be reconstituted back to the wild type protein as judged spectroscopically,
but this ability to bind imidazole was used to build a homodimer of azurin with the use of

a bis-imidazole linker [77].

Finally, it has also been possible to replace the native metal ion in a number of
proteins, and in so doing abolishing existing characteristics onto the protein, or conferring
new ones depending on the replacing metal. Zinc-replaced azurin is redox inactive [119],
and can act as a mimic for the oxidised copper (II) state of the protein. This allows NMR
experiments to be done without the interference of paramagnetism of the oxidised copper.
Furthermore, zinc-substituted haem proteins can be photoexcited to form a stable strongly
reducing species (see below). However, it is worth bearing in mind that replacement of the
metal can influence the fine structure of the metal binding site; X-ray diffraction and
paramagnetic NMR studies showed different coordination geometries and dynamics for

the metal sites of copper (IT) and cobalt (IT) azurin [120]. Binding studies of redox-inactive
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silver- and cadmium-reconstituted amicyanin showed that structural changes in the metal
site can have large effects on affinity for a redox partner [121]. A vanadate ion has even been
incorporated into the active site of phytase, which does not naturally co-ordinate a metal

ion, resulting in a semisynthetic enzyme with peroxidase activity [122].

223 Cross-linking

It is worth briefly discussing the technique of chemical cross-linking of proteins,
as an alternative to the methods of introducing changes and the creation of new redox-
active (multimeric) molecules already discussed. This method has in the past often been
applied to stabilize complexes of redox proteins, which due to their transient nature can be
difficult to study. The strategy often applied attempts to trap the natural encounter
complexes formed between partner proteins by the addition of cross-linking agents that
link carboxylate and amino groups on the opposing partner proteins. Many examples of
this approach exist, such as complexes of flavodoxin and cytochrome ¢ [123], and
myoglobin and cytochrome bs [124]. The non-specificity of this form of linking generally
leads to an ensemble of covalent complexes, which may resemble the true situation more
closely.

To obtain more structurally well-defined complexes, surface cysteines may be
introduced at predefined positions on the partner proteins. These can then be linked either
directly via disulphide bridges, as was done for cytochrome f and plastocyanin [125], or
with the use of sulphydryl-specific linkers, such as the maleimide-based linker used to
form dimers of azurin [126]. The characterization of the electron transfer properties
demonstrated amongst others the importance of protein rearrangement [125], electrostatic
interactions [127] and other factors in regulating electron transfer. However, the various
cross-linked complexes were also found to have very different and much slowed rates,
despite prior indications that a particular orientation could be productive for electron
transfer, for example for three different complexes of cytochrome ¢ peroxidase and
cytochrome ¢ from yeast [128]. In extreme cases, electron transfer can even be abolished
altogether [126]. From this it is clear that the experimental advantages afforded by covalent
linking of redox protein partners also carry defined limitations and even shortcomings, in

sometimes inadvertently locking proteins in unproductive conformations. By comparison,
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the non-covalent approach of cofactor reconstitution allows more rotational freedom and

higher (local) mobility, essential for circumventing these problems.

2.3 Photoinduced Electron Transfer

Over the years, gene identification and protein expression and purification
methods have improved greatly so as to allow the isolation of many of the crucial players in
the electron transfer chains that are key to respiration and photosynthesis. In vitro studies
of the interactions and reactions of these proteins with their partners afford much
information on the mechanisms that control and regulate these pathways. To study the
often high rates of the electron transfer reaction between proteins however, the ability to
co-ordinate initiation of the reaction with observation of the system is desirable. This
requirement is addressed well by photoactive compounds, which donate an electron upon
excitation by light, at which point the changes in the sample can be followed by
spectroscopic or other means. A number of molecules and systems have been developed
with particular regard to photoinduced electron transfer in proteins as discussed below,
where the covalent attachment of such exciter molecules to the redox proteins has often

proved to be of benefit.

2.3.1 Free and Bound Flavins

Towards the end of the 70s, it was noted that relatively small amounts of free
flavin combined with extended white light illumination could catalyse the reduction of
flavoproteins [22] when EDTA was also present. The derivative 5-deazariboflavin in
particular was found to be especially efficient [129], due to the very low redox potential of
its semiquinone state [130]. This method was extended to excitation of the flavins by a
short laser pulse that reduces a fraction of the total sample, and allows averaging of the
signal (see [131] and [132] for reviews). The laser generated flavin semiquinone has been
widely used not only to study direct electron transfer to a range of redox proteins such as
cytochromes [133,134] and blue copper proteins [135], but also to initiate electron transfer
in chains of redox donor and acceptors which include small inorganic molecules [61,136]

and larger protein partners [137,138].
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With regards to the reduction of flavodoxin by photoexcitation methods, it
should be noted that although in principle the flavin cofactors can also be excited by a laser
pulse of the appropriate wavelength even when bound to flavoproteins, this does not result
in stable reduced protein. The excited state is likely to be quenched by aromatic residues
that commonly flank the flavin-binding site in the protein. A study of the FAD-containing
enzyme glutathione reductase showed that 90% of the picosecond time-scale deactivation
of the excited flavin molecules could be attributed to quenching by an adjacent tyrosine
residue [139]. Furthermore, photoreduction in the absence of external free flavins is slow
and inefficient, and is thought to be mediated by the small concentration of free flavin
cofactors present in the solution by dissociation from the flavoprotein [22]. Hence, for

efficient and stable reduction of flavodoxin external electron donors are required.

2.3.2 Ruthenium compounds

The transition metal ruthenium has been incorporated in a range of compounds
for use as an initiator of electron transfer in biological systems, where photoexcitation of
Ru(Il) efficiently converts it to a strongly reducing form, the Ru(I*) metal-to-ligand
charge-transfer state (see [140] for a review). Furthermore, the choice of ligands
coordinating the ruthenium can modulate the reduction potential of the complex, and as a
result a range of ruthenium-based compounds of varying potentials has been developed.

While these soluble compounds are continuously being applied to new systems
(see [141,142,143] for recent examples), covalent attachment of the ruthenium compound at
a predefined position on the surface of the protein crucially allows for control over the
distance between the ruthenium electron donor and the redox centre acceptor (see [83]
and [84] for reviews). Site-selective labelling of proteins by Ru-compounds was initially
achieved by reaction of the ruthenium compound with histidine side-chains [71,144],
however by chemical modification the reactivity of the different complexes has been
extended to include lysines [145,146] and cysteines [147,148]. The latter residue, relatively
rare in proteins, is of particular interest in light of the modern DNA manipulation methods
where unique cysteines can be engineered at a position of choice on the protein of interest.
As an alternative to protein surface attachment, several groups have covalently connected

[Ru(bpy)s]* with an haem group using a linker, then inserting the modified haem into
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apomyoglobin [149,150]. This combination of cofactor reconstitution with covalent
ruthenium attachment represents an elegant method for creating a photoactive myoglobin
with minimum perturbation to the enzyme structure. Another alternative involves
ruthenium photosensitizer compounds linked to substrates for particular enzymes. The
substrate then acts as a rapid delivery system of electrons to relatively buried active sites in

the protein by excitation of the linked ruthenium [151].

Once properly positioned, ruthenium labels have subsequently been used to
transfer electrons to a variety of redox active centres within these proteins, including haem
groups [152], iron-sulphur clusters [153] and blue copper sites [154]. Redox events
following the initiation of electron transfer from the ruthenium are most often followed
using absorption spectroscopy and allow direct measurement of the rates of electron
transfer between the ruthenium donor and the protein redox centre. In addition, a wealth
of complementary information on the processes accompanying the electron transfer event
has also been obtained. This includes estimation of reorganization energies [144] and
distance-rate dependencies [155], kinetics of further electron transfer to other redox sites
within the same protein (intramolecularly) [156] or to a different protein
(intermolecularly) [157,158,159], with the additional possibility of following intermediates
on the way [160]. The energy transfer kinetics from the Ru to redox sites can further be
applied, in the case of cytochrome P450 as a ‘molecular ruler’ for the depth by which the

haem group is buried in the protein [161].

233 Zinc-substituted haem proteins

In the case of haem proteins, the quenching of photoexcited states can be
modulated by replacing the native iron of the haem group by other transition metals, where
Zn, Sn and Mg in particular enhance the formation of a long-lived and strongly reducing
triplet exited state. This species is capable of reducing a second redox centre, be it intra- or
intermolecular. In a seminal experiment, rate constants for electron transfer from the zinc
haem group of cytochrome ¢ to the copper site of a cross-linked plastocyanin molecule
were measured [162]. An example of an intramolecular reaction was the replacement of one

of the two haem groups in the P. geruginosa nirite reductase with a zinc porphyrin,
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photoexcitation of which species induced the reduction of the native ¢ haem by the
replaced Zn-haem [163]. The technique has since been extended to intermolecular
acceptors of different sizes. In the reaction of zinc myoglobin with binaphthyl bisviologen,
comparisons of rate constants showed a stereospecificity in electron transfer [164]. For
larger redox proteins, the reaction of zinc cytochrome ¢ with the wild type and various
mutants of azurin free in solution helped elucidate the importance of electrostatic

interactions for complex formation [165].

Again, chemical modification of the cofactor and its reconstitution into the
protein can extend the application of this method. A quinone group was attached to the
zinc-substituted porphyrin in myoglobin using linkers of different lengths; upon excitation
of the zinc, reduction of the quinone could be detected spectroscopically and the efficiency
of different linkers compared [166,167]. Electron transfer could also be detected from zinc-
containing myoglobin modified on its porphyrin with four ammonium groups to small

negatively charged substrates bound to the artificial binding site formed [168,169].

234 TUPS

A new photolabel, thiouredopyrenetrisulphonate or TUPS, has been developed
over the past 10 years as an alternative to the ruthenium labels that are available. Single
photon excitation of the dye yields its very low potential triplet state [170]. Initial work
utilised the triplet state of TUPS free in solution to react with proteins [171], however
further derivitization of the compound first allowed its attachment to a range of soluble
amino acids [172], then more specifically to the protein via surface lysines [173,174] and
cysteines [175,176]. Recently, the label has been found to form a powerful reductant in the
presence of suitable electron donors [177]. In general this label has the advantage of being
commercially available and very soluble, simplifying its attachment to proteins. The
labelled and unlabelled proteins are easily separated on an ion exchange column due to the
additional negative charges of the label, and its absorption in the visible region allows for

easy quantification of the efficiency of labelling.

47



Chapter 2

2.3.5 Other methods

Several other methods are currently available for the rapid excitation of samples
and initiation of electron transfer in proteins. These include pulse radiolysis, where a short
pulse of high-energy electrons is applied to an aqueous solution, forming the radiolytic
radicals ¢, H and HO. A range of compounds can be added to the solution that will
scavenge these radicals, themselves forming strongly reducing agents that can go on to
react with the proteins under study. Using **P-enriched phosphate as an internal radiation
source and combining the pulse radiolysis with absorption spectroscopy allowed the

trapping and identification of the cytochrome P450 catalytic cycle [178].

Another, more specialised, technique involves the binding of carbon monoxide
(CO) to the ferrous haem in proteins. Pulsed illumination induces the dissociation of CO
with high efficiency and lowers the redox potential of the haem, thus yielding a very local
and powerful reductant in the heart of the protein. This approach was taken to compare a
series of mutants of the iron ligand of yeast iso-l-cytochrome ¢ spectrally and

photochemically for binding to its native redox partner, cytochrome ¢ oxidase [179].

2.4 Conclusions

In summary, a wide range of experimental methods have been and continue to be
developed for the study of electron transfer in biological systems, to continually test and
refine our understanding of the underlying theory as initially laid out by Marcus. The
results obtained from the application of these techniques also demonstrate the importance
of the macromolecular phenomena of protein-protein association and dissociation in these
reactions. Needless to say, the approaches are not mutually exclusive. De novo designed 4-
helix bundles have not only had haem groups incorporated for the creation of new haem
proteins [180], but also both flavin [181] and ruthenium [182] attached to their surface to
make them photoactive. Similarly, a zinc myoglobin was chemically cross-linked to

cytochrome bs, creating a photoactive heterodimer [124]. The modular approach in
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combining different elements of photoactivation and protein engineering provides ever

expanding potential for new approaches to probing biological electron transfer.
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A Crystallographic Study of Cys69Ala Flavodoxin II of
Azotobacter vinelandiri. Structural Determinants of Redox
Potential
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Cavazzini, Gian Luigi Rossi and Gerard W. Canters

Abstract

Flavodoxin II from Agotobacter vinelandii is a ‘long-chain’ flavodoxin, and has one of the
lowest E; midpoint potentials found within the flavodoxin family. To better understand
the relationship between structural features and redox potentials, the oxidised form of the
C69A mutant of this flavodoxin was crystallised and its three-dimensional structure
determined to a resolution of 2.25 A by molecular replacement. Its overall fold is similar to
that of other flavodoxins, with a central five-stranded parallel B-sheet flanked on either
side by a-helices. An 8-residue insertion compared to other long-chain flavodoxins forms a
short 3y helix preceding the start of the a; helix. The FMN cofactor is flanked by a leucine
on its re face instead of the more conserved tryptophan, resulting in a more solvent
accessible FMN-binding site and stabilisation of the hydroquinone (hq) state. In particular
the absence of a hydrogen bond to the N5 atom of the oxidized FMN was identified which
destabilizes the ox form, as well as an exceptionally large patch of acidic residues in the
vicinity of the FMN NI atom, which destabilizes the hq form. It is also argued that the
presence of a Gly at position 58 in the sequence stabilizes the semiquinone form (sq), as a

result, raising the E, value in particular.
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Introduction

The redox potential of an electron transfer protein is of prime importance in
relation to its function, where the correlation between protein structure and redox
potential helps explain how nature has adapted proteins to their specific functions. In the
past this has been studied for a range of flavodoxins, small (14 - 23 kDa) acidic a//f proteins
that contain a single non-covalently bound flavin mononucleotide (FMN) cofactor, from
different organisms. In vivo they act as remarkably versatile low potential one-electron
donors in a range of reactions [1] in mainly prokaryotic organisms, including obligate and
facultative anaerobes, microaerophiles and photosynthetic cyanobacteria, as well as in
both red and green eukaryotic algae. In the photosynthetic bacteria Anabaena for example it
replaces ferredoxin as an electron shuttle from photosystem I to ferredoxin-NADP

reductase under iron-deficient conditions [183].

Flavodoxin I from Azotobacter vinelandii ATCC 478, the subject of this paper, has
been implicated in electron transfer to nitrogenase, where its synthesis was co-induced
with nitrogenase upon introduction of A. vinelandii cells to nitrogen-fixing conditions after
growth on NH,CI [12]. This flavodoxin is a so-called ‘long-chain’ flavodoxin, and has one of

the lowest E; midpoint potentials found within the flavodoxin family [26] (see also below).

Two subgroups have been identified within the flavodoxin family, the short-chain
and the long-chain flavodoxins. The long-chain flavodoxins are up to 38 residues longer
than the short-chain flavodoxins, mainly due to a long inserted loop of 22 residues in the
final strand of the central B-sheet, towards the end of the protein. Flavodoxin II from A.
vinelandii contains this insertion and is therefore considered to be a member of this
subgroup. The distinction between long- and short-chain flavodoxins appears to parallel a
difference in redox potentials for these proteins. FMN, both when free in solution and
bound to apoflavodoxin, can exist in three redox states, namely oxidised (0x), one-electron
reduced semiquinone (sq) and two-electron reduced hydroquinone (hq). For FMN free in
solution, the midpoint potential for the ox/sq redox couple, E,, is lower than that of the

sq/hq potential, F;. However, complex formation with apoflavodoxin alters these
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potentials dramatically, inducing an inversion as well as a substantial separation between

them. As a result, flavodoxin can transfer electrons in two discrete one-electron steps [40].

Three-dimensional structures are known of oxidised flavodoxins from both
subgroups, namely from Clostridium beijerinckii [184] and Desulfovibrio vulgaris [28] for the
short-chain and from Anabaena variabilis [30], Chondrus crispus [185], Escherichia coli [34],
Helicobacter pylori [186], Megasphaera elsdenii [187], and Anacystis nidulans [188] for the long-
chain flavodoxins. Additionally, structures of the sq and/or hq forms of the flavodoxins
from A. nidulans, C. beijerinckii and D. vulgaris are also available [28,29,41,189,190]. The
combination of structural data with mutagenesis of identified key residues has resulted in a
general picture where it appears that the separation of the midpoint potentials in
flavodoxin is effected by the differential stabilisation by the apoflavodoxin of the three
oxidation states of FMN. In all three structures of flavodoxin semiquinones listed above, a
striking difference in the flip of the 58-59 backbone peptide (A. vinelandii numbering) upon
reduction to the sq form was observed [28,41]. The hydrogen bond then formed between
the carbonyl of residue 58 and N5 of the FMN stabilises the neutral semiquinone in the
protein, and is purported to be the basis of the positive shift of the ox/sq potential
compared to FMN free in solution [27,29,190]. The identity of one of the residues within
this 58-59 peptide is also known to be a crucial determinant of E, [27,31]. The exceptionally
low sq/hq E, potentials in flavodoxins, on the other hand, are thought to be brought about
by specific destabilising electrostatic interactions between the anionic hq and the FMN
binding site, which contains patches of uncompensated negatively charged residues
[38,191]. In addition, sandwiching of the FMN between two aromatic residues is not only
unfavourable for the charged hq, but also actively excludes solvent from the FMN binding

pocket, thus maintaining an apolar environment [39,40,192].

E; in particular appears to be higher in general for the short-chain compared to
the long-chain flavodoxins (see Fig. 3.1). The 22-residue insertion that differentiates the
long- and short-chain subgroups does not however contact the FMN cofactor, and as such
is unlikely to be the source of the differences in potentials, as has previously been noted
[193]. In fact, a recent study of shortened variants of the long-chain flavodoxin from

Anabaena indicated that the loop was only indirectly responsible for stabilising the protein
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complex with FMN, and was more likely to be involved in the recognition of partner

proteins [14,16].
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Fig. 3.1 The Ey, sq/hq and E», g/sq midpoint potentials for long and short chain flavodoxins from different
sources at pH 7.0, in mV. The species from which the flavodoxins were isolated are (from left to right) E.
coli, A. nidulans, A. chroococcum, A. vinelandii, Anabaena 7120, C. crispus, D. vulgaris, C. beijerinckii, M. elsdenii and
finally FMN free in solution, with E; and E inverted with respect to the flavodoxins. In particular the Ess of

A.vinelandii and A. chroococcum approach those of short rather than long chain flavodoxins.

While research has continued into the details of the physiological role of
flavodoxins, such as its role in the kinetic regulation of nitrogenase [194], its ease of
expression and purification as well as stability has made it a popular model for a number of
more general biochemical studies, in addition to the redox potential studies described
above. For flavodoxin II from A. vinelandii these include functional studies of electron
transfer to other (non-physiological) partner proteins [45,50], kinetics of flavin binding to
apoflavodoxin [195,196], electrochemical studies [26] as well as protein folding and
unfolding studies [197,198]. Despite the wealth of information available on the
characteristics and reactivity of this particular flavodoxin, only the secondary structure
content of th